
EPA600/8-91/049bF
August 1993

Air Quality Criteria for
Oxides of Nitrogen

Volume II of III

Environmental Cntena and Assessment Office
Office of Health and Environmental Assessment

Office of Research and Development
U S Environmental Protection Agency

Research Tnangle Park, NC 27711

@ Pnnted on Recycled Paper



DISCLAIMER

Thts document has been revIewed m accordance WIth U S EnvIronmental ProtectIon

Agency pohcy and approved for pubhcatlOn Mention of trade names or commercIal

products does not constItute endorsement or recommendation for use

ll-ll



PREFACE

The U S EnvIronmental ProtectIon Agency (EPA) promulgates the NatIOnal AmbIent

AIr QualIty Standards (NAAQS) on the baSIS of sCIentIfic InformatIOn contaIned m cntena

documents In 1971, the fJIst arr qualIty cntena document for mtrogen OXides (N0x) was

ISSUed by the NatIOnal AIr PollutIOn Control AdmtmstratIon, a predecessor of EPA On the

baSIS of sCIentIfic InformatIOn contaIned m that document, NAAQS were promulgated for

mtrogen dIOXide (N02) at levels of a053 ppm (100 p,g/m3
), averaged over 1 year The last

full-scale NOx cntena document reVISIon was completed by EPA m 1982, leadmg to an

Agency deCISIon m 1985 to reafftrm the annual average N02 NAAQS of a053 ppm The

present, reVIsed cntena document, AIr QualIty Cntena for OXides of NItrogen, assesses the

current SCIentIfIc baSIS for penodtc reevaluatIOn of the N02 NAAQS m accordance WIth the

prOVIsIons IdentIfied ill SectIOns 108 and 109 of the Clean AIr Act

Key chapters m tills document evaluate the latest sCIentIfic data on (a) health effects of

NOx measured m laboratory antmals and exposed human populatIons and (b) effects of NOx

on agncultural crops, forests, and ecosystems, as well as (c) NOx effects on VISIbility and

nonbIOlogical matenals Other chapters descnbe the nature, sources, dtstnbutIon,

measurement, and concentratIons of NOx m the enVIronment These chapters were prepared

and peer reVIewed by experts from vanous state and Federal government offices, academia,

and pnvate mdustry for use by EPA to support decISIOn makmg regardmg potentIal nsks to

pubhc health and the enVIronment Although the document IS not mtended to be an

exhaustIve hterature reVIew, It IS mtended to cover all the pertment hterature through early

1993

The EnVIronmental Cntena and Assessment Office of EPA's Offtce of Health and

EnVIronmental Assessment acknowledges WIth appreciatIon the contnbutions proVIded by the

authors and reVIewers and the diligence of ItS staff and contractors m the preparatIOn of tills

document at the request of EPA's Offtce of AIr QualIty Plannmg and Standards
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9. EFFECTS OF NITROGEN OXIDES ON
VEGETATION

9.1 INTRODUCTION

Of the vanous mtrogen oXIdes (NO,.) m the ambIent aIr (Chapter 7), only mtnc oXIde

(NO) and mtrogen dIoXIde (N02) have been consIdered Important phytotoXIcants, however,

there IS growmg concern that mtnc aCId (lIN03) may also Impact vegetatIOn The effects of

NOx on terrestnal vegetatIOn can range from the molecular to the orgamsmal, and then to the

ecosystem level The occurrence and magmtude of the vegetatIOnal effects depend on the

concentratIOn of the pollutant, the duratIOn of the exposure, the length of tIme between

exposures, and the vanous environmental and bIOlogical factors that mfluence the response

Some of the earhest observable phySIOlogICal effects mclude changes m carbon diOXIde

fIxatIOn (photosynthesIs), alteratIOns m specIfIc enzymes, changes m metabohte pools, and

alteratIons in the translocatIOn of photosynthate BIochemIcal changes withm the plants can

be expressed as VISIble fohar mJury, premature senescence, mcreased leaf abSCIssIon, and

altered plant growth and yIeld These changes at the mdividual plant level may lead to

altered reproductIon, changes m competitive ability, or reductIOn of plant VIgor The

hnkages among altered bIochemIcal processes, fohar mJury, and reduced plant yIeld are not

well understood LIkeWIse, no clear relatIOnshIp eXIsts between fohar mJury and reduced

plant yIeld for speCIes m which the fohage IS not part of the yIeld Fohar mJury from N02

IS rarely found m the fIeld However, when found, the mJury IS usually assocIated WIth and

confmed to areas near specIfIc mdustnal sources For example, N02-mduced vegetatIOn

mJury has been observed near HN03 factones and arsenals, but there are no pubhshed

reports of NO-mduced mJury under fIeld condItions

In thIs chapter, the general methodologIes used m studies of aIr pollutIOn effects are

discussed fIrst, to proVIde a baSIS for understan~mg the methods, approaches, and

expenmental deSIgns used m the studIes presented later In additIOn, the dIrect effects of

NOx on vegetation are reVIewed, WIth emphasIs on studies relatmg effects to known exposure

concentrations and duratIOns of NO and N02 Because, of the two pollutants, most available

data pertamed to N02, thIs pollutant receIves the most attention Factors that mfluence plant

9-1



response to NOx are also mc1uded Because of the possibility that the pollutant miXtures may

exert effects at combmatiOns lower than either gas alone, effects of N02 m combmatiOn with

other pollutants are evaluated Effects of mtrogen depOSition, cnticalloads, and effects on

ecosystem processes are reviewed m Chapter 10 Nitrogen OXides are mtimately mvolved m

the formation of ozone (03) and other photochemical OXidants Therr role m 03 formatiOn is

discussed m Chapter 5 The effects of these chemicals on plants are reviewed m Atr Quallty

Cntena for Ozone and Other Photochemlcal OXldants (U S Envrronmental ProtectiOn

Agency, 1986)

InformatiOn from the previous NOx cntena document (U S Envrronmental ProtectiOn

Agency, 1982) considered of fundamentallffiportance is discussed and related to more recent

studies. All data that relate exposure-response mformatiOn to yield loss or crop loss were

drawn drrectly from pnmary references, regardless of therr Citation m the previOUS cntena

document Generally, only pubhshed matenals that have undergone sCientIfic reView have

been cited Data used m the development of tills chapter were denved from a range of

diverse studies that were conducted to determme the effects of NOx on vanous plant speCies

and to charactenze plant responses The studies Cited were generally conducted to test

specIfic biolOgical hypotheses or to produce speclfic biOlogical data rather than to develop alr

quahty cntena

9.2 METHODOLOGIES USED IN VEGETATION EFFECTS
RESEARCH

In vegetation effects research, the chOice of methodologies (study deSign and data

analySiS procedures, chamber type, field vs laboratory) is cruCial to the mterpretatiOn and

subsequent apphcability of expenmental results This section proVides reference mformatlOn

for better understandmg the studies discussed m the remamder of the chapter Pnor to

initiation of a study, the desrred outcome should be carefully evaluated Is the goal to

develop pollutant-exposure/plant-response models that may be apphed to vegetatiOn growmg

outdoors or rather to develop models descnbmg mechanisms of actiOn at the cellular level?

Is the study to proVide some mformatiOn on a large number of species or cultivars or rather a

great deal of mformation on a few? Are factors that may modify plant response to pollutant
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exposure under mvestIgatlOn? The answers to these and other questlOns provIde the

framework for choosmg the appropnate chamber type, exposure concentratlOn, duratlOn, and

frequency, plant specIes and developmental stage, response vanables, and replIcatIon and

blockmg plans, as well as statIstICal treatment of the data ThIs sectIon dIscusses the vanous

methods used to detennme plant response to NOx , mcludmg expenmental desIgn and data

analyses, exposure systems, pollutant clImatology and chemIstry, and termmology

9.2.1 Experimental Design and Statistical Analyses

The selectlOn of an appropnate expenmental desIgn for specIfic ObjectIves IS a cntIcal

step m determmmg the success of a study and the applIcatIon of the results The number and

kmd of factors controlled, the patterns of randomIZatlOn, and the number of replIcates used

man expenment determme what treatlnent compansons may be made, whether trends can be

plotted and curves fitted, the precIsIon of estImates, and the range of condItIons over whIch

Inferences may be made An expenmental deSIgn focuses an expenment on ItS specIfic

objectIves, but m domg so, lImItS the applIcatlOn of the results No expenmental deSIgn has

umversal applIcatlOn

In pollutIOn studIes, the tOXiC and dIffUSIve nature of the gases means that m the vast

majonty of expenments, contamment chambers must be used to separate treatments

Dependmg on the number of chambers avaIlable at anyone tIme, randomIZed complete or

mcomplete block deSIgns (RCBDs, RIBDs) are most commonly used, frequently blocked

over tIme Completely randomIZed deSIgns (CROs, m whIch all replIcatlOns of all treatments

are carned out at the same tIme) are relatIvely uncommon due to the hIgh cost of chamber

mstallatIon In expenments where factors m additlOn to concentratIon of N02 are bemg

mvestIga1ed, the number of treatments mcreases and study deSIgn becomes more

complIcated A multIfactor expenment may be conducted as a full (all combmatlons of

factor levels) or partial (some combmatlOns of factor levels) factonal Treatment factors that

can easily be confmed to a potted plant (such as compansons of specIes, or soil nitrogen or

water status) are often mcluded as a spht-plot factor m a full factonal deSIgn, thus mcreasmg

the effiCIency of data collectIon Treatment factors that are not so easily contaIned, such as

other pollutant gases, aIr temperature, or radIatlOn levels can be mvestIgated m combmatIon
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with N02 concentration m partial factonal designs, although tlus approach se-ems largely

confmed to 03/sulfur dioXide (SOil mIXture studies (Ormrod et al , 1984)

The simpler expenmental plans descnbed above (RCBD, CRD) are easily analyzed by

traditIonal analysis of vanance (ANOVA) techniques, where the total sum of squares is

partitiOned among expenmental factors, rephcates or blocks (known collectively as sources of

varIatiOn), and residual or error If the ANOVA IS generated by a computer statistical

package, each of these sources of vanatIon IS compared to the error mean square by an F test

to determme the probability (p value) that there IS a difference among treatments If the

p value for any expenmental factor IS less than 5 % (tlus threshold can be as lugh as 10% or

as low as 1%, depending on the unportance of makmg Type lor Type IT el1.0rs), then the

treatment means for the factor(s) may be further analyzed, usmg SUItable techniques

An excellent discussiOn of treatment means companson has been prepared by Chappelka and

Chevone (1989) The chOice of SUItable analysis depends mamly on whethel the levels of the

factor(s) are quantitative or qualItatIve If they are qualItatIve (for example, companson of

cultIvars m therr response to N00, then an unplanned companson technique such as multIple

range (Duncan new, Sheffe, or Student-Newman-Keul) or least sIgmficant drfference test

(Steel and Tome, 1980) would be appropnate Many of these tests have safeguards that

reduce the danger of detectIng sigmficant treatment-related effects when none, m fact, eXist

These tests are not appropI1.ate for qualItative treatments (for example, multiple

concentrations of N02 or other envrronmental qualIty parameters such as hght level,

temperature, or humtdity), although they are often mIsused m that way Much less

commonly utilized for qualItative factors are preplanned compansons, wluch may be either

orthogonal (mutually mdependent) or nonorthogonal Tlus approach is sUIta1ble when

treatments can be grouped m vanous ways to generate biOlogically meanmgful compansons,

and is particularly apphcable to studies of pollutant mIXtures A good example of tlus

approach IS given by Chappelka and Chevone (1989), where the effects of S02 and 03 on

tuhp poplar (Lmodendron tullpifera L ) were mvestIgated When considenng pollutant

nuxtures, it IS unportant to determme whether the Jomt actiOn of the pollutants IS less than

additive, addItive, or greater than additive The authors developed three orthogonal tests

(1) [(03 - control) + (S02 - control)] = [(03 + S02) - control], (2) 03 + S02 =
control, (3) 03 = S02 Contrast 1 tests the additiVIty of 03 m combmatIon With S02
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In Contrast 2, 03 m combmatIon wIth S02 has a sIgmficant deletenous effect on stem, root,

and leaf dry matter production m tuhp poplar In Contrast 3, the effects of 03 alone did not

differ from those of S02 DespIte the conSIderable statistical power assocIated wIth these

contrasts, they are rarely used m arr pollutIOn studIes

For quantItatIve treatments, some land of regressIOn analySIS IS usually mdIcated TIns

may take the form of orthogonal polynomIals, where X evenly spaced treatments are

partItioned mto X - I smgle degree of freedom polynomIal contrasts (hnear, quadratIC, and

perhaps CUbIC) TIns gIves the mvestIgator a good Idea of the shape of the response

(1 e , whether the plant response per umt of N02 IS snmlar over the range of concentrations

[hnear] or changes [quadratic and CUbIC]) AlternatIVely, polynOmIal regressIOn IS useful for

treatments that are not evenly spaced Rather than generatmg contrasts, a smgle dose

response functIOn can contam hnear, quadratIC (and pOSSIbly CUbIC), and mteractIOn terms

Each of the coeffiCIents will have an error term and P value for the probability that It IS

different Although It IS rarely mc1uded, a confidence mterval can be calculated for the

entIre regressIOn equatIOn to illustrate the hkely range of values for the response vanable

A nonlinear regressIOn model may also be used to denve exposure-response functIOns

9.2.2 Exposure Systems

9.2.2.1 Supply

The chambers m whIch plants are exposed to pollutant gases are an "open" system

that IS, they are contmuously supphed WIth "fresh" arr (1 e , arr that has not prevIOusly been

through the chambers), whIch IS then exhausted from the exposure system TIns open system

prevents depletion of carbon dIOXIde (C~) by photosynthesIs and also proVIdes the means by

whIch the pollutant gases are dehvered m constant concentratIOn to the plant matenal

In artIfiCIal exposure expenments, N02 IS usually supphed to the chambers from pressunzed

cyhnders eqUIpped WIth a two-stage regulator The N02 cyhnder contams the gas m dIlute

form (usually less than 5,000 ppm m mtrogen) and must be further dIluted by bemg metered

mto an arr stream before the gas IS mtroduced mto the plant chamber TIns dIlutIOn and

mlXlllg of N02 mto the aIr supply of the chamber very often occurs m a prechamber or

mlXlllg plenum so that the expenmental matenalis exposed to a umform atmosphere (Marie

and Ormrod, 1984) Cyhnders of greater concentratIOn are generally not used (although they
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would last longer, reducmg handlmg costs) due to the greater danger to personnel from leaks

or accIdental releases

NItrogen dIOXide for plant exposure can also be generated m the laboratory by anyone

of several methods Some studIes have produced N02 from hqUId dIDltrogern tetroXide

(N204), provIded that the contamer of N20 4 IS kept at or above 25°C, whIch vaponzes

N20 4 to N02 The N02 IS then dehvered to the arr supply to the exposure chambers through

flow meters or needle valves (Fuhrer and Ensmann, 1980, MacLean et al , 1968, SpIenngs,

1971) ChemIcal reactIOns can produce N02 ill the laboratory for the purposes of plant

exposure, but they are mstantaneous reactIons, and so are dIfficult to mamtam for the

purpose of metenng illtO plant chambers for a long penod of tIme NItrogen dIOXide may be

produced by the followmg reactIons (SInn et al , 1984)

(1) heatIng lead mtrate

2Pb(N03h~ 2PbO + 4N02 + 02 (9-1)

(2) combmmg mtnc aCId and copper chIps

Cu + 4HN03(conc)~ Cu(N03h + 2N02 + 2H2O (9-2)

(3) combmmg mtnc aCId and sodIUm mtrate

NaN02 + 2HN03(dIl)~ NaN03 + 2N02 + H2O (9-3)

NItrogen dIOXide can also be generated by bubblmg arr through concentrated hot (83°C)

HN03 (Oleksyn, 1984)

(9-4)

The advantage of these methods of N02 productIOn IS that they cost much less than

pressunzed cylmders, so are useful to laboratones that are less well eqUIpped There IS a

dIsadvantage ill these methods, however, m that the productIOn of N02 IS hIghly vanable,

makmg good rephcatIon of expenments dIfficult

FumIgatIon studIes usmg NOx usually employ actIvated charcoal to remove atmosphenc

S02, N02, 03' and hydrocarbons from the mcommg arr before It IS dIrected towards the

clean-aIr grown plants (controls) or pnor to the addItIOn of specIfic amounts of NOx mto the
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arr stream dtverted towards treatment plants Unfortunately, actIvated charcoal IS a very

vanable commodIty DIfferent efficIencIes of vanous types of actIvated charcoal may be

traced to the ongmal source of wood from whIch It was made In an attempt to achIeve

unrfOrmIty, the source of the wood used m manufacture IS often specIfied, the most usual

bemg coconut-shells heated to 600°C for 1 h before packagmg Nevertheless, the effiCIency

wIth whlch each batch of actIvated charcoal removes atmosphenc contammants vanes, not

Just wIth respect to dIfferent atmosphenc contammants but also wIth age, humIdtty, degree of

actIvatIOn, and temperature (Amencan SocIety for Testmg and Matenals, 1982)

Furthernlore, charcoal fIlters can desorb as well as adsorb-a fact often recorded by momtors

early m the mommg as the fIlter umts start to warm up m the sun Most, If not all, N02 IS

normally removed by fresh actIvated charcoal, but such a fIlter has no capacIty to adsorb NO

(CommIssIOn of the European CommumtIes, 1986, see also Table 9-1) Studies of NOx

effects must therefore employ an addttIOnal stage of arr punficatIOn to aVOId thIs problem

PurafIl™ (PurafIl Inc, Atlanta, GA), whIch consIsts of alumma pellets Impregnated wIth

potassIUm permanganate, IS commonly used m thIs addItIonal filtratIOn ThIs OXIdIZes any

mcommg NO to N02, whIch can then be trapped by actIvated charcoal

However, there IS an addItIonal comphcatIon wIth 03 fumIgatIons of plants because

madvertent exposures to NOx may also occur Electncal dIscharge OZOnIZers are frequently

used m 0 3 fumIgatIons of plants, but some mvestIgators have not heeded warmngs gIven

several years ago (Hams et al , 1982) that such OZOnIZers supphed wIth ultrapure arr will

also form HN03 and dtmtrogen pentoXIde (N20 S) For example, an arr-fed OZOnIZer

producmg 8,650 ppm 03 also forms 57 ppm HN03 and 94 ppm N20 S ProductIOn of N 20 S

can be prevented by the use of pure oxygen mstead of arr, but the formatIon of HN03 IS not

entIrely prevented An alternatIve, safer procedure IS to use an arr-fed ozomzer and bubble

the 03-ennched arr through ultrapure water that IS changed regularly Recently, Brown and

Roberts (1988) have drawn renewed attentIOn to errors of mterpretatIon that may occur If

plants are supphed WIth addItIonal mtrogen dunng expenmental fumIgatIOns WIth 03 Some

studtes of arr pollutIOn effects on trees have lead to reports that mcreased mtrate leachmg can

occur when 03 IS the sole pollutant (Krause et al , 1985, Skeffmgton and Roberts, 1985a,b,

Krause, 1988) In some of these cases, PurafIl™ as well as actIvated charcoal had been used

to clean the aIr before It was ennched WIth °3, and hence no deposItIon of mtrate from the
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TABLE 9-1. ADSORPTION CAPACITIES OF ACTIVATED CHARCOAL AT
ONE-FIFTH OF THE U.S. OCCUPATIONAL SAFETY AND HEALTH
ADMINISTRATION (OSHAt PERMISSmLE EXPOSURE LIMITS3

SET FOR PEOPLE

PermISSIble AdsorptIve CapacIty
Contammant Exposure LllD1tS (wt %)b

Ammoma 50 4 X 10-5

Carbon monoXide 50 1 x 10-8

Hydrogen chlonde 5 1 x 10-8

Hydrogen fluonde 3 1 X 10-8

Hydrogen sulfide 20 2 x 10-5

NItnC OXide 25 1 x 10-8

NItrogen dIOXide 5 2 x 10-2

NItroUS OXide 54 4 x 10-4

Sulfur dIOXide 5 3 x 10-5

aAs defined by the 29CER 1910 OSHA Standard dated Apnl 22, 1986
bData provIded by Westates Carbon Inc, Los Angeles for activated charcoal types G201, G204, G210, and
G216 made from coconut-shells

air would have been expected In expenments that are mterpreted m tills way, It IS very

Important to have an assurance that the arr IS punfied to remove all NOx, and also that no

NOx entered the fiUD1gatIOn chamber along WIth the 03

9.2.2.2 Chambers

Because N02 IS both tOXiC and dIffuSIve m nature, laboratory studIes of ItS

phytOtOXiCIty must be conducted m chambers WIth controlled entry and eXit of arr The most

common chamber now ill use for gaseous pollutant studIes m generalIS the contmuous stIrred

tank reactor (CSTR.) (Heck et al ,1978) ThIs chamber deSIgn IS typIfied by the use of

Teflon® on all surfaces that come m contact WIth the pollutant gases (thus mIDlffilZmg gas

uptake by the system) as well as a fan for VIgOroUS mlXlDg of the chamber arr, thus

mID11DlZmg the leaf boundary layer and maXImlZmg pollutant uptake by the fohage (Rogers

et al ,1977). The CSTR. IS partIcularly well deSIgned for determmatlon of absorptIOn and
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-adsorptIOn of pollutants on a per umt area of fohage basIs, and has been so used m studIes of

N02 phytOtOXICIty (Ellaey et al ,1982) Other chamber desIgns have been used for exposmg

plants to N02, these generally dIffer from CSTRs m that the chamber walls are usually ngld

transparent (non-Teflon®) matenal and they mayor may not have fans (Heck et al , 1968,

Snvastava and Ormrod, 1984)

There are some hmltabons to the use of laboratory chambers for esbmatmg field plant

response to N02 temperature and humIdIty m the chamber tend to be very stable over bme,

unhke those condItIOns expenenced by plants m the field, hght levels are generally lower m

chambers than m the field, and boundary-layer resIstance IS generally much lower m the

chambers (due to the mlXlllg fan) than m the field These dIfferences may modIfy both the

uptake of pollutants by plants and the ability of plants to detoxIfy or reparr damage,

potenbally altenng the amount of mJury expressed by the plant Field mvestIgatIOns have

been conducted usmg open-top chambers that allow plant exposure under atmosphenc

condItIons more SImIlar to ambIent (D S Envlfonmental ProtectIOn Agency, 1986) The

dIsadvantage of field exposure systems are loss of tIght control of pollutant concentratIOn

around the vegetatIOn, confoundIng of rephcabon over tlme by chmatIc dIfferences among

growmg seasons, and possIble modIficatIOn of plant response by mteractIOn of chmatIc

condItIons specIfic to anyone year Although chamberless methods for exposmg plants are

m use (Zonal AIr PollutIOn System, for example), most data from these exposure systems

descnbe plant response to S02 (Lee and LeWIS, 1978, Muller et al , 1979)

9.2.2.3 1VIo~torbng

The amount of N02/NOx/NO m arr IS now most commonly detected by

chemIlummescent analyzers, whIch are avaIlable from manufacturers such as Momtor Labs

and Thermo-Electron Regardless of the mstrument source, the pnnclple of operatIOn IS the

same when NO and 03 react m the gaseous phase, N02 IS produced (NO + 03 - N02 +
O2 + hv) The N02 molecules generated by this process are electromcally eXCIted, and theIr

decay to a lower energy state results m the emISSIOn of hght The mtenslty of thIs emISSIon

IS hneally proportIOnal to the concentratIon of N02 produced m the reactIon Pnor to the

reactIOn WIth 03' the N02 m the arr sample must be converted to NO, whIch IS usually

accomphshed usmg a catalyst, such as molybdenum (Mo), and heat 3N02 + Mo - 3NO +
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Mo03• Because most sources of arr to be analyzed contaIn a mIXture of NO and N02, the

determmatIOn of N02 concentratIOn IS by neceSSIty a two-step process FITst the amount of

NO m the arr IS determmed by bypassmg the N02 to NO converter Then the arr IS passed

through the converter to determme NOx , whIch IS the ongmal NO plus the N02 that has

been converted to NO The dIfference between these two readmgs determmes N02 N02 =

NOx - NO Most NOx analyzers have a mode selectIon feature that allows anyone of these

parameters to be dIsplayed and recorded although both NOx and NO are alternately

measured

CalIbratIOn of the analyzers IS a key to gathenng hIgh qualIty pollutant dose-plant

response data The pnnclple of calIbratIOn requIres a gas source of known concentratIOns of

NO, as well as a source of zero arr The source of NO IS usually a pressunzed cylmder

contammg between 50 and 100 ppm NO m mtrogen and should be traceable to a NatIOnal

Bureau of Standards NO m N2 Reference Matenal Zero arr IS defmed as arr that is free of

any contaminants that will cause a detectable response m any mode of the analyzer (NO,

N02, or NOx) or react WIth NO, N02, or 0 3 m the gas phase (ThermoElectron Corp , n d )

ConcentratIon of NOx m an arr sample can be determmed by ItS colonmetnc reactIOns

(Saltzman, 1954) or by ItS ability to OXIdIZe a chemIcal mIXture ThIs latter process IS the

basis of the Mast N02 Meter (Mast Co ,OR) the arr sample IS percolated through a

chemIcal mixture, the resultIng redox potentIal of whIch IS measured by a potentIOmeter

However, these chemIcal means are rarely used today for determinatIon of N02 because the

chemllummescent methods are capable of measunng the vanous NOx speCIes, and do so WIth

greater accuracy and senSItIVIty ConcentratIOn refers to the amount of pollutant m the arr

expressed eIther on a v/v (parts per millIon [ppm], microhters per hter [JtL/L]) or w/v

(micrograms per CUbIC meter [Jtg/m3
]) baSIS, the v/v baSIS IS usually preferred, as It remams

constant over arr temperature, whereas w/v vanes WIth arr temperature

9.2.3 Pollutant Climatology

ApproXImately 80 to 90 % of the N02 m the atmosphere IS the result of OXidatIve

reactIOns, WIth the remammg 10 to 20 % emItted from anthropogemc actIVItIes

Consequently, as a secondary pollutant, Its concentratIOn IS closely hnked to meterologlcal

condItIons The converSIOn of N02 to NO and the consequent productIOn of 03 IS related to
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sunhght and arr temperature, so that the appearance and dIsappearance of NOz, NO, and

03 man artrncIaI enVIronment are closely hnked (FIgure 9-1)
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Figure 9-1. Propylene and nitric oxide oxidation under artificial illumination. Nitric
oxide is oxidized to mtrogen dioxide and other oxides of nitrogen. Ozone
concentrations build up after the ratio of nitrogen dioxide to nitric oxide
increases.

Source Stem (1986)

9.2.4 Pollutant Chemistry

OXIdes of mtrogen are produced from both natural and anthropogemc processes forest

fIres and electnc storms (NO, NO~, soil processes (NO, mtrous oXIde [NzOD, and oceans

(NzO) are some of the natural sources, whereas combustIOn of oil and coal (NO, NOz, NzO)

and gas (NO, NOz) are the mam anthropogemc sources (Stem, 1986) Once emItted mto the

atmosphere, these compounds undergo transformatIOn as part of the photochemIcal smog
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cycle (Figure 9-2) The reactIve cycle centers around photolySIS of N02 mto NO and atomIC

oxygen (0); °IS then aVallable to combme wIth molecular oxygen (02) to form 03' and NO

is aVallable to react eIther WIth 03 for the productIon of N02 and 02' or WIth hydroperoxyl

to form N02 and hydroxyl

I1v

(R-t)CHO

NO

RO,
/,

I
(R"'OOz

(R-nC03

NO

OH

Figure 9-2. The cyclic interaction of free radicals, hydrocarbons, nitric oxide, nitrogen
dioxide, and ultraviolet radiation in photochemical smog. In this example,
hydroxyl radical reacts with propylene at the left side of the diagram,
forming R02• This cycle interacts with nitric oxide and molecular oxygen.
The inorganic nitrogen oxides-ozone cycle is shown on the right side of the
diagram, with photolysis of nitrogen dioxide eventually forming ozone.

Source Stem (1986)

N02 + hv - NO + °
0+02+ M -03+ M

NO + 03 - N02 + O2

H02 + NO - N02 + OH
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TIns cycle descnbes the pnmary relatiOnshIp among N02, NO, and 03 and IS known as the

morgamc mtrogen cycle (Stem, 1986) These pollutants can then be deposIted to smks by

any of a number of processes-wet or dry deposItIon m eIther ongmal or modIfied form .

The mdividual processes of the deposItIon/transformatIon cycle have been well descnbed

(FIgure 9-3) Once the pollutants have been deposIted to vegetatIon or soil, they become

available to the bIosphere

9.3 MODE OF ACTION

9.3.1 Gas Uptake

9.3.1.1 External Nitrogen Oxides Ratios Around I.eaves

In order to understand the uptake of NOx by plants, several conSIderatIons have to be

taken mto account FIrst, the composItIon of the atmosphere around leaves wIth respect to

all pollutants (not Just NOJ has to be determmed regularly Second, all routes of entry of

NOx mto a plant have to be defmed and assessed Even now, It IS not certam that all

pOSSIble routes of access are known, espeCIally those that may mvolve nonaqueous processes

pnor to entry mto cells (see SectIon 9 3 1 5) Fmally, controlled exposures With NOx should

be done m such a way that madvertent confuSiOns With the effects of other pollutants such as

03 are ehmmated, and that the exact form of the mtrogen-contammg gaseous pollutants

(1 e , N02 or NO, or the ratIo of the two) as well as theIr concentratiOns are defmed (see

SectIon 9 2 2 2)

Dunng combustIOn, the pnmary NOx species produced IS mtrogen monOXIde or NO

(FIgure 9-4), only a httle of whIch comes from mtrogen m the fuel The maJonty of the NO

IS generated from the dIrect combmatIOn of atmosphenc oxygen and mtrogen withm flames

(Palmer and Seery, 1973) Al1lgmtIOn reactIons mvolve or produce free radicals (I e ,

chemIcals that are capable of mdependent eXIstence and that have one or more unparred

electrons m theIr outer electromc orbitals) such as ° and atomic mtrogen Nltnc OXIde IS

also a free radical ( N =0), whIch, hke others, will react so as to lose or gam an electron

OXIdatIOn of NO by 03 occurs rapIdly (k = 1 X 107 M-1 s·l), even at very low

concentratIOns (WillIx, 1976) Altshuller (1956) has calculated that a 50% converSIOn of NO

by 0 1 ppm 0 3 would take less than 1 mm at an NO concentratIOn of 0 1 ppm
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Figure 9-3. Phase interaction diagram for pollutant scavenging processes. Initially, the
pollutant may be in the gas phase (Box 1). The presence of water vapor in
the atmosphere provides for the intermixing of gaseous pollutants wIth
aqueous droplets in the same space (i.e., in a cloud [Box 2]). The pollutant
gases can become attached to the water droplets (i.e., be absorbed [Box 3]),
and undergo chemical reaction (Box 4). The gaseous and aqueous
pollutants return to the earth's surface (Box 5). Some of these processes
have reversible pathways, and others are unidirectional.

Source- Natlonal Research CaUDell (1983), m Stern (1986)
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Figure 9-4. Important interconversions of the different forms of nitrogen oxides after
combustion in the atmosphere and in aqueous solutions in contact with
atmospheres containing nitrogen oxides.

Source Rowland et al (1985)

Consequently, thIs reactIOn IS regarded as the most illlportant mechanIsm formmg N02 m the

atmosphere Other pollutants, such as hydrocarbons and S02, can also react wIth NOx' but

the Importance of these reactIOns IS dependent upon the envIronmental conmtIOns (DemeI)lan

et al , 1974, WI1hx, 1976)

ConcentratIOns of N02 m the atmosphere are due to a balance between two sets of

reactIOns-those that form the pollutant (already descnlbed) and those that cause ItS

breakdown ProductIOn of NO and ° from N02 IS the major reverse reactIon (Holmes and

Damels, 1934, Ford and Endow, 1957), whIch IS catalyzed by wavelengths of hght less than
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440 nm. As a consequence of these forward and back reactIOns, a wIde range of

atmosphenc NO-to-N02 ratios around plants are pOSSIble (Fowler and Cape, 1982),

depending on levels of hght and 03

Because the concentration of CO2 m the atmosphere hmitS rates of photosynthesIs,

ennchment of atmospheres wIth CO2 (to 1,000 ppm) IS a frequent practice m the greenhouse

mdustry (Hand, 1982), but effects of NOx pollutIOn on horticultural crops grown m

CO2-enriched atmospheres have been observed For example, Capron and Mansfield (1975),

Ashenden et al (1977), and Law and Mansfield (1982) detected large amounts of NO (up to

0.45 ppm) m greenhouses eqmpped WIth hydrocarbon burners to prOVIde heat and/or CO2 to

crops Although the ratio of NO to N02 can vary WIth burner deSIgn and method of heatmg,

tIns ratio IS much Ingher mSIde (four parts NO to one of N02) than outSIde greenhouses

There are two explanatIons for tIns observation, even though the glass cut-off effect prevents

the light-mduced back converSIOn of N02 to NO FIrst, because the pollutants are momtored

close to theIr source, httle tlme IS avaIlable for OXidatIOn of NO to N02, and second, the air

inside modem greenhouses contaIns httle 03 from outSIde because the ventilatIOn rates are

often below one arr change per hour (Hurd and Sheard, 1981)

9.3.1.2 Solution Properties of Nitrogen Oxides

The use of mtrogen-15 (15N)-radiolabeled N02 (15N02) has estabhshed that plants can

remove NOx from the air (see SectIOn 9 3 1 4) However, for a gaseous pollutant to enter

an internal mesophyll cell, ItS molecules must pass through the extracellular water covenng

the plant cell (Mansfield and Freer-SmIth, 1981) Consequently, solubility of a gas m an

aqueous medIUm is an lillpOrtant factor m determmmg the rate at wInch It IS taken up The

gaseous form of NO IS only shghtly soluble m pure water, but the presence of contammants

such as substItuted phenols can alter apparent solubilities (Nash, 1970) In water alone,

however, the real hmitatIOn for N02 entenng the cell appears to be the rate of ItS

solubIlIzation m water (Lee and Schwartz, 1981, Lee and Tang, 1988) Pfaffhn and ZIegler

(1981) have studied the reactIons that operate m a mIXed aqueous/gas phase

NItrogen dIOxide differs markedly from NO because It reacts WIth water and tIns

feature sIgmflcantly increases the apparent solubility of N02 relatIve to NO ReactIOn of

N02 WIth water IS not just a slffiple hydratIOn producmg HN03 Based on results from
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conductivIty expenments, Lee and Schwartz (1981) c011lcluded that N02 undergoes a

comparatively slow heterogeneous reaction wIth water 10 form a dIssolved N02 speCIes that

then reacts wIth Itself to gIve both HN03 and mtrous aCId (HN02, see FIgure 9-4) The

extent and relative Importance of tills dIssolution has be'en questIOned (Dasgupta, 1982), but,

over pH ranges that are bIOlogICally Important, any mro3 (PKa of -1 4) that forms will

completely IOrnze to mtrate SImIlarly, HN02 will fonn mtnte, but the eqUllIbnum

govermng tills IOmzation has a pKa of 3 3, willch means some undiSSOCIated HN02 will eXist

below pH 6, espeCIally near cell walls where pH value!) as low as 4 can occur

Although the solubility of NO ill water has been measured (47 1 mL of gas/L of water

at 20°C and 1 atm), the chemIcal form of the gas ill solutIOn IS less certaIn (Schwartz and

Willte, 1981) Some studIes have suggested that NO re~acts WIth water to form a compound

SImIlar to hydroxylamlc aCId (BeattIe, 1967), but the gas IS now conSIdered to be relatIvely

unreactive WIth water (Bonner, 1970) However, ISOtOJPIC exchange between gaseous 15NO

and solutIOns of N180 2 has been detected (Bonner and Jordan, 1973, Jordan and Bonner,

1973) In the case of extracellular water ill a plant, tills would suggest that NO may form

both mtrate and mtnte IOns, Just lIke N02 (see FIgure 9-4), but at much slower rates

Solubility of NO ill aqueous media vanes WIth temperature, and lIke many other gases,

NO IS more soluble at lower temperatures than at illgher temperatures Stephen and Stephen

(1963) found, for example, that 73 8 mL/L of NO was taken up at 0 °C, as compared to

40 mL/L at 30°C ThIs reduction ill solubility of NO as temperature nses has ImplIcatIOns

for plants groWillg at low temperatures, espeCIally as rates of converSIOn of NO to N02 are

reduced at lower temperatures As a result, more NO as a proportIOn of total NOx may

perSIst ill colder atmospheres and more NO may dIssolve ill aqueous layers ill contact WIth

tills colder arr

The chemIStry of the two aCIds (HN03 and HN02) produced by NO and N02 IS

markedly drrferent As already stated, HN03 IS a strong aCId, whereas HN02 IS regarded as

much weaker (PKa of 3 3) Over the probable pH range (5 5 to 7) of extracellular water

(Willte et al , 1981, Hartung et al , 1988), HN03 IOmzes fully to form both mtrate Ions and

protons (see FIgure 9-4) By contrast, HN02 will be present mamly as mtnte IOns and

protons along WIth very small amounts of undiSSOCIated aCId Consequently, for the plant to

metabolIze the products of the two gases N02 and NO, It must mamly deal WIth mtrate,
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nitnte, and protons-all of wInch can pass through cell membranes (Schloemer and Garrett,

1974; Heber and Purczeld, 1978, Gutknecht and Walter, 1981), but only two of wInch

(mtrate and protons) are normally present m apprecIable quantItIes mSIde cells

Atmosphenc NOz also eXIsts m eqUIhbnum wIth Its dImer, NZ0 4, whIch could

complicate the gas-liqUId transfers stIll further Fortunately, at low ambIent concentratIons,

this eqUIhbnum IS very much m favor of NOz (Altshuller, 1956, Lee and Schwartz, 1981)

A simIlar preference eXIsts for NO and NOz rather than another hIgher OXIde, NzOs, whIch

is produced, for example, by some 03 generators usmg arr (see SectIOn 9 2 2 1)

9.3.1.3 Foliar Uptake of Nitrate

Wet and dry deposItIon of NOx are Important processes m the redIstnbutIOn of mtrogen

throughout the enVIronment (VarhelyI, 1980) and the processes mvolved m the deposItIon of

various forms of NOx onto plants are covered elsewhere (SectIOn 9 4) However, httle

informatIon eXIsts to confIrm or refute the possIbIhty that mtrate (or ammomum) m water

droplets on the outsIde cutIcles of leaves or needles may gam access to the mternal cells

WIthout fallmg off, entenng the soil, and bemg taken up by the roots Fohar feedmg of

nodulated legumes WIth lsN-labeled mtrate Ions (lSN03) produced a SImilar dIstnbutIOn of

15N (Oghoghone and Pate, 1972) to that found m expenments usmg lSN02 (see

Section 9.3.1.4), but It requIred 14 days for 60% of the labeled mtrate to be Imported mto

the mesophyll from the leaf surface Afterwards, the maJonty of lSN was detected m an

ethanol-msoluble fractIOn, wInch mdIcates that the mtrate had been reduced to ammoma

(NH3), incorporated mto ammo aCIds, and subsequently mcorporated mto protems

Unfortunately, the SIte of reductIon m these studIes was not determmed Later

experimentatIOn usmg lSN03- m dIfferent aCId ram treatments (pH 4 0, 3 4, 27) of green

beans (Phaseolus vulgans L cv Umversity of Idaho) showed that the amount of

nitrogen absorbed by fohage decreased as the ramfall pH was reduced (Evans et al , 1986)

Amounts of mtrogen accumulated drrectly mto the leaves from the ram droplets on the leaves

was found to be only a small percentage of that present m SImulated ram when compared

with the amounts of mtrogen already present m the leaves Ammomum and mtrate labeled

with 15N have also been used to estImate the amount of fohar uptake of mtrogen by red

spruce (Plcea rubens Sarg ) from SImulated cloud water apphed over a penod of 50 h
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(Bowden et al ,1989) AccumulatlOn rates of I5N wele found to be very low Less than

1 5% of the mtrogen requrred for new growth was found to come from ammomum and

mtrate m the cloud water These concluslOns agree wIth those obtamed by Wolfenden and

Wellbum (1986) usmg hIgh performance Ion chromatographIc (HPIC) analyses of

nonaqueously prepared chloroplasts from barley gIven dIfferent aCId ram treatments (pH 5 6,

4.0, 3 0) Sulfate m drIed-down ram droplets on leaf surfaces SIgnIficantly mcreases the

levels of sulfate mSIde chloroplasts but mtrate m the same droplets had no correspondmg

effect

Response of plant cells to aCIdIty provIded by gaseous pollutants such as NOx has been

descnbed elsewhere (NIeboer et al , 1984), but there IS one Important effect of mtrate upon

the tonoplast membrane that IS relevant to detnmental effects of both wet and dry

mtrogen depOSItion on plants Both cell and tonoplast membranes contam energy (ATP)

dependent hydrogen Ion (H+) pumps, and the tonoplast pump IS strongly mhIblted by mtrate

(Hager and BIber, 1984) Consequently, plants that de:posit extra protons m therr vacuoles

when they expenence addItlOnal aCIdIty and mtrate at the same tIme will have extra dIfficulty

m mamtammg cellular control

9.3.1.4 Evidence of Nitrogen Uptake Using Nitrogen-IS Labeled Gases

FumigatlOn expenments usmg I5N02 have demonstrated that plants take up thIs gas,

that It IS converted to mtnte and mtrate, and that only natural modes of mtrogen metabolIsm

are mvolved (Rogers et al , 1979a, Yoneyama and Sasakawa, 1979, Ka]l et al ,1980) Soon

after fumIgatIOn, most of the I5N IS m soluble form, but as tIme passes, more becomes

msoluble (Yoneyama et al ,1980a) KaJI et al (1980) showed that after only 20 mm of

exposure, glllltamme and alamne were strongly labeled, and Yoneyama and Sasakawa (1979)

and Okano et al (1984) showed that the bulk of the label passed to glutamate and asparagme

as well About 5 % of the I5N label that enters a leaf then moves on to other leaves or to the

roots (Rogers et al , 1979a)

In the past, I5N-labeled mtrogen molecule dilution has been a successful techmque to

estImate the amount of mtrogen fIxatlOn by legummous crops (Fned and Mlddleboe, 1977)

and the same methodology has been adapted to measure the contnbutlOn of I5N02 to total

mtrogen metabolIsm Wlthm a plant (Okano et al ,1986) Testing eIght herbaceous plants
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(sunflower, Helzanthus annuus L , radIsh, Raphanus satlvus L , tomato, Lycoperslcon

escllientllm Mill, tobacco, NICOtlana tabacum L , cucumber, CucumlS satlvus L , kIdney

bean, Phaseolus vulgans L , malZe, Zea mays L , and sorghum, Sorghum vulgare L) wIth

thIS method, Okano et al (1988) showed that sunflowers exposed to N02 (0 5 ppm for

14 days) show absorptIon rates of 057 mg mtrogenldm2/day -four tImes those of

SOrglllUll spp (0 16 mg mtrogen/dm2/day) Other specIes have mtennedtate values m the

order shown in Table 9-2 They suggested that the total amount of NOTdenved mtrogen

depended primanly upon the umt area presented by dIfferent plant specIes and that thIs may

explam the larger reductIons m growth of sunflower and radIsh (both C3 plants) to N02 and

the relative tolerance of sorghum and malZe (both C4 plants) Therr measurements of

stomatal conductances also showed hIgh values for sunflower and low rates for sorghum (see

Table 9-2), whIch would seemmgly also account for these dIfferences When regressIOn

analysis is apphed to the rates of N02 uptake and stomatal conductances, a hnear relatIOnshIp

(r = 0.984) IS obtained that does not pass through the ongm From thIS, Okano et al

(1988) concluded that a portIon of the N02 does not enter the leaf through the stomata

TABLE 9-2. RATES OF NITROGEN DIOXIDE ABSORBED AND STOMATAL
COl\TDUCTANCES IN EIGHT HERBACEOUS SPECIES

Species

Sunflower

Radish

Tomato

Tobacco

Cucumber

Kidney bean

Maize

Sorghum

Source Okano et al (1988)

Rate (mg mtrogen/dm2/day) Conductance (cm/s)

057 207

044 1 69

035 091

033 085

027 072

024 058

021 0 16

o 16 020
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9.3.1.5 Access of Nitrogen Oxides into Leaves

Both deposItion velocIties of atmosphenc mtrogen-contammg compounds and stomatal

conductances of plants exposed to NOx show large vanatIOn (see also Section 9 9), but one

feature of such measurements re1atmg to NO and N02 IS qUIte clear Stomata have to be

open for major uptake of these atmosphenc pollutants to occur Gaseous uptake of N02 IS

much reduced when stomata are closed (Saxe, 1986b, Hanson et a1 , 1989) or when comfers

are dormant (Skarby et al , 1981, Johansson, 1987)

Untu now, the mam avenue of entry of NOx has always been thought to be wholly

through the stomata (see FIgure 9-5) m a SImuar manner to that of CO2 However, Lendzian

and KerstIens (1988) suggest that not only IS the cuticle a very large reservOIr WIth respect to

adsorbed N02 (to the extent of mcreasmg ItS own weIght by up to 20%), but that the two

gases NO and N02 may cross Isolated cuticles more n~adily (two- to sIXfold more readily)

than other arr pollutants lIke S02 and hydrogen fluonde (HF) ThIs IS especIally the case

WIth cuticles Isolated from comfers or CItruS trees They have also shown that specIfic SItes

for N02 eXIst m plant cuticles and that IrreversIble brndmg takes place so that cuticles

become completely "mtrated" durmg theIr lIfetIme Only after total mtrogen saturatIOn has

been achIeved does the water permanence mcrease two- to fivefold, although the bamer

towards other gases IS unaffected Uptake of N02 andl NO mto cutIcles has also been

demonstrated by 1abelmg studIes usmg 15N02 and 15NO (KIsser-Pnesack et a1 , 1987)

DespIte thIs, It IS still dIfficult to evaluate from these studIes usmg Isolated cutIcles how

much or to what extent NOx can cross undetached cuticles and gam access to epIdermal cells

CalculatIOns, based on results obtamed from Ables cuticles exposed to 0 052 ppm N02, show

that the flux through the cuticle would be of the order of 2 p.,g/rr?-Ih, a rate of depOSItion 1 to

2 orders of magmtude less than stomatal depOSItion at SImuar concentrations of N02

BehavIor, frequency, and dIstnbutIOn of stomata are Important factors m determmmg

the amount of aIr pollutants entermg a plant (Pande, 1985) As already mentioned, closed

stomata are not a complete bamer to NOx because a portIon penetrates the cuticle

Nevertheless, the conSIstent t.rend from all gas-exchange studIes (Darrall, 1989) IS that there

IS less response of a plant to NOx under condItions that cause stomatal closure These

mclude stresses such as low hght, humIdIty, or mtroge.n status (Snvastava et al , 1975a, Law

and-Mansfield, 1982, KaJI et al , 1980, Yoneyama et al ,1980c) Atmosphenc NOx can
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Figure 9-5. Likely access routes for nitrogen oxides into a plant leaf. The layer of still
air or boundary layer imposes a resistance <Ra) that depends on a number
of factors including wind speed. Access is then limited by the degree of
stomatal opening <Rs) or to a much lesser extent by penetration through the
cuticle of epidermal layers (Rc). The mesophyll resistance <Rut) consists of
a number of different components before the major sites of reaction are
encountered.

Source Wellbum (1988)

9-22



also cause dIrect reductIOns m stomatal conductance (Carlson, 1983), WhICh are then

reflected m decreases m transprratIOn and photosynthesIs (see SectIOn 9 3 3 2)

In conclusIOn, the stomatal aperture plays the major role m determmmg the extent of

the effects of NOx on plants by lumtmg access to mtercellular atr spaces

9.3.1.6 Access of the Products of Nitrogen Oxides into Cells

Zeevaart (1976) was the frrst to suggest that any N02 entermg a leaf dIssolves m the

extracellular water of the substomatal cavIty to form both HN02 and HN03, whIch then

dISSOCIate to form mtrate, mtnte, and protons (see FIgure 9-4 and SectIOn 9 3 1 2) Large

arr spaces eXIst m a leaf, whIch amount to 50 to 80% of the leaf by volume (Nobel, 1974),

and from thIs, It follows that the mner leaf cells provIde a large surface area for the

absorption of NOx SolubilitIes of NO and N02 m the extracellular water are affected by pH

and the presence of other substances that may determrne, m part, the rates of uptake of NOx

(Soderlund, 1981) Anderson and Mansfield (1979), for example, found that NO was more

soluble m xylem sap than m dtstilled water, presumably because of much hIgher Iomc

strengths Because xylem sap IS contmuous WIth the extracellular water ill a leaf, an

enhanced solubility of NO m the latter may be expected over that predicted by the water

solubility figures alone (see SectIOn 9 3 1 2)

Mesophyll resIstance IS a collectIVe term that desGnbes all those parameters mvolved m

gaseous uptake between the stomata and the fmal SIte (JIf reactIon of an mcommg gas

It mcludes components such as solubility, dIssolutIon, penetratIOn of the cell wall or

membranes, and the mtervemng cellular metabohsm The ability of thIs resIstance (see

FIgure 9-5) to regulate pollutant uptake has receIved h1tle attentIOn, partly because the factors

mvolved m mesophyll resIstance are difficult to measUJ e (Capron and Mansfield, 1977)

By deductIOn, Snvastava et al (1975a,b) Imphcated mesophyll resIstance to the flux of N02

mto Phaseolus vulgans L as bemg responsIble for mcreased leaf tolerance to thIs pollutant

gas wIth tIme ThIs pOSSIbility also may account for differences m tolerance shown by

different sweet pepper and tomato cu1tIvars exposed to NO or N02 (Murray and Wellbum,

1985, see Sections 9 3 2 1 and 9 3 2 2)

Cellular bIOchemIcal mechanIsms are components of the mesophyll resIstance (see

Section 9 3 2) The effectiveness of plant metabohsm to aSSImtlate or transform the products
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of NOx m aqueous solutIon (see SectIon 9 3 3) may alter the uptake of NOx Bennett et al

(1975), for example, found that NOx was absorbed most effiCIently by fohage near the top of

plant canopies where both hght mtensitIes and metabohc rates are hIghest

9.3.1.7 Levels of the Products of Nitrogen Oxides in Cells

NItrite is a normal mtermedIate m the sequentIal reductIOn of mtrate to NH3 pnor to

synthesIs of ammo aCIds Wlthm plants (see FIgure 9-6) RelatIve contnbutIons of root and

shoot tIssue to the aSSImIlatIOn of mtrate, and Its subsequent reductIOn, dIffer WIdely between

specIes as well as bemg dependent upon the mtrate concentratIOn around the roots (Kato

et al , 1974; Lee and Stewart, 1978) Even mtrate metabohsm by ecotypes and cultlvars of

tlle same speCIes may vary (Rajagopal et al , 1976, Hams and WhIttmgton, 1983) Use of

15N02 has also shown that, once mSIde a plant, 15N can be transferred to all parts of the

plant except mature leaves (Yoneyama et al , 1980a, Okano et al ,1984b) ThIs process IS

extremely rapId. For example, radIoactIve label from atmosphenc mtrogen-13 labeled N02

(half-hie = 10 mm) surroundmg smgle barley leaves was detected m all the remammg parts

of the seedlmgs, mcludmg the roots, Wlthm mmutes (Rowland, 1985), although the vast bulk

of the label remamed m the exposed leaves

Many of the concentratIons used m studIes CIted below exceed those usually found m

the ambIent air (For ambIent concentratIOns see Chapter 7) In general, when bean plants

(Phaseolus vulgans L cv KInghorn Wax) are exposed to NOx (0 02 ppm N02 for 5 days),

mtrite levels rarely nse (Snvastava and Ormrod, 1984, 1986) However, Zeevaart (1976)

did report a large mcrease of mtnte rather than mtrate when peas were exposed to

exceptIonally hIgh levels of N02 (8 4 ppm) for 1 to 2 h SImIlarly, when Yu et al (1988)

fumigated both spinach (Spznacza oleracea L cv New ASia) and ladney beans (Phaseolus

viligans L. cv. Shm Endogawa) m the dark, elevated levels of mtnte only occurred WIth hIgh

levels of N02 (3.5 ppm) Even at levels of 8 ppm N02 m the hght, only spmach showed

accumulations of mtnte, but both specIes had very large accumulatIOns of NH3 At much

lower levels of N02 (0 25 ppm), Splermgs (1971) detected a shght decrease m the mtrate

content of tomato (cv Moneymaker) leaves after exposure to N02 for 4 mo, but could detect

no nitnte in the juice from compressed fresh tIssues LikeWIse, Taylor and Eaton (1966)

9-24



ATP

ADP
Pi

COO
I

yH2yH2
HyNH2

COO-
Glutamate

Glutamine

GDH

NADH NA[)+

o(-Keto

glutarate

COO NH+
I 4
yH2yH2

C=O. -
COO

Kreb's citric acicj cycle
FIgure 9-6. Uptake and metabolic pathways involv4~d in the uptake of nitrogen oxides

into plant leaf tissue from the atmosphlere. The enzymes involved include
nitrate reductase, nitrite reductase, glutamine synthetase (GS), glutamate
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reported a shght decrease (1 8 meqUlv mtrogenlg fresh wt) ill mtrate content from leaves of

tomato after 19 days of exposure to N02 (0 42 to 0 54 ppm)

Recent work has shown that changes ill levels of total mtrate m response to N02

depend upon the amounts of mtrogen supphed as mtrate to the roots of plants at the tIme of

exposure (Srivastava and Ormrod, 1984, 1986, 1989, Okano and Totsuka, 1986, Rowland

et al., 1987, Rowland-Bamford and Drew, 1988) Hydropomcally grown barley (0 1 mM

rutrate) accumulate 85 % more rutrate than controls when exposed to 0 3 ppm N02 for

9 days, but sunilarly polluted seedhngs grown wIth 10 mM mtrate have even 25 % less

nitrate than controls (Rowland et al ,1987) ThIS dIfference ill mtrate content was not

significant ill bean (cv KInghorn Wax) shoots exposed to 0 5 ppm N02 for 14 days

(6 h/day) when grown WIth hIgh levels of mtrate (20 mM), but levels of mtrate m the roots

of the same plants were very dIfferent (Snvastava and Ormrod, 1986) Those grown mclean

aIr had only 40 % of the root mtrate found ill polluted plants

By contrast, concentratIOns of total mtrogen (as opposed to mtrate content) withm plant

shoots usually decline followmg exposure to N02 ElkIey and Ormrod (1981d), for example,

found a significant decrease m the total mtrogen content of three cultIvars of petuma exposed

mternllttently to 0 8 ppm N02 over 4 days, and SImilar decreases m shoot total mtrogen were

found in bean (cv KInghorn Wax) and soybean (Glycme max Merr cv WIlhams) WIth

mcreasing N02 concentratIOns (Snvastava and Ormrod, 1986, Sabaratnam et al , 1988a)

The reasons why shoot mtrogen levels may dechne after exposure to NOx remam unclear,

but translocation of addItIOnal mtrogen from shoots to roots appears to offer a partIal

explanation. This reallocation of N02-denved mtrogen to the roots was shown to be hIghly

sigruficant using barley (Hordeum vulgare L cv Patty) grown hydropomcally at both

medium (l roM) and low (001 mM) levels of unlabeled mtrate and exposed to 14N02

(0.5 ppm) for 8 days, followed by 15N02 (05 ppm) for 3 h, and then back to unlabeled N02

for 1 more day (Rowland et al , 1987)

Nitrate and rutrite concentratIons ill Isolated chloroplasts from barley (cv Patty)

exposed to atmosphenc N02 (028 ppm for 1 to 3 days) have been measured usmg HPIC

(Wellburn, 1985) ConcentratIons of mtrate dechne sigruficantly to a low pomt on the

second day of fumIgatIon before nsmg back to control levels Levels of mtnte show the

converse, nsmg to a maxImum on the second day before fallmg back These changes may
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be explamed by nnbalances m the relatIve speeds of mductIOn of the two enzymes, mtrate

reductase (NaR) and mtnte reductase (NJ.R) (see Sectmns 9 3 2 1 and 9 3 2 2) The fIrst

enzyme IS mduced faster than the second, so lilltIally more mtrate IS conyerted to mtnte and,

when the second enzyme catches up, mtnte declmes agam

9.3.1.8 Cycling, Partitioning, and Elimination of Nitrogen Dioxide Derived Nitrogen

As SectIOn 9 3 1 4 has already mentioned, uptake studIes WIth 15N02 have shown

mcorporatIon of label m leaves mto glutamme, asparagme, glutamate, and alanme Although

several groups have also demonstrated transfer of tills label mto roots, Okano et al (1984b)

showed that tills relocation was biphasic-an lilltIal afflux of soluble metabohtes from the

leaves followed by a slower redIstnbutIon as label moved out of the leaf protem fractIOn

Closer exammatIon of the 15N label m the vanous components of both roots and shoots of

snapbeans (Phaseolus vulgans L cv Blue Bush Lake 290) after Just 3 h of exposure also

reveals dIfferences (Rogers et al ,1979a) In the leav1es, 63 % of the label was found to be

assocIated WIth the protem/nucleIC aCId fraction, 33 % WIth the ammo aCId/amIde fraction,

and very httle WIth mtrate (5 %) In roots, however, the balance between the fIrst two

fractions was approxnnately equal (47 and 41 %, respectively)

Usmg 15N03-, Rowland et al (1987) have shown that mtrate uptake by roots IS

unaffected by exposure of barley (cv Patty) leaves to atmosphenc N02 (0 3 ppm for

9 days), but such a fumIgatIOn does affect the ability of the roots to respond to changes m

root mtrate supply The allocatIOn of label from 15N03- rema1illllg m the roots was found to

be reduced by fumIgatIOn WIth N02, espeCIally m those barley seedlmgs grown at low levels

of mtrogen supply A pronounced effect of atmosphenc N02 was also found m the xylem of

snnl1ar plants growmg on low levels of mtrate m the form of raIsed amounts of senne,

asparagme, and glutamme In barley seedhngs well supphed WIth mtrate, the mam effect of

atmosphenc N02 was to mcrease the amount of reduced mtrogen m the roots (Rowland

et al ,1987) ThIs was thought to be due to a decrease m the transport of orgamc mtrogen

from the roots to the shoots m the xylem stream

Consequently, the responses of plants to atmosphenc N02 are very dIfferent 1f the

mtrogen supply IS eIther hmItmg or adequate (see also SectIOn 9 3 1 7) If there IS suffICIent
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nitrogen, there IS less rechstnbutIOn of mtrogen and less mfluence on roots by mtrogen

denved from N02 taken m by the leaves

Law and Mansfield (1982) calculated that the mput of mtrogen as NO from a 66 kW

kerosene burner into a greenhouse WIth a floor area of 0 05 ha may amount to over

100 kg/ha m a growmg season of 100 days Theoretically, such a burner could fulfill

virtually all the mtrogen requIrement of a tomato crop In practice, greenhouse crops seem

to have a lImited capacIty to utIhze mtrogen from NO because a supply of NO cannot

compensate for the reduction m yIeld due to a deficIency of sou mtrogen (Mansfield and

Murray, 1984) ThIs IS not true m the case of fohar uptake of N02 Faller (1972), for

example, fumIgated mtrogen-deficient sunflowers (Helzanthus annuus L ) WIth N02 (0 8 to

3.1 ppm for 21 days) and found a reduction m the symptoms of mtrogen defiCIency, 6 to

28% more growth m the pnmary leaves, but not m the roots, and mcreases of 70 to 116% m

leaf nitrogen and 19 to 70 % m root mtrogen

Once pollutant-denved mtrogen has been reduced, the form ill wInch It IS stored vanes

(see Section 9 3 1.4) Most, If not all, of the common protem ammo aCIds can accumulate

15N derived from 15N02 (DurmishIdze and Nutsubidze, 1976, Yoneyama et a1 , 1980d)

However, the extent of 15N accumulation IS not only speCIes dependent, but IS also tIme

dependent As rates of processes mvolved m uptake and utIhzatIOn of mtrogen vary over

24 h, it is not surpnsing to fmd that effects of NOx also differ over the same penod

In spinach and sunflowers, exposure to 15N02 dunng the mght causes ennchments m 15N of

different ammo aCIds compared to those labeled dunng conventIonal daytime fumIgatIOns

(Yoneyama et a1 , 1980d), but the mechamsm by wInch thIs occurs IS unknown

TIme-course studIes have also shown that the content of glutamme m the first tnfohate

leaf of Phaseolus vulgans mcreases rapIdly after exposure to 4 0 ppm N02 (Ito et al ,

1984b), but levels reach a plateau after only 4 h of fumIgatIOn Because the plants receIved

N02 throughout the whole of thIs 8-h expenment, thIs suggests that the controls on the rates

of nitrogen metabohsm m these plants responded to the pollutant by estabhshmg a new

steady-state level and that mtrogen was passed from glutamme to another compound for

storage. Ito et a1 (1986) have suggested asparagme, ureides, or glutathIone as such

pOSSIbilities.
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So far, all of the studtes dIscussed above mdlcate a partIcIpatIOn of the normal pathway

of mtrate reductIOn followed by synthesIs of ammo aCIds and protems as a means by whIch

plants detoXIfy NOx (see FIgure 9-6 and SectIOn 9 3 2) However, It IS possIble that other

natural metabohc processes could detoXIfy the products of atmosphenc NOx One ObVIOUS

pathway IS polyanIme productIon In the case of uptake of NOx, thIs possibility appears not

to have been mvestIgated, although slgmficant effects of other arr pollutants such as S02 on

polyamme productIon are known (pnebe et al , 1978)

Other means of detoXIficatIOn, such as the release of other mtrogen-contammg gases,

may also be lIDpOrtant Natural emISSIOns of N2, NO, and NH3 from plant tissue and

canopies have been reported (Vanecko and Varner, 19515, Hill, 1971, Farquhar et al , 1979),

but no fumigation studies usmg NOx have detected emiSSIons of NH3 Where an aSSOCIation

has been detected between N02 uptake and NO release, the amount of the latter may amount

to 70% of the N02 absorbed or adsorbed (NIshImura et al , 1986) and emISSIOns of NO are

strongly dependent upon humIdtty Release of NO after treatment of plant tissue WIth certam

herbiCides (Klepper, 1979) or dunng the m VIVO assays of NaR activity (Harper, 1981) are

both known to be assOCIated WIth accumulations of mtnte Ions, and both enzymIC (Nelson

et al , 1983) and non-enzymic (Klepper, 1979, NishImura et al , 1986) mechamsms of

release have been proposed

9.3.2 Cellular Sites of Biological Interaction

9.3.2.1 Role of Oxides of Nitrogen in Metabolism

The hydratIOn products as N02 IS converted mto mtnte (N02-) and mtrate (N03) Ions

through mteractlOn WIth water are normal amons wlthm the plant, and as such, can be

mcorporated mto normal metabohc pathways, up to certain maxunum rates, dependent upon

mtrogen supply from the roots and type of plant Where both NO and N(h are present, NO

seems also to be converted mto mtnte and mtrate Mettabohc mcorporatIon leads to

detoXIficatIOn of most of the species of NOx , makmg the potentially tOXIC compounds not

only harmless to the plant but Important to Its normal growth Naturally, the mcorporatlOn

alters the mtrogen level WithIn the plant and so alters the "normal" state of the plant, where

normal IS defmed as that state before Its fumigation by N02 In addition, under hIgh levels

of N02 flux mto the plant, mcorporatlOn could overwhelm the mtrogen metabohsm and cause
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the plant to deviate so far from Its nonnally balanced state that the plant IS unable to return

to its prevIous homeostatIc state after fumigatIOn

In order to discuss these concepts more completely, two areas must be well defmed

(1) what types of metabohc pathways are available to NOx compounds and (2) what IS meant

by the nornlal state and how far can plants devIate from that state Without pennanent mJury

to the plant

9.3.2.2 Metabolic Pathways

Plants requIre reduced mtrogen compounds to fonn protems, nucleIC aCIds, and many

secondary products m order to survIve and grow Under most cIrcumstances, mtrogen enters

the plant through the roots m three modes (1) absorptIOn of NH3 (and ammomum),

(2) absorptIon of mtrate (and mtnte), and (3) mtrogen fIxatIOn by symbiotIc orgamsms

Thus, any pollutant that can be converted chemIcally or bIOlogically mto mtrate, mtnte, or

NH3 can be used by the plant Nitrogen oXides that fall upon the soll have the potentIal of

being easlly converted by mIcrobial or chemIcal actIon and, therefore, can be readlly

adsorbed by the roots Ground depOSited NOx can enter the metabohc pathway readlly

through the soI1/root mterface, however, depOSItIon can overload the soll/plant systems (see

Chapter 10) Gaseous NOx that enters through the leaf can hkewlse be converted through

enzyme systems that can handle the denved compounds

The chemical species that will be dealt With m the followmg sectIOns are HN02,

ammonium Ion (NH4+), and HN03 The fIrst two are a weak aCId and weak base,

respectively (see EquatIons 9-9 and 9-10 below), and, therefore, theIr actual chemical fonns

are dependent on pH. These fonns govern the manner m whIch these chemicals can move

throughout the plant At nonnal bIOlogical pH, both species (aCId and salt) of each

compound can eXist withm an organelle or tIssue On the other hand, HN03 IS such a strong

aCId that it eXists predommantly as N03- under all bIOlogical conditIons

+ +NH4 = = H + NH3 (pK = 9 2)
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HN03 == H+ + N03- (pK = -1 3) (9-11)

Although plants can use both ammomum and mtrate, mtrate seems to be less toXiC,

even m htgh concentratIOns, for the plant and, thus, IS classed as a "relatively mnocuous"

compound (MIflm, 1980) Nitnte and ammomum seem to be compounds whose

concentration IS htgWy regulated and IS mamtaIned at low levels withtn the plant To prevent

htgh NH3 levels from occurnng, the plant will convert ammomum to ammo groups as

rapIdly as pOSSIble

NItrate llS converted fIrst to mtnte Via the enzyme NaR, WIth the resultmg mtnte bemg

converted to ammoma by another enzyme, NIr The full converSIOn of mtrate mto NH3

requIres eIght electrons, or the eqUIvalent of four molecules of (NAD(P)H) per molecule of

N03- Because NAD(p)H has a free energy content of about 28 kcallmo1e, convertmg one

mole of N03- to NH4 + requIres about 115 kcal of enelgy, or about the eqUIvalent of 18% of

a glucose molecule (see Schubert and Wolk, 1982) Another manner m whtch to express the

energy requIrement for mtrogen converSIOn IS to express It as carbon lost per mtrogen

gamed Thus, 1 mole of mtrogen converted as descnbed above IS eqUIvalent to a mmImum

carbon loss of 1 1 mole Yet Amthor (1989) states that If growth and mamtenance

reSpIratIOn dId not change dunng measurements, the value of carbon respIred to mtrogen

aSSImIlated was as htgh as 2 to 3 5 moles/mole For the most part, energy as reducmg

eqUIvalents come from carbohydrate or organIC aCIds OXidation (glycolYSIS, tncarboxyhc aCId

cycle, or photosyntheSIS) Thus, NH3 fertIlIzer IS energetically "cheaper" for the plant to use

but can be more tOXiC, If not well regulated NItrate requITes more energy, thus, It would

appear that there IS less for the total plant prodUCtiVIty Yet It IS hard to demonstrate the

lowenng of plant productiVIty by concurrent mtrogen reductIon (Robmson, 1988)

More recently, detaIled flux and pool balance sheets m mtrogen metabohsm have been

prepared For example, Magalhaes et al (1990) have shown that NH4 + can move mto com

roots at a rate of 1 75 j-tmole mtrogen/g fresh weIght of plant matenal (FW)/h and then move

mto the shoots at a rate of 1 25 j-tmole mtrogen/g FW/h The NH4+ pools were 3 85 and

045 j-tmole/g FW for the root and shoot, respectIvely {correspondmg approXImately to 4 and

o5 mM for a soIl NH4 + level of 50 mM) On the other hand, cow pea cultured cells will

mamtaIn an mternal NH4 + level of only 0 1 j-tmole/g FW WIth an external NH4+ level of
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88 roM (Mayer et al ,1990) Rates of NaR have been measured to be 4 to 6 and 2 to

3 p.mole/g FW/h for barley and com roots, respectively (SIddIqI et al ,1990) Wellbum

(1984) measured NaR and NIR actiVIties m tomato (reSIstant to N02 exposures) as

3.6 to 5 4 p.mole/g FW/h, respectIvely Woodm et al (1985) measured NaR as 0 4 J-tmole/g

FW/h, yet upon N03- fertilizatIOn, that value rose fivefold m less than a day to 2 J-tmole/g

FW/h Thus, It seems that the rate of mtrogen reduction can range from 0 4 to 5 J-tmole/g

FWIh, dependmg on the speCIes and SOll fertJ.1Izer concentratIOn

Although the emphaSIS of thIs chapter IS on how the movement of gaseous NOx affects

plant growth, It IS important to understand total mtrogen metabohsm at the root level The

two nitrogen sources can strongly mteract WIth each other FIrst, NOx and dry depOSIted

nitrogen (aCIds of mtrogen compounds) can fall upon the ground and be mcorporated mto the

SOll where they can be absorbed by the roots WIth cultivated crops, thIs IS tnvIaI because

much more mtrogen is added by the grower as fertJ.1Izer In natural regIOns (e g , rangelands

and forests), SOll mtrogen levels are much lower, generally too low to support VIgOrouS

growth. Second, soil mtrogen can dIrectly alter the amount of mtrogen metabohsm Wlthm

the shoot and leaves

The absorpnon of mtrogen from the SOlliS not stnctly proportIOnal to the amount of

nitrogen present, but IS hyperbohc WIth amount (FIgure 9-7, also see Penmng de Vnes,

1982) More mtrogen m the SOlliS not mIrrored dIrectly by more mtrogen uptake, except at

low levels (see also Chapter 10) Transport, m general, IS by carners or IS active, and so ItS

rate can be saturated (see Glass et al , 1990, SIddIqI et al ,1990) Space does not permIt a

complete dISCUSSIon, however, detailed reports are gIven m Durzan and Steward (1983),

Haynes (1986), and Goh and Haynes (1986) Many of the past expenments performed on

the competItIon of SOll mtrogen and NOx-denved mtrogen have not made full use of these

facts. The sou level is often much too hIgh and the added NOx causes only small changes

in growth or total nitrogen For example, few changes were obtamed m bean growth

experiments WIth sou mtrate levels of 10 to 20 roM (Snvastava and Ormrod, 1986)

9.3.2.3 Transport of Nitrogen Species

Weak acids move mto cells or organelles by amon transporters or by dlifusIOn of the

uncharged acid form through the membrane Weak bases move by the same general
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Figure 9-7. The relationship between applied nitro!~en, soil nitrogen, and biomass
production for a C4 grass. Nu is the nitrogen absorbed from the
unfertilized soil and r is the recovery fraction of the fertilizer nitrogen.

Source Pennmg de Vnes (1982)
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mechanisms, using cation transporters or dIffusIOn of the uncharged base fonn (FIgure 9-8)

The carner/transporters use energy to move the IOns by eIther usmg the IOmc gradIents of the

same-charge specIes (counter-transport) or the reverse-charge speCIes (co-transport), or usmg

the energy contamed m a htgh-energy phosphate bond (e g , VIa H+-specIfic ATPase, see

Briskin et a1 ,1987) Uncharged speCIes drffusIOn IS generally less rapId than an

energy-dnven transport process Under certam pH gradIents, however, or If the transporter

is lackmg, it can be very effectIve, for example, the uncouphng of chloroplast

photophosphorylation by NH3 (Walker and Crofts, 1970)

NH4+ H+ + NHs
I

NHs + H+ NH4+- --- ----
I

N02- + H+ H+ +- HN02 --- HN02 - N02 -- ---

side 1 side 2

Figure 9-8. Schematic of tbe distribution of a weak base or acid across a biological
membrane. The two sides are indicated across the membrane, represented
as a vertical line. The concentration of the uncharged species is the same
on both sides. In other words, the diffusion of uncharged species is fast
enough to maintain a chemical potential equihbrium.

Source Walker and Crofts (1970)

The formulatIon of how pH will affect the accumulatIOn of the speCIes has been

prevIously given (Heath and Leech, 1978), but will be repeated here m abbrevIated fonn

For the weak aCId HN02, the eqUlhbnum condItIOn, Ka = [H+][N02-] / [HN02], eXIsts on

both SIdes of the membrane (SIdes 1 and 2) The concentratIOn of HN02 IS the same on both
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sides because it is uncharged and can dIffuse rapidly thmugh the membrane Thus,

eqUlhbnum means

For the weak base NH3 , the equilibrium conditione of Kb = [H+] [NH3] / [NH4+]

lIkewise holds on both sides of the membrane Here the~ concentration of NH3 is the same on

both sides because it is uncharged and can dIffuse rapidly (Crofts, 1967) The equilibnum

conmtIon then giVes nse to

+ + + +[NH4 h[NH4 h =[H h[H h (9-13)

For example, the plasma membrane separates a wall regiOn, winch is estimated to be at

a pH of about 4 3, from the cytoplasm, winch is mamtamed at a pH of about 7 From the

above formulas, we can estlffiate that IT the total conCel1ltratiOn of HN02 + N02- Withm the

wallis 1 mM, the concentratiOn of HN02 is 91 J.tM In the cytoplasm, the concentratiOn of

HN02 is stlll only 91 J.tM (the same as m the wall reglOn) However, m the cytoplasm, the

concentratiOn of mtnte will be about 46 mM (500 tlffies larger) due to the unequal pH The

total concentratiOn of mtnte will thus be Ingh, even m the absence of a mtnte carner

The same argument can be used for a weak base, however, between the wall/cytoplasm

membrane there is no accumulatiOn, but rather an exclUSiOn, of the base Because the Ka for

NH3 is very baSiC, httle NH3 eXists m the wall regiOn (actually about 5 nM) With the same

1 mM total ammomum speCies outside m the wall, the concentration of NH4+ Withm the

cytoplasm becomes only 5 J.tM, and so the total is shghtly above 5 J.tM (compared With

1 mM outSide) However, as the total ammomum mSicle nses, the ammomum outSide would

nse even more rapidly (for 05 mM mSide, the outSide would be nearly 0 5 M), leadmg to a

path for rapid loss of ammomum from the cells

There seems to eXist m the roots a transporter for NH3 that ensures a steady supply of

NH4+ mtemally so that uncharged-species dIffuSiOn plays only a small role This is not the

case for chloroplasts, where the NH3 can easily be accumulated m the grana space, winch is
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qll1te acidIc relatIve to the stroma space, there, the mgh concentration of NH3 can functlOn as

an uncoupler (Walker and Crofts, 1970)

9.3.2.4 Role of Cellular Hydrogen Ion Concentration

The above arguments are cntical for understandmg how mtrogen specIes can move

through biologIcal orgamsms Ammomum can accumulate m spaces of low pH and mtnte

can accumulate in spaces of mgh pH (compared wIth neighbormg spaces) ThIs IS not true

for strong aCIds such as HN03, wmch IS completely dIssociated to mtrate m bIOlogICal

organisms Both mtrogen compounds are aCIds, and theIr formatlOn can dIStOrt normal

internal pH if they are present m mgh concentrations (see Raven, 1988) The actual change

in pH depends on theIr concentration and the buffermg capaCIty of the organelle or tissue

space

For example, NOx could form about 005 N H+ upon ItS converSIon to mtrate and

nitrite at an atmosphenc concentration of 0 1 ppm (see above) In a wall of about 0 5 p.m

tllickness, this would be 25 x 10-9 equ/cm2 wall Morvan et al (1979) measured only

about 7 5 x 1010 equ/cm2 wall H+-buffermg SItes These unbuffered, accumulated aCIds

would then lower the pH of the wall reglOn ThIs aCIdtfication would tend to loosen the wall

and allow the cell to expand m a manner not controlled by the cell (Tatz, 1984, Luethen

et al., 1990) Once these aCIds are mSIde the cell, theIr metabohsm and converSlOn to NH4+

seems to be a dtfferent story.

A largely unproven hypotheSIS IS that the accumulatlOn of N02 from the atmosphere

with a concurrent converSIon mto HN02 and HN03 would change the aCIdIty of the leaf

Raven (1988) has theoretically exammed the accumulation of mtrogen from several sources,

includmg ammomum and mtrate from the roots, and ammomum mtrate (dry depoSItion) and

NOx from the atmosphere mto the leaves He concluded that pH balance by the cell IS

dIfficult under many condItions, but that NOx accumulation leads to an excess m H+ of only

0.22 mol/mol nitrogen He argues that uptake of phosphate and sulfur WIth converSIon of

ammomum mto ammo aCIds interacts to keep tms number small ThIs IS not true for NH3

uptake, wmch IS able to produce a large number of excess H+

Okano and Totsuka (1986) have shown that at 2 ppm N02, the amount of

nitrogen accumulated from N02 m sunflowers IS roughly 7 2 x 10-10 mol mtrogen/g FW/s
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Usmg Raven's number from above, there IS about 24 X 10-7 N H+ produced per second

due to the uptake of N02 The concentratIOn of orgallllc aCIds WIthIn the vac~ole IS about

250 mM (Lm et al , 1977), wIth a buffer capacIty of albout 140 (change m salt concentratIOn

per change m pH [Bull, 1964]) WIthIn the vacuole at pH 4, the rate of H+ produced due to

the above uptake of N02 would have to be mamtamed constantly for over 1 5 h m order to

lower the pH by only 0 3 pH umts ThIs IS such a shght dIsturbance because the mtrogen

source IS so weak More research needs to be done WJth mtrogen-deficient SOllS and plants

to more precIsely measure these pH effects It remains true, however, that any slnft m pH

m the cytoplasm could alter the rate of formatIon of several metabohtes because many

enzymatIc reactIOns are highly senSItIve to pH

9.3.2.5 Reductases

Once formed, mtrate will feed mto the general mltrate pool m the leaf, which IS denved

from the root by transport Via the xylem water stream ThIs xylem water stream, m tum, IS

dnven largely by transpIratIon through the stomata and, therefore, the stomatal apertures can

partIally control the movement of mtrate NItrate from the xylem IS contamed WIthIn the cell

wall and must move mto the cytoplasm to be converted to N02- by NaR ThIs enzyme can

be rapIdly mduced to high actIVIty upon exposure to nitrate (Woodin et al ,1985) TYPICal

enzymatIc parameters of this reductase are hsted m Table 9-3 The reductIOn of mtrate to

mtnte WIthIn the cytoplasm IS dnven by NADH from reSpIratIon (and glycolYSIS) Thus,

rapId mtrate reductIOn would be expected to mduce higher respIratIon rates, which are

measured under some CIrcumstances (Aslam et al , 1987, Bloom et al , 1989)

Both atmosphere-denved mtnte and mtnte from the roots add to the cytoplasmIc pool,

from whIch mtnte moves mto the chloroplast by a presumed carner molecule Nitnte would

not be expected to move paSSIVely mto the chloroplast lbecause the mtemal pH of the

chloroplast stroma IS hIgher than that of the cytoplasm (at about pH 8 to 8 5 when the leaf IS

illummated, see arguments above) Normally, mtnte IS reduced by a SIX-electron process VIa

photosynthesIS Although the eVIdence IS somewhat contradictory (see Robmson, 1988,

Kaiser and Foerster, 1989), the demand for these electIOns does not seem to mhIbit or slow

CO2 fIXatIOn except at hIgh levels of hght or low CO2 levels, where the CO2 fIXatIon process

IS nearly saturated (Pace et al ,1990) TypIcal enzymatIc parameters of tms reductase are
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TABLE 9-3. ENZYME PARAMETERS FOR CRITICAL ENZYMATIC STEPS
IN PLANT USE OF NITROGEN COMPOUNDS

Km and Vmax are the MIchaehs-Menten parameters for each enzyme system, even though
some enzyme systems hsted here do not stnclly behave accordmg to these kInetics

A. Nitrate Transporter in Root Membranes. KInetic parameters of the enzyme located on
the plasma membrane of root cells to transport mtrate lOns (N03) mward (Siddiqi et al ,
1990).

Vmax 0 3 to 3 fhmol/g FW/h
K m' 60 to 100 fhM

B. Nitrate Reductase Molybdenum protem associated with electron transport cham
(Hageman and Hucklesby, 1971)

Vmax 3 to 5 fhmol/g FW/h

N03

NADPH
NADH

Glutamate
NH3
ATP

C. Nitrite Reductase. Enzyme associated with ferredoxm (Fd) Wlthm the photosynthetic
electron transport cham (Losada and Paneque, 1971, Wellbum, 1990)

NO; + (Fd)red = NH4+ + (Fd)mad

Vmax 3 to 5 fhmol/g FW/h

D. Glutamine Synthetase Enzyme Wlthm plant tissue (Durzan and Steward, 1983)

I Glutamate + NH3 + ATP = Glutamme + ADP + PI

Vmax.: 54 to 9 9 fhmol/g FW/h

Km(fhM)

3,000-12,000
10-20

100-1,000
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Glutamme
Oxoglutarate
NAD(P)H

TABLE 9-3 (cont'd). ENZYME PARAMETERS FOR CRITICAL ENZYMATIC
STEPS IN PLANT USE OF NITROGEN COMPOUNDS

E. Glutamate Synthetase. Mitochondnal enzyme (Durzan and Steward, 1983)

I Glutamme = Oxoglutarlc ACId + NAD(P)H = 2 Glutamate = NAD(P) +

Vmax I 8 to 3 6 jtIDol/g FW/h

Km(jtM)

300-1,500
40-600

7-30

F. Amino Transferase. Enzyme system occumng 111l several organelles of the cell

1 Oxaloacetate + Glutamate = Oxoglutarate = Asparate

Km (acIds) = I to 40 mM

G. Asparagine Synthetase.

I Asparate + Glutamme/NH3 + ATP = Asparagme + Glutamate + ATP + P-P/H20

Asparate
Glutamme
(NH3)

Km(mM)
o7-2
o 1-1
2 0-9

H. Chloroplast Amino Acid/Organic Acid Transporter. Enzyme located on chloroplast
envelope to exchange ammo aCIds and orgamc aCIds (Woo et al , 1987)

Vmax 80 to 100 jtmole/g FW/h

also lIsted m Table 9-3 In darkness, mtnte cannot be reduced and so Its concentratIOn can

nse to hIgh levels IT the rate of mtrate reductIOn IS mamtamed Taylor (1973) suggested that

thIs was the reason for the productIon of large amounts of VIsIble mJury by NOx m low lIght

or darkness

Nitnte seems to be regulated to remam at a low level Withm cells At hIgh levels, mtnte

IS toXiC and could alter the photosynthetIc process by altenng the pH of the stroma of the

chloroplast and so mhlbItmg normal CO2 :f1xatIon (BrunswIck and Cresswell, 1988a,b)
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HIgh concentratIons of NH3 are also toXiC Ammoma acts as an uncoupler of

photophosphorylatIon Thus, a cntIcal hImt m concentratIOn must eXist for both molecules

for nonnal cells. Although Table 9-3 can gIVe an estunate of what that lunit may be by

using the Km of each enzyme system, more expenmentatIOn on actual concentratIOns IS

needed. For example, the declme m both growth and photosynthesIs (nearly 50%) m radIsh

occurs when the level of ammomum Withm the plant nses above a certam amount after the

use of NH3 as a fertIhzer (2,000 ppm, 0 2 % of the dry weIght, Goyal et al ,1982) NItrate

fertIhzer does not cause such a nse m ammomum (200 ppm), nor does It cause a declme m

photosynthesIs and growth, metabolItes denved from mtrate seem to be well regulated under

most Clfcumstances

If mtrate IS added to the NH3 fertIhzer (at 10% of ammomum), the level of NH3 Withm

the plant remams low (200 to 600 ppm), agam, mtrate metabolItes aid m the regulatIon of

NH3 levels (Goyal et al ,1982) Under these condItIons, the mtemal concentratIOn of mtrate

remains low-at about 500 ppm-for NH3 fertIhzer However, the mtemal concentratIOn

rises to 14,500 ppm WIth mtrate fertIhzer alone These numbers reflect the level of mtrate

and ammomum withm the radIsh plants best dermed as "nonnal" The mtemal mtrate level

can rise without problems If the ammomum concentratIOn IS held low, whereas a nse of the

ammomum level mduces tOXiC effects, such as a declme m photosynthesIs These

interactions may help to hnk the apparent tOXiC effects caused by NOx exposure to excess

accumulation of partIally reduced fonns of NOx (see later sectIons)

9.3.2.6 Amine Metabolism

The metabolic pathway of mtrogen m the chloroplast IS summanzed m FIgure 9-9

Three major sectIons of the metabolIsm are apparent (1) reductIOn of the OXIdIZed fonns of

NOx to ammomum (prevIously dISCUSSed), (2) converSIOn of free ammomum mto an ammo

group of an amino aCId, and (3) movement of that ammo aCId mto protems or the mtrogen

groups of other metabolItes (such as polyammes)

The photosynthetIc process generates NH3 that IS, as has been noted, closely regulated

by the cell (Rhodes et al , 1976) The converSIOn of ammomum mto an ammo group keeps

the concentratIOn of NH3 low and IS carned out by the glutamate cycle CouplIng the

equations shown under D and E m Table 9-3 yIelds EquatIOn 9-14

9-40



...
IX- Oxe - OM

Glut /J
T~CYcle

TRIOSE®_--__~~~TRIOSE®

RuBP )

CO _-I-I-.CO~U(13.~N~~~~~ns
\.,. NADP ADP

~

NO· -+ NH+ GlUTAMA~:r..Oxo • G..2 4 Ala/ +tt f'~M Glut- NH2

+ ASP!H + NH 3 IX - Oxe _ FdRed
Glut

PEP

~Pyr

Figure 9-9. A generalized pathway of amino acid biosynthesis involving the chloroplast
within the leaf.

AbbreviatiOns
RuBP = Ribulose 1,5-bisphosphate
PGA = 3-Phosphoglycenc aCid
Fd = Ferredoxm
a-Oxo-Glut = a-Oxo-glutarate
Glut-NH2 = Glutamme
Ala = Alamne
Asp = Aspartic aCid
OAA = Oxalacetic aCid
PEP = PhosphopyruVic aCid
Pyr = PyruViC aCid
Tnose-P = Tnose phosphate (either dthydroxyacetone phosphate or glyceraldehyde 3-phosphate)
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NH4+ + glutamate + oxoglutarate + ATP + NADPH =

2 glutamate + ADP + PI + NADP+ (9-14)

The reducmg power comes from photosynthetically produced NADPH The amme mtrogen

on glutamate of this system can be coupled to the converSIOn of pyruvate to alamne and

glycoxylate to glycme (Chapman and Leech, 1979) These ammo aCIds and orgamc aCIds

can be transported into and out of the chloroplast by specIfic transporters located on the

chloroplast envelope (Woo et al ,1987) The rate of transport seems to be fast enough to

move the carbon and mtrogen metabohtes mto and out of the cytoplasm wIth httle problem,

but is limited m ItS absolute speed Once m the cytoplasm, the ammo group can be used m

many ways to form other secondary products and protems For a detaIled dISCUSSIon see

Pate (1983) and Durzan and Steward (1983)

For the most part, these amme mterconverSIOns (Table 9-3) can move the amme group

rapidly between the metabohtes There IS the possIbility, however, of the formation of

"bottlenecks" in that movement If the system becomes overloaded wIth mtrogen (Ito et al ,

1984b) The concentrations of metabohtes due to any overload should mdicate at what pomt

the concentration of external NOx would become tOXiC to the plant Under those condItIOns,

the excess mtrogen supphed by NOx cannot be mcorporated mto metabohsm wIthout

biochemical dlsruptIons

9.3.3 Chemical and Biochemical Responses

9.3.3.1 Nitrate Reductase Activities

Reduction of mtrate and mcorporatIOn of reduced mtrogen mto a WIde range of

compounds IS found m nearly all higher plants (Runge, 1983) Because It IS substrate

induced, the levels of aCtiVIty of NaR(or NAD(P)H mtrate OXidoreductase, Enzyme

CommIssion number [EC] 1 6 6 2), which catalyses the reductIon of mtrate to mtnte (see

FIgure 9-6), are determmed by the supply of mtrate (Beevers and Hageman, 1969) Current

evidence favors the concept that the actiVIty of NaR m higher plants IS regulated by changes

in turnover of enzyme mvolvmg fresh synthesIs and breakdown (Remmler and Campbell,

1986) rather than actIvatIOn-mactIvatIon of the ongmal protem Increases m mtrate supply
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cause an mcrease m the level of NaR mRNA, whIch correlates wIth the mductIon of NaR

protem (Cheng et al , 1986, Crawford et al , 1986)

Because N02 dIssolves m aqueous media, such as the extracellular flUId and cytoplasm,

to form both mtrate and mtnte (see Section 9 3 1 above), thIs gas has often been thought of

as a potential source of substrate for NaR Consequently, effects of NOx on the levels of

activIty of NaR have been much studIed InductIOn of NaR activIties by atmosphenc N02

was :fIrst demonstrated by Zeevaart (1974) m peas (Plsum satlvum L cv Rondo) grown only

on an ammonIUm-based medIum so that they were ImtJtally devOId of NaR activIty When

exposed to very hIgh levels of N02 (12 ppm) for up to 1 h, rapId mductIon of NaR actIvIties

took place and the fIrst SIgns of enhanced actIVIty were observed Withm 10 mm from the start

of fumIgation In studIes of lack of growth of hortIcultural crops growmg m CO2-ennched

greenhouses, where levels of atmosphenc NOx can be very hIgh (see SectIOn 9 3 1 1),

Murray and Wellburn (1985) could only fmd a sIgmfiC'ant mcrease m shoot NaR activIty m

one cultIvar (AIlsa Craig) of tomato (Lycoperslcon esculentum Mill ), but not m another

(Eurocross BB) or m two pepper vanetIes (Capslcum annum L cvs Bell Boy and Rhumba)

exposed to 1 5 ppm N02 for 18 h In these cultIvars, no change m any of the shoot NaR

levels occurred wIth 1 5 ppm NO nor dId any change occur m the levels of root NaR

actIVItIes WIth eIther gas

Snvastava and Ormrod (1984) showed that the large mcreases ill shoot NaR actIVIties m

Phaseolus vulgans (cv KInghorn Wax) were assocIate.d wIth Increases In root mtrate supply

These were accentuated by N02 fumIgation (0 5 ppm for 5 days), but only when the supply

of mtrogen to the roots was low « 1 mM) At slillI1ar levels of N02 (0 3 ppm for 9 days),

Rowland et al (1987) found that barley (Hordeum vulgare L cv Patty), grown

hydropomcally wIth both low (001 mM) and adequate~ (0 1 mM) levels of mtrate In the

nutnent solutIOn, also showed sIgmficant Increases In levels of shoot, but not root, NaR

activIties Therefore, between- and withm-species dIfferences, as well as the avaIlability of

nutnents and developmental age of the tissues Involved, determIne If NaR levels of actiVIty

are sIgmficantly affected by atmosphenc N02

Rates of entry of N02 Into leaves, however, depend pnmarIly on the stomatal aperture

rather than mduced changes m the levels of NaR actiVIty Usmg the same hydropomc

system as before, Rowland-Bamford et al (1989) exposed vanous barley mutants, known to
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show deficIencIes m theIr ability to mduce NaR actIvItIes, to N02 (03 ppm for 9 days)

Fluxes of N02 mto leaves, net water vapor loss, and stomatal conductances were very

simIlar in both wIld-type controls and the mutants, even though the levels of NaR actIVItIes

in the latter were much reduced m both shoots and roots relatIve to those m the wild type

(cv. Steptoe) Levels of NaR actIVIty m the shoots of thIS cultIvar (Steptoe) behaved

dIfferently than those found m the barley cultlVar (Patty) used m preVIOUS studIes (Rowland

et al., 1987) When grown on mtrate and exposed to N02, levels of shoot NaR actIVItIes m

the cultivar Steptoe were reduced (Rowland-Bamford et al , 1989), as were those m the

mutants that already had low levels of NaR actIVIty Only when grown on ammomum dId

Steptoe behave lIke Patty (1 e , show enhanced levels of NaR m the presence of N02), but

root levels of NaR actIVIty were much reduced when eIther Steptoe or the mutant seedlmg

shoots were exposed to atmosphenc N02, IrrespectIve of the source of mtrogen m the

hydroponic medIUm

Induction of NaR may be abolIshed by fumIgatIon of squash cotyledons WIth hIgh levels

of N02 (Hisamatsu et al ,1988) ThIs effect has been ascnbed to an mlubitIon caused by

the accumulation of large amounts of ammomum and certam ammo aCIds known to take

place m squash cotyledons dunng N02 fumIgatIon (TakeuchI et al , 1985)

Alteration of mtrogen supply to the roots of many nonwoody plant speCIes IS known to

change shoot NaR actIVItIes (Steer, 1982), but the relatIve Importance of root, as opposed to

shoot, reductIon of mtrate m conIfers may dIffer from that m angIosperms Amundson and

MacLean (1982) have suggested that several woody speCIes may be partIcularly senSItIve to

injury by N02 because some specIes only reduce mtrate m theIr roots However, Wmgsle

et al (1987), using Scots pme (Pmus sylvestns L) seedlmgs, have shown a sIgmficant

increase (15 to 400 /lmol mtnte formed/g FW/h) m shoot NaR actIVItIes after 7 days of

fumigation WIth 85 ppb N02, but were unable to alter and mcrease such actIVItIes m control

seedlings by increasing the amount of mtrate supplIed to the roots SImIlarly, Norby et al

(1989) were able to detect a threefold mcrease m shoot NaR actIVItIes m l-year-old red

spruce (Plcea mbens Sarg) exposed to eIther N02 (75 ppb) or HN03 vapor (75 ppb) for Just

1 day. Elevated levels of NaR actIVIty perSIsted for longer after the HN03 vapor treatment

and older seedlIngs were slower to react, but spraymg the seedlIngs WIth aCId mIst contalmng

nitrate (pH 3 5 and pH 5) had no effect on shoot NaR actIVItIes
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9.3.3.2 Nitrite Reductase

Although NaR IS located ill the cytosol, probably near the cell or plasma membrane,

NtR (BC 1 6 6 4) actIvItIes ill hIgher plants are confilled to plastIds (Dallmg et al , 1972,

Wallsgrove e1t al , 1979), even ill root tIssues (Bmes and Fowler, 1979) ReductIOn of mtnte

by lIght to form NH3 ill chloroplasts (see FIgure 9-6) IS dependent upon SIX electrons arnvillg

VIa ferredoxm from the photosynthetIc electron transport cham spanmng the thylakOlds (see

FIgure 9-6; Losada et al , 1965, Beevers and Hageman, 1969, 1980) When levels of

extractable NtR and NaR ill pea seedlIngs subjected to dIfferent lIght, shade, drought, and

mtrate treatments are followed, actIvItIes of both nse m response to increased mtrate supply

(Gupta and Beevers, 1983) However, when plants are exposed to drought or are transferred

to darkness, NaR actIvItIes declIne more rapIdly than those of NtR, even though the tmtIal

mductIOn by mtrate of NtR IS 30 to 40 tImes hIgher than that of NaR (Ingle et al , 1966, Joy,

1969) Rao et al (1981) have suggested that the lIght-dependent component of thIs NaR

mductIOn IS medIated by phytochrome and that mductlOn of NtR by mtrate IS an mdependent

process from that of NaR

Thts double mductIOn of both NaR and NtR IS Important when alternatIve sources of

mtrogen, such as mtnte or NOx pollutIOn, are concerned. Back converSIOn of mtnte to

mtrate m plant tIssues has been demonstrated (Aslam let al , 1987), but mductIOn of NaR

does not occur until mtrate can be detected m the leaves Only mtrate can mduce NaR, but

defimtIve studIes to prove that mtrate alone may mduce NtR actIvItIes have not been done

NItnc OXIde produces both N02- and N03- m aqueous flUIds (see SectIOn 9 3 1 2), but the

tmtIal rate of appearance of mtrate may be qUIte slow lby companson to that of mtnte Thus

plants exposed to hIgh proportIOns of NO could be at llsk from elevated mtnte concentratIons

If addItIonal NtR IS not mduced m the chloroplasts fast enough, especIally If there are ample

supphes of mtrate (the accepted mducer) commg from the roots that preset the level of shoot

NtR WIth respect to mtrate

Dunng CO2-ennchment m greenhouses (see SectJlon 9 3 1 1), NO fumIgatIOns of

dIfferent cultIvars of tomato (0 4 ppm for 3 h) or lettuce (cv Pascal, 0 3 ppm for 8 days)

mduced sIgmficant addItIonal levels of NtR actIVIty (Wellburn et al , 1980, Besford and

Hand, 1989) In lettuce, the doubling of NtR actIVIty may be accounted for by a sIgmficant

illcrease m amount of a 62 kD protem, whIch reacts WIth antIbodIes to NtR (Besford and
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Hand, 1989) Nevertheless, there was a consIderable dIfference ill the responses of tomato

(cv AIlsa CraIg) to fumIgatIOn WIth NO (1 5 ppm for 18 h) when the two enzymes NaR and

NiR were compared (Murray and Wellburn, 1985) No illductIOn of NaR activIties occurred,

but those of NIR were more than doubled ThIs has the ImphcatIon that addItional NIR

aCtiVIty may be induced by mtnte rather than mtrate ill certaIn CIrcumstances The pollutant

NO, however, has no effect on the basal level of NIR actiVIty ill another tomato cultIvar,

Sonato.

Sweet peppers (CapSlcum annum L) respond to NOx (1 5 ppm of eIther NO or N02

for 18 h) qUIte differently Levels of actiVIty of NIR ill both Bell Boy and Rhumba cultIvars

of sweet pepper are severely decreased by exposure to eIther NO or N02 and, unlIke some

cuitivars of tomato, levels of NaR actiVIties ill pepper are unaffected by NOx (Murray and

Wellburn, 1985) Tomato and pepper also dIffer ill the manner by whIch theIr metabohsm of

nitrogen is regulated (Wallace and Steer, 1983) Such vanetal dIfferences are partIcularly

interesting ill VIew of a growth study conducted by Anderson and Mansfield (1979) that

demonstrated that NO can affect the growth of dIfferent cultIvars of tomato to vanous

extents The tomato cultIvar most affected by NO (AIlsa CraIg) ill terms of growth was also

the one m which the respective actiVIties of NaR and NIR were affected by fumIgatIOns WIth

either N02 or NO (Wellburn et al , 1980)

From fumIgatiOn studies of spmach and ladney beans WIth hIgh levels of N02 (3 5 to

8 ppm), Yu et al (1988) concluded that the relative tolerance of spmach over ladney beans

was not due to enhanced levels of NIR actIvIty, but to Its enhanced ability to metabolIze

nitrite usmg existmg levels of NIR They ascnbed the growth reductIOn that dId occur WIth

spinach when exposed to N02 m the hght as bemg mamly due to an accumulatIOn of NH3

rather than of mtnte

When Yoneyama et al (1979a) exposed ladney bean (cv Shm Edogawa), sunflower

(cv. Russian Mammoth), and maIZe (cv Dento) plants to 4 ppm N02 eIther dunng the day

or at night for up to 6 h, levels of NIR actIVIty were mcreased m all cases, but the rate of

stimulation vaned between specIes Although enzyme actiVItIes from sunflower leaves

reacted rapidly to the presence of the gas, enzyme aCtiVIty ill maIZe illcreased slowly and to a

lesser extent overall Darkness accentuated these dIfferences Unfortunately, no allowance

was made for pOSSIble natural diurnal rhythms of enzymIC activIty, whIch occurs, for
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example, wIth levels of NaR actIvItIes (Deng et al ,1990) ThIs IS an unportant

consIderatIOn and many studIes usmg NOx fumIgatIOn neglect thIs natural phenomenon It IS

hIghly lIkely that senSItIvIty of plants to atmosphenc pollutants lIke NOx shows a dIUrnal

rhythmicity-a pOSSIbility never mvestIgated and often 19nored

9.3.3.3 Glutamate Formation and Conversion

In hIgher plants, NH3 released by NIR IS mcorpomted mto glutamate by means of the

glutamme synthetase (GS, BC 6 3 1 2)/glutamme oxoglutarate ammotransferase or glutamate

synthase (GOGAT, BC 2 6 1 53) cycle (see FIgures 9-6 and 9-10) rather than by ammatIon

achIeved usmg glutamate dehydrogenase (GDH, Be 141 3, Lea and MIflm, 1974, MIflm

and Lea, 1976) ActIVItIes of both enzymes of the GS/GOGAT cycle have been detected m

chloroplasts, but GS actIVIty also occurs m the cytosol (Emes and Fowler, 1979) ACtIVIty

of GDH, by contrast, IS confmed to mitochondna (Mrl1lm, 1970)

KIdney beans (cv KInghorn Wax) exposed to 0 02 to 0 5 ppm N02 for 5 days show

mcreased levels of GOGAT actIVIty (Snvastava and Ormrod, 1984), and levels of related

transammase actIVItIes were raIsed m a senSItIve tomato cultIvar (AIlsa CraIg) when exposed

for 14 days to 0 2 to 0 5 ppm NO (Wellburn et al ,1980) Levels of GDH were also

mcreased by thIs treatment, but the hIgher constItutIve levels of GS were unaffected Peas

(Ptsum satlvum L cv Feltham FITst), by contrast, showed no changes m levels of GDH

actIVItIes when exposed to 0 1 to 0.5 ppm N02 for 6 days, although thIs enzyme IS strongly

affected by sunIlar S02, NH3, S02+ NH3 , and S02+ N02 fumIgatIOns (Wellburn et al ,

1976)

It IS presumed that GDH operates m a deammatIve mode durmg penods of excess

reduced mtrogen formatIon after exposure to atmosphel1.c NOx, whereas the GS/GOGAT

cycle (FIgure 9-10) remams responsIble for glutamate formatIOn under these conditions One

way to follow such changes IS to measure the ratios of GDH to GS actIVItIes because thIs

removes the bases of expressIon When studymg the effects of lower levels of atmosphenc

N02 (0 25 ppm for 63 days) on several clones and cultlvars of the grass LollUm perenne L

usmg thIs method, a sIgmficant mcrease m GDH actIVItIes occurred, even though the

measured GS actIVItIes were stIll approxnnately fIfty tunes those of GDH (Wellburn

et al ,1981) In other words, the nonmduced converSIOn of NH3 to glutamate by GS (and
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Figure 9~10. The possible interconversions between glutamate, glutamine, and
a-ketoglutarate that involve the uptake and release of ammonia in plants.
The mitochondrial enzyme glutamate dehydrogenase is much more likely
to catalyze the deamination of glutamate in the light.

Source Wellbum (1988)

GOGAT) m the plastIds always predommates, but a pathway catalyzed by GDH to remove

excess glutamate from NOx-treated tIssues appears m the cytoplasm of exposed cells

When crude extracts from spmach (cv New ASia) were treated wIth mtrIte (5 mM),

either in the hght or m the dark, levels of GS and GOGAT actIvItIes were reduced by 26 and

55%, respectIvely (Yu et al , 1988) However, at levels of 25 mM mtnte, GS and GOGAT

actIvitIes were mlubIted by 87 % m the hght and 57 % m the dark Yu et al (1988)

concluded that part of the toxiCIty ascnbed to mtnte m these CIrcumstances could be due to a
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faIlure of the GS/GOGAT cycle to remove NH3 fast enough TIns then permIts uncouphng

reactIOns to take place (see SectIOn 9 3 2 6), whIch then Imparrs AlP formatIOn

9.3.3.4 Fluxes of Amino Acids

A frequent response of plants to NOx IS an mcrease m leaf ammo aCId content (Prasad

and Rao, 1980, Ito et al , 1984b, 1986, TakeuchI et al , 1985, Rowland, 1986) Even

mcreases in root ammo aCId content due to N02 fumIgatIOns have been detected (Rowland,

1986) Nevertheless, mcreased ammo aCId content IS only a reflectIOn of many mterrelated

processes-protem or ammo aCId bIOsynthesIs and degr:adatIOn, enhanced mtrate aSSImIlatIOn,

or reduced elImmatIOn of orgamc mtrogen

Reports of changes m mdIvidual ammo aCIds due to NOx exposure are contradIctory

TakeuchI et all (1985), for example, reported mcreases of glutamate m squash, whereas Ito

et al (1986), usmg beans (Phaseolus vulgans L cv Shm Edogawa), detected the reverse

SImIlar examples can be quoted for both aspartate and ,argmme In angiosperms, however,

there does appear to be agreement over mcreases of asparagme and glutamme m response to

NOx (e g , Prasad and Rao, 1980, Ito et al , 1984b, 1986)

Studies on conIfers show the reverse Levels of glutamme and argmme, an Important

mtrogen storage compound fOll" specIes Wee Scots pme, are much reduced by N02 fumIgation

(85 ppb for 10 days, Wmgsle et al ,1987) These reductIOns maInly account for the marked

reductIOn m total ammo aCIds m these trees-another dJlspanty wIth the angiosperm hterature

9.3.3.5 Effects of Ammonia

LocalIzed sources of NH3, such as anImal stockyards and ammomum mtrate fertIlIzer

plants, may have adverse effects on crops and conIfers, but other emISSIOns from hvestock,

such as hIgher ammes or hydrogen sulfide, can add to lhe effect (Van der Eerden, 1982)

Ammoma-affected conIfers are usually prone to frost ll1gury (see SectIOn 10 4 4), but

reductIOns m crop growth are not always accompamed by VISIble mJury Symptoms of mJury

are necroSIS on older leaves or needles and are often specIfic For example, black spots

occur on the backs of cauhflower and Brussel sprout leaves (Van der Eerden, 1982)

LIttle research has been done to identIfy the specific bIochemIcal and phYSIOlogICal

consequences to plants of external sources of NH3, whJch produce extra NH4+ mSIde a
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plant The mlubitOry effects of NH4+ actmg as an uncoupler of phosphorylatIon m both

mitochondna and chloroplasts have long been known In chloroplasts, thIs effect of NH3 IS

highly dependent on both hght and pH (Walker and Crofts, 1970) Losada and Amon (1963)

used ammomum levels of 1 mM, eqUIvalent to a dry weIght content of 150 p,g/g, to InhIbIt

photophosphorylatIon. Such levels are frequently found m NHrdamaged plant tIssues

Moreover, tomato plants (cv Moneymaker) exposed to 2 86 ppm NH3 are only mJured m

the dark when large amounts of ammomum (200 p,g/g d wt) accumulate m the plants

(Van der Eerden, 1982) In the hght, however, thIs mJury does not occur because NH3 IS

immedIately converted to glutamme and asparagme, levels of whIch nse sharply If

temperatures and carbohydrate contents are not hmItmg ThIs fact could explam the extreme

sensitIVIty of conifers to NH3 dunng the wmter

9.3.4 Physiological Responses

Although the sectIons below concentrate on the effects of NOx alone, a recent reVIew

(Darrall, 1989) has already conSIdered many of the Important phYSIOlogICal mteractIOns

between NOx and other common arr pollutants (see SectIOn 9 6) In terms of stomatal

responses and changes to root shoot ratIos, almost all the relevant studIes have been done

with mIXtures of NOx, S02, and/or 03 rather than NOx alone

9.3.4.1 Dark Respiration

Srivastava et al (1975a,b) showed that dark reSpIratIon ill kidney beans (cv Pure Gold

Wax) was more depressed by hIgh levels of N02 (1 to 7 ppm for 4 to 8 h) than

photosynthesis at certam stages of the growth Moreover, thIS apparent mlubitIOn could not

be reversed qUIckly by removmg N02 from the fumIgatIon stream, whIch Imphes product

buIldup. However, exposure of Scots pme to atmosphenc N02 (0 5 ppm) for 2 days

(Oleksyn, 1984) or fumIgatIOn of vanous mature ornamental pot plants m COTennched

atmospheres contammg NOx (1 ppm NO or N02) for 4 days (Saxe, 1986a,b) failed to show

any inhIbItOry effects on dark reSpIratIon In the latter studIes, N02 fumIgatIOns even

showed slight stimulatory effects Carlson (1983), however, dId [md an mlubitIon of dark

respIration ill soybean, but only at the hIghest levels of N02 employed (0 6 ppm for 2 to

3 h). By contrast, Sabaratnam et al (l988b), also usmg soybeans (cv WI1hams), found that
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treatment wIth 0 2 ppm N02 for 7 h/day for 5 days mcreased dark reSpIratIOn by 13%

ImmedIately and by 46% after the fumIgatIon had been stopped SImIlarly, exposure of

black turtle beans (Phaseolus vulgans L cv Dommo) 10 0 1 ppm N02 (7 h/day for 15 days)

enhanced dark respIratIon durmg fumIgatIOn, but thIs effect dIsappeared after the exposure

ended (Sandhu and Gupta, 1989)

On balance, therefore, It must be concluded that Ilt IS unlIkely that NOx pollutIon at

realIstIc levels has a pnmary effect on dark reSpIratIOn Nevertheless, secondary effects

ehcIted by altered ammo aCId patterns or changes m levels of ammomum, mtnte, etc may

well take place and have an effect on mitochondnal enzymes and levels of ATP (Matsumoto

et al , 1971, Matsumoto and WakmchI, 1974)

9.3.4.2 Effects on Photosynthesis

Two types of expenment have been used to mvestIgate the effects of atmosphenc NOx

on photosynthetIc reactIOns those usmg techmques capable of momtormg these reactIons

m VIVO usmg mtact plants and those performed m VItrO WIth extracts of plant tissue The

latter usually mvolve Isolated chloroplasts or thylakOld membranes and examme the effects of

the products of atmosphenc NOx, such as mtrate and rutnte, on these suspenSIOns

A good example of the ill VIVO approach, and probably the most Important and

mformatIve, has been to follow changes m the rates of uptake and release of CO2 usmg

mfrared gas analysIs (IRGA) m the hght and m the dark m order to proVIde estImates of net

photosynthesIs Usmg IRGA, Hill and Bennett (1970) showed that both NO and N02 (up to

10 ppm for 2 h) mhIbited net photosynthesIs m mtact leaves of oats (Avena satlva L cv

Park) and alfalfa (Medlcago satlva L cv Ranger) Durmg 90-mm fumIgations, they found

that the mffilIDum concentratIOns to produce mhIbitIOn were 0 6 ppm for each of these two

gases, whIch are well below those requIred to produce VISIble lDJUry m each Furthermore,

they found that mhIbitIon was faster WIth NO than WIth NOz and was reverSIble MIXed

fumIgatIons WIth both NO and N02 were found to produce the same amount of mhIbitIOn as

the sum of that produced by each pollutant alone (Hill ,md Bennett, 1970), but m subsequent

studIes, the same group (WhIte et al , 1974) faIled to observe a depreSSIon of net

photosynthesIs m alfalfa from exposures to mIXtures of NOx (0 25 to 0 4 ppm N02 and

o 1 to 0 15 ppm NO for 1 to 2 h)
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Dunng their vanous studIes of the rapIdIty by whIch vanous pollutants InhIbIt

photosynthesIs, Bennett and H1ll (1973) concluded that NO caused the fastest response,

followed in turn by N02, S02, 03' and HF However, after a 2-h exposure In each case,

this order was reversed If the overall depreSSIOns of net photosynthesIs were compared

Subsequent reports USIng IRGA are also contradIctory Snvastava et al (1975a,b), for

example, concluded that theIr observed decrease In net photosynthesIs was related to N02

concentration and length of exposure, even though they used hIgh concentratIOns of N02

(1 to 7 ppm for up to 5 h) on beans (Phaseolus vulgans L cv Pure Gold Wax)

MeanwhIle, Bull and Mansfield (1974) had found a SImIlar effect of N02 on peas (Ptsum

satlvum L cv Feltham FIrst), but at much lower concentratIOns (005 to 0 25 ppm) for

longer exposures (28 days) Subsequently, Capron and Mansfield (1976) exposed tomato

plants (Lycoperslcon esculentum Mill cv Moneymaker) to mIXtures of NO and N02 (0 10 to

0.50 ppm each for 20 h) and found an addItive effect of the two gases on the mhIbitIOn of

net photosynthesIS SImIlarly, Bruggmk et al (1988) found a 38 % reductIOn In net

photosynthesIs of tomato (cv Abunda) exposed to 1 ppm NO at 350 ppm CO2 on the thrrd

day of exposure, but rather less (24% reductIOn) at 1,000 ppm CO2 Both these reductIOns

in photosynthesIs could not be explamed by Increases In stomatal reSIstance

By contrast, Carlson (1983) fumIgated soybeans (Glycme max Merr) WIth N02 (02 to

0.6 ppm for 2 to 3 h) and was less convInced that N02 had a SIgnIficant effect on net

photosynthesIs measured by IRGA, although he dId rInd eVIdence for a reduction In

photorespIration WIth Increasmg N02 concentratIOns LIkeWIse, Oleksyn (1984) dId not rInd

any effect of N02 (0 5 to 1 ppm) on net photosynthesIs dunng a 2-day exposure of Scots

pine seedlmgs Saxe (1986a), however, showed that reductIOns In net photosynthesIs In eIght

cultivars of five genera (Ficus, Hedera, HlblSCUS, Dleffenbachza, and Nephrolepls) took place

at a lower dose of NO (1 ppm for 12 h) than those requIred to reduce tranSpIratIOn (4 ppm

for 5 h) He also showed that the tOXICIty of NO towards net photosynthesIs was 22 tImes

that of N02• LIke Hill and Bennett (1970) and Snvastava et al (1975a,b), he concludes that

the main effects of NOx are on mesophyll cells rather than guard cells He also maIntaIned

that only a proportIon of the NO effect could be attnbuted to the stomata and that the

mechamsm of NO tOXICIty IS dIfferent from that of N02
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It IS now eVIdent that dIfferent levels of N02 can bnng about both mcreases and

decreases m net photosynthesIs Withm the same speCIes Sabaratnam et al (1988a) found

that low levels of N02 (02 ppm, 7 h/day for 5 days) mcreased net photosynthesIs m soybean

(Glycme max Merr cv WIlhams) at the onset of fumIgatIOn and 24 h after fumIgatIOn

ceased However, reductions m net photosynthesIs are observed at hIgher levels of N02

(05 ppm) under the same exposure conmtIOns These researchers also used the techInques

of growth analySIS on the same expenmentaI matenal They found that the mcrease m leaf

area ratio (LAR) of 42 % brought about by exposure to 0 5 ppm N02 was msufficient to

compensate for the large decrease (51 %) m the net assJllllllatIOn ratio (NAR), whIch caused a

declme m relatIve growth rate (RGR) These observatlLons are SImIlar to those made by

Okano et al (1985b) after they fumIgated sunflowers (cv RUSSIan Mammoth) and maIZe

(cv Dento) WIth a range of N02 concentratIOns (up to 1 ppm) for 14 days At levels of

02 ppm, NAR was sIgmficantly raIsed (10%), but at (I 5 ppm N02, NAR was reduced to a

SImIlar extent These changes m NAR could be accounted for by changes m LAR The

NAR and RGR also mcreased when black turtle beans (cv Dommo) were exposed to

o1 ppm N02 (7 h/day) for 15 days (Sandhu and Gupta, 1989), but the LAR was unaffected

ASSImIlatIOn rates of carbon-13 (13e )-labeled CO ~ (13e02) determmed by 13e-nuclear

magnetic resonance spectroscopy are not m accord WIth the maJonty of IRGA studIes of the

effects of N02 on net photosynthesIs ThIs IS partly explamed by the fact that this techInque

measures only umdirectIOnal uptake of CO2, whereas IRGA measures bIdrrectIOnal flow of

CO2 Exposure of kidney beans (cv Shm Edogawa) to 2 ppm N02 for 4 days enhanced

13e02 fIXation by 18% m the pnmary leaves and 39% m the fIrSt tnfohate leaves (Okano

et al ,1985a) However, shorter exposures (10 mm) of SImIlar plants to eqUIvalent levels of

N02 had no effect on 13e02 uptake, but there was a slgmficant mcrease m the pool SIZes of

sucrose and fructose (Ito et al , 1985a), whIch mmcate:) changes m translocatIon

MeanwhIle, large dilferences were noted m the fluxes of label between ammo aCIds such as

glycme and senne, whIch are key metabohtes dunng photoreSpIratIOn, demonstratmg that

recyclmg of label was takmg place

StudIes of the effects of N02 alone on carbon allocatIOn are rare Amounts of soluble

sugars, especIally glucose, m kidney beans (cv Shm Edogawa) exposed to hIgh levels of

N02 (2 to 4 ppm for 7 days) were sIgmficantly decreased m the roots by 4 ppm N02,
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implying reduced translocatlon, but soluble sugar content m leaves fluctuated markedly WIth

no clear trend (Ito et al ,1985b) In these studIes, reductIOns m root sugar content

correlated with reduced root dry weIght It mIght be expected that decreased sugar content

mIght account for reductIOns m root resprratIOn Ito et al (1985b) dId fmd decreased root

respiratIon, but It reqUIred the full 7 days of exposure at 2 ppm N02 for tills to occur

Another nonmvaSIve technIque that IS able to determme rates of photosynthesIs explOIts

relative changes m chlorophyll fluorescence When a dark-adapted plant IS illummated,

chlorophyll molecules fluoresce m VIVO, and the mtensity of tills prompt fluorescence vanes

WIth tlme m a charactensbc manner Consequently, effects of envrronmental stress on

photosynthetic reactlons have been StudIed m VIVO by momtonng the change m fluorescence

WIth tlme. Changes m the patterns of m VIVO fluorescence m response to ch1llmg mJury

(Melcarek and Brown, 1977), 03 (SchreIber et al , 1978), and heavy metals (Arndt, 1974,

Homer et al , 1980) have all been reported

Exposure of tomato or sweet pepper to 1 5 ppm N02 for up to 4 days had vrrtually no

effect on either the pattern of mductlon or the peak values of emItted fluorescence (Murray,

1984a). However, Sh1mazakl (1988) has been able to demonstrate an effect of N02 on

chlorophyll fluorescence mductIOn usmg radIsh plants, but only usmg illgh levels of pollutant

(4 ppm) wh1le fuilllgatlng m the dark When chloroplasts were subsequently Isolated from

these plants, no effects on therr photochemIcal actlvitles could be detected By contrast,

exposure to both mtnte and mtrate can affect the fluorescence yIeld from algal cells (Kessler

and Zumft, 1973, Serrano et al , 1981), but pnor treatment of such cells usmg somcatIOn or

Triton X IS requIred before any effect may be detected WIth mtrate (Serrano et al , 1981)

Nitrite treatments, however, do not need tills denaturatIOn before showmg such an effect

Moreover, the effect of mtnte under these crrcumstances IS concentratIOn dependent

DIscrepancies between mdividual m VIVO studIes of NOx effects on net photosynthesIS

and on dark resprratlon (Sectlon 9 3 4 1) lead to the general conclUSIOn that, m many

instances, mvestigators have been dealmg WIth dIfferent exposure condItlons and WIth

situatlons where different levels of N02 can produce OppOSIng effects It IS now clear that

many studIes clailllng to have fumIgated Just WIth N02 may have also contaIned NO, but,

worse than that, many control treatments that have used actlvated charcoal to clean the aIr

may have stl11left sIgmficant levels of NO (see Sectlon 9 2 2 1) In many Instances, when
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the levels of N02 used were relatIvely hIgh, httle or no comment has been made on the

parallel levels of NO Where NO has been specIfically IdentIfied, the mhIbitOry effects

descnbed are more pronounced For example, fumlga1Ion of lettuce (Lactuca satzva L

cv Ambassador) growmg at hIgh CO2 (950 ppm) wIth 2 ppm NO and 0 5 ppm N02 reduced

net photosynthesIs by 15 to 20 % Wlthm 30 mm (Caporn, 1989)

As discussed elsewhere (Section 9 3 1 2), the major product of N02 m solutIOn IS

mtrate, which nses qUIte markedly Wlthm cells wIth httle consequence However, both

NO and N02 produce mtnte m solutIon, whIch may be: hIgWy toXiC Consequently, any

explanatIOns of m VIVO changes, usmg expenmental eVLdence denved from parallel m VItro

studies mvolvmg separated systems, concentrate on the specIfic effects of mtnte rather than

mtrate Wlthm cWoroplasts, especIally as the plastIds are also the SItes of NJR actIVIty

(see SectIOn 9 3 3 2)

Nltnte uptake mto plastIds IS profoundly affected by darkness, temperature, and the

level of mtrate Ions (BrunswIck and Cresswell, 1988a) I as well as the stromal pH, the rate of

mtnte reductIOn, and the mte11lallevels of plastIdiC mtnte It now appears that there IS a

specIfic protem carner system on the mner cWoroplast envelope to allow uptake of mtnte,

whIch IS dlstmct from that of the phosphate or sulfate translocators (BrunswIck and

Cresswell, 1988b) Consequently, mtnte can enter cWoroplasts and act as an mdrrect proton

pump across the plastId envelopes (Heber and Purczeldl, 1978) ThIs mward movement of

aCIdIty has an affect on both stromal pH levels and trans-thylakOld proton gradIents

A reductIOn m stromal pH, for example, may affect the reactIons of the Calvm cycle because

the actIVIty of enzymes hke nbulose-l,5-bls-phosphate carboxylase/oxygenase IS

pH-dependent (Heldt et al ,1986) Purczeld et al (1978) have shown that addmg mtnte to a

suspenSIOn of spmach cWoroplasts causes a reductIOn of the stromal pH, whIch then mhIbitS

the fIxatIon of CO2

Unhke NH4+ (see SectIon 9 3 3 5), mtnte has no mhIbitOry effect on m VItro

determmatIOns of the rates of phosphorylatIon (Asada et al , 1968), whIch lffiphes that both

mtnte and NH3 levels are tIghtly controlled 1f the mflUlx of mtrogen IS slow enough

However, a possIble SIte of actIon for mtnte wlthm thylakOld membranes has been

demonstrated Usmg ESR spectroscopy to momtor the release of manganese from the

water-sphttlng complex m a preparanon of pepper cWoroplast thylakOlds before and after the
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addition of 20 mmoles of mtnte (0 02 roM rmal concentratIOn), Wellburn (1984) found that

nitrite enhanced the release of bound manganese from thylakOlds and suggested the

involvement of free radical events m tms response sImilar to those predIcted by Mudd

(1982).

As mentIOned elsewhere (Sectlon 9 3 1 2), aCIdIficatIOn processes are also thought to be

important factors in the tOXICIty of mtnte Robmson and Wellburn (1983), usmg red-hght

mduced quenchmg of 9-ammo-acndme (9-AA) fluorescence, have shown that mgh

concentratIOns of nitnte around 0 5 roM can reduce the pH gradIent across the thylakOld

membranes of oats (Avena satlva L cv Pmto) The mechamsm of tms effect IS stlll

uncertam, but It IS probable that a free radIcal mechamsm IS mvolved because there are many

similarities between the effects of 03 alone and the combmed effects of mtnte and sulfite

(Robinson and Wellburn, 1983), wmch could anse from mIXed exposures to S~ and NOx

(see Sectlon 9.6)

ThIs SImilarity in response between 03 alone and mIXtures of S02 and NOx has been

known for some nme (Remert et al ,1975) Furthennore, mIXed fumIgatIOns of peas

(cv. Waverex) WIth eIther 0 3 alone (0 15 ppm) or WIth S02 + N02 + 03 (005 ppm each)

for 21 days enhanced the levels of actlvity of ascorbate perOXidase and glutatmone reductase

(Mehlhorn et al , 1987), both of wmch are mvolved m free radIcal scavengmg SImilarly,

when wheat (Tntlcum aestlvum L cv RR21) was grown for 80 days m atmospheres

containing N02 (1 ppm, 2 h/day), signIficant reductIOns (17%) m ascorbate levels were

detected (prasad and Rao, 1980)

Wellburn (1985) fumIgated barley (cv Patty) seedhngs for 1 to 3 days WIth N02

(0.28 ppm) and measured the levels of mtnte and mtrate mSIde the cWoroplasts usmg HPIC

Levels of nitrate mSIde the plastlds actually fell by 45 % (to 1 2 roM) on the second day

before nsmg back to the clean-arr control levels, while levels of mtnte rose from 0 1 roM to

0.15 roM before falling back over the same penod Unfortunately, SImilar expenments have

not been conducted using NO as a fumIgant gas In response to mcreases of 0 5 roM mtnte,

Robmson and Wellburn (1983) detected reductlons of tranS-thylakOld proton gradIents of

about a whole pH umt usmg preparatIons of oat cWoroplasts ThIs would Imply severely

impaired abilities of the photosynthetlc membranes to sustam ATP fonnatlon Reductlons m

stromal pH and changes m levels of NADPH, ATP, tnose phosphates, and orthophosphate
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are well known to reduce carbon :fIXatIOn (Bassham, 1971, Heldt et al ,1986) In a wIder

context, therefore, reduced avaIlability of ATP for synthesIs of starch, ammo aCIds, protem,

etc will also lImIt growth, reparr, and other physIOloglcal processes

Another ImplIcatIOn of elevated mtnte levels mSlde chloroplasts IS the possIbility that

reductIOn of mtnte may take preference over the reduction of NADP+ and :fIXatIOn of CO2

(Thomas et al , 1976, Larsson et al ,1985) At levels of 05 mM mtnte, CO2 :fIXatIOn IS

reduced by as much as 50% because NADP+ faIls to compete wIth mtnte for electrons

commg through the photosynthetic electron transport cham from water (Magalhaes et al ,

1974) Robmson (1986, 1988), however, claImS that CO2 and mtnte do not compete for

reductant at saturatIng lIght mtensitIes In an attempt to resolve these mconslstencles,

PeIrson and Elliott (1988) have exammed the effect of bIcarbonate on the mtnte

utilizatIOn/concentratIOn mterrelatIOnshLps at the whole plant level They conclude that,

although there are dIfferences between specIes, :fIXatIOn of CO2 and reductIOn of mtnte only

compete at low lIght levels and hLgh mtnte concentratIOns But these are the very condItIOns

that may prevail m plants exposed to atInosphenc NOx m northern latitudes Consequently,

thLs competitIOn for reductant may be a very Important component m any phySIOlogICal

explanation of lack of growth caused by NOx

9.3.4.3 Root Physiology

CondItIOns around the root may also be mvolved m detennmmg the response of a plant

to NOx (Anderson and MansfIeld, 1979, Mansfield and Murray, 1984) Normally, roots

proVIde all the mtrogen requIrements of the shoots and any changes m the metabolIsm of

mtrate by roots m response to NOx IS lIkely to determme the overall mtrogen balance of

plants More than one possIble pathway eXists m leaves for the absorptIOn of mtrogen from

N02 (see SectIOn 9 3 1 5)

Amounts entenng through the roots by an arr-soilt-root pathway, although small, are not

mSlgmficant Tracer expenments usmg 15N02 have shown uptake by roots after N02 has

been absorbed mto the sou, as well as drrect mcorporatIOn through the leaves (Yoneyama

et al , 1980a,b, see also SectIOn 9 3 1 4) Any atmosphenc N02 absorbed by the SOUlS

lIkely to be converted to mtrate and mtnte by sou mlclroorgamsms (see Section 10 1 3)

Yoneyama et al (1979b) found that although mtnte only accumulates m the upper SOU layer,
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mcreases m NH3 also occur m soils exposed to N02 It appears that soil water content IS an

important factor m detennmmg the presence of these Ions Splermgs (1971) found mcreases

in nitrate concentration m soil that had been fumIgated wIth 0 25 ppm N02 for 45 days

Some nitrogen derived from N02 can therefore be taken up by roots and metabohzed mto

plant constItuents, but thIs process takes longer

At hIgh concentratIons of 15N02 (4 8 ppm), amounts of 15N taken up by roots VIa the

soil are inSIgnificant when compared to drrect mcorporatIon through the leaves over penods

of an hour (Yoneyama et al ,1980a,d) However, over a week after the 15N02 fumIgatIOn

had been tenninated, up to 54 % of the labeled N02 eventually entered through the roots

Therefore, the soil route may only be Important under long-tenn exposures SImilarly,

investigatIons mvo1vmg solutIon culture of plants have shown that an mdrrect route VIa the

roots under these condItIons could mvo1ve a very substantIal mput of mtrogen denved from

N02- As mIght have been expected, there was a dramatIc mcrease m mtrate concentratIon m

a reclIculatmg hydropomc system over 24 h due to exposure of the solutIOns to 0 3 ppm N02

(Rowland, 1985) There may be SImilar ImplIcatIons for rrngated crops

Only one study has been made of the effect of N02 on the nodulatIOn of legumes

Srivastava and Onnrod (1986) exposed 8-day-old kIdney beans (cv KInghorn Wax) seedlIngs

to vanous levels of N02 (0 02 to 0 5 ppm, 6 h/day for 15 days) They found exposure to

atmosphenc N02 mcreased the levels of mtrogen m the roots, but decreased nodule weIght

and levels of mtrogenase actIVIty ThIs IS what would have been predIcted If more

nitrogen, as a proportIOn of total mtrogen, IS taken up by the leaves as NOx because hIgh

root nitrogen inhIbits nodulatIon

9.3.5 Tissue and Organ Responses

9.3.5.1 Lipid and Membrane Effects

Plants exposed to hIgh concentratIOns of N02 usually show a charactenstlc

water-soaked appearance before necroSIS takes place (see Van Haut and Stratmann, 1967)

From slmIlar observatIons, Berge (1963) concluded that N02 causes cellular plasmolySIS due

to the breakdown of lIpIds m membranes Unsaturated lIpIds m monolayers readily bmd

molecules lIke N02 (Felmelster et al , 1970), and drrect peroXldatIOn of fatty aCIds as a

consequence of thIs attached N02 has been StudIed extenSIvely (Estefan et al , 1970, Roehm
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et al , 1971a, Rowlands and Gause, 1971, Pryor and LIghtsey, 1981) Two types of

reactIOns take place WIthIn fatty aCIds Attachment of the N02 to a double bond may cause a

ClS to trans IsomenzatIOn or It may cause the removal of hydrogen from methylene groups

Both processes may illltIate hpid permndatIOn, as well as changes m the surface propertIes of

monolayers The question then anses Could SImIlar detrImental changes take place m

membranes of plants exposed to reahstIc levels of NO~,? Mudd et al (1984) concluded that

the ambIent levels of N02 are much too low to have such effects

AmbIent levels of 03' rather than those of N02, are far more hkely to illltIate

permndatIon of hpids WIthIn membrane systems (Roehm et al , 1971b) but It IS not certam If

the protems or hpids of membranes are OXIdIZed preferentially Mudd et al (1984) dIscussed

both possIbilitIes and CIted studIes mvolvmg protems that favored the Idea that attack by

03 occurs more readIly on protems Clearly, thIs whole field should be reexammed and such

studIes should mclude mIXed effects of N02, NO, and 03 upon membranes because a

photodynamIC equIhbnum eXists naturally m the atmosphere (Section 9 3 1 1) and some

prevIOUS 03 exposures may have madvertently mcluded vanous mIXtures of NO and N02

(SectIOn 9 2 2)

There are strong mdicatIons that atmosphenc N02 mhIbitS hpid bIOsyntheSIS rather than

causmg damage to eXIstmg hpids m membranes FumIgatIOn of Jack pme (Pmus bankszana

LAM ) seedhngs WIth 2 ppm for 2 days mhIbited the bIOsyntheSIS of phosphohpids and

galactohpids (Malhotra and Khan, 1984), and hIgh levels of mtrite (25 mM) exert a SImIlar

effect m Chlorella pyrenOldosa (Yung and Mudd, 1966) InhIbItIOn of the latter IS greater m

the dark than m the hght, possIbly because adequate amounts of NADPH are not avaIlable at

mght

9.3.5.2 Changes Inside Cells and Tissues

The amount of damage suffered by a plant vanes m ItS seventy accordmg to vanous

factors, such as concentratIOn and length of exposure, plant age, edaphIc factors, hght,

humIdIty, etc Symptoms are often dIVIded mto "mVI8,Ible" (or hIdden) mJury and "VISIble"

(ObVIOUS) mJury In the fonner, there IS an overall reductIOn m growth, but no ObVIOUS

symptom of VIsible mJury It IS often associated WIth decreases m tranSpIratIOn and
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photosynthesIS (see SectIon 9 3 4 2) but a vanety of ultrastructural changes have also been

assocIated WIth InVISIble arr pollutIOn Injury (Huttunen and SOlkkeh, 1984, FInk, 1988)

In a specific ultrastructural study of atmosphenc NOx on plants, Lopata and Ullnch

(1975) found tubular protruSIons from the plastId envelope closely assocIated WIth

mitochondria TIns ultrastructural feature can also be Induced by Imperfect fIxatIOn

(Wellbum, 1982a). So, hke many other aspects of these studIes of cellular pathology, not a

great deal of useful informatIon on the specIfIc effects of atmosphenc NOx, or any other type

of air pollutant, can be gamed from the use of the conventIonal transmISSIOn electron

mIcroscope

Most plants appear able to tolerate an accumulatIOn of mtrate, even though thIs may be

undesIrable If they subsequently form a part of the human dIet (Roberts et al , 1983)

An accumulatIon of mtntes, however, can have senous tOXIC effects on plants As already

described (SectIOn 9 3 1 7), an accumulatIon of mtnte IS sometImes detected when plants are

exposed to NOz (Zeevaart, 1976, Yoneyama et al , 1979a), but not always (Splenngs, 1971)

No direct eVIdence eXIsts to prove that the mtnte Ion Itself IS tOXIC to plants (Heber and

Purczeld, 1978; Lee, 1978), but a number of InvestIgators have concluded that It IS the

aCIchfication that accompanIes the accumulatIOn of mtnte that accounts for the tOXICIty

(Bingham et al , 1954, Zeevaart, 1976, Lee, 1978) Nltnte Ions are reduced InSIde the

chloroplast (SectIon 9 3 3 2) and, therefore, all pollutant-denved mtrogen IS hkely to enter

the chloroplast eventually Although pOSSIble reactIOns between mtnte and cellular

constituents dunng the passage of the IOn Into the chloroplast must not be overlooked,

interest in the tOXIC reactIons of hIgh levels of NOx has concentrated upon the chloroplast and

especially on the photosynthetIc reactIons Some of these have been dIscussed already

(Section 9.3 4.2).

Zeevaart (1976) concluded that aCIdIfIcatIon will only damage plants at hIgh

concentratIons of N02 because NIR requIres SIX protons from the stroma for every NOz

reduced The pH will only change If the number of protons entenng the chloroplast exceeds

the amount removed by the reductIOn of mtnte However, he was unable to explam the

effects of NOz (5 ppm for 1 h) on Nlcotzana glutznosa m the hght by assummg aCIdIfIcatIon,

although the mJury dId seem to be Imked to condItIon of the thIOI groups Interestmgly,

nitrite is known to affect thIol-contammg protems (HeWItt, 1975, see also SectIOn 9 3 3 2),
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wInch are unportant, for example, m the regulation of Jfructose-l, 6-biS-phosphatase activIty

(Buchanan et al , 1979)

9.3.6 Secondary Metabolic Responses

One of the most ObVIOUS effects of NOx on plants m the short term IS that frequently

they are a deeper green color than those grown mclean arr ThIS was clearly eVIdent, for

example, when Horsman and Wellburn (1975) reported a 10% mcrease m chlorophyll

content of peas (cv Feltham FIrst) exposed to 1 ppm N02 for 6 days After longer penods,

tIns effect dIsappears, and N02 has an mlnbitOry effect on pIgment bIOsynthesIS thereafter

(Zeevaart, 1976) More recently, Sandhu and Gupta (1989) found large mcreases m both

chlorophyll a (130%) and chlorophyll b (193%) unmedlately after exposmg black turtle beans

(Phaseolus vulgans L cv Dommo) to 0 1 ppm N02 (7 h/day) for 15 days but, at matunty,

levels of both had fallen overall by 14% SunI1arly, Sabaratnam et al (1988a) found that

exposure of soybean (cv WillIams) to N02 (02 ppm, '7 h/day for 5 days) had a stunulatory

effect on chlorophyll a and total chlorophyll content, whereas 0 3 ppm had no effect and

o5 ppm reduced all chlorophyll levels by 45 %

UnlIke 03 (Pell and Pearson, 1984), N02 does not have an effect on glycoalkalO1d

content (Smn and Pell, 1984) and there are no reports of NOTmduced changes m levels of

polyammes However, Mehlhorn and Wellburn (1987) detected threefold mcreases m

emISSIOns of stress ethylene from peas (CV Feltham Fll'st) exposed to eIther NO or N02

(0 15 ppm each), even though no VISIble InJury occurred When combmatIOns of eIther NO

or N02 (50 to 150 ppb each for 7 h) were gIVen along WIth 50 ppb 03' ethane as well as

ethylene also evolved, but more sIgmficantly, extensIve VISIble mJury dId occur Mehlhorn

and Wellburn (1987) concluded from these observations that, although stress ethylene

formation determmes plant senSItivIty to 03' other arr pollutants lIke NO or N02 may

enhance 0rmedmted mJury by 1ll1tIatmg stress ethylene formatIOn
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9.4 EXPOSURE-RESPONSE RELATIONSIDPS

9.4.1 Foliar Injury and Loss in Aesthetic Value

Pohar mJunes (defmed as "any change m the appearance and/or functIOn of a plant that

is detrimental to the plant" Amencan PhytopathologIcal SOcIety, 1974) from N02 are rarely

observed at the ambient concentratIOns that occur m North Amenca (see Chapter 7), but

acute exposures from aCCIdental spills or releases can mduce fohar symptoms m senSItive

plant species A symptom IS usually consIdered to be a change from the normal appearance

in some part of the plant, most often m ItS fohage, that IS observable by the unaIded eye or

through a lens of low magmficatIOn Generally, these changes mvolve d1scoloratIOn

(yellowing), pigment changes, necroSIS, and/or premature senescence of fohar tissues

Pohar symptoms have a practical sIgmficance m two ways FIrst, they constitute a

dinlinutIOn of the aesthetic or economIC value of the plant when tIns depends on the

appearance of ItS fohage Second, they offer one dIagnostic means for assessmg the

occurrence of N02-mduced effects m vicillltIes of some sources (Taylor and MacLean, 1970,

Donagi and Goren, 1979)

9.4.1.1 Characteristics of Foliar Symptoms

There IS no smgle type of symptom that IS dIstinctive for N02-mduced fohar Injury

(NatIonal Research Councll, 1977), and the types Induced by N02 are SImllar to those

induced by other arr pollutants, such as S02, HF, or 03 (MatsusInma, 1977) The land of

lesion produced and ItS locatIOn on the leaf depend upon concentration of N02, morphology

of leaf, and specIes of plant Consequently, diagnoses must evaluate the land, SIZe, and

distnbutIon of lesIOns on a leaf, as well as the pattern of theIr occurrence among leaves on

the same plant and among d1fferent speCIes of plants In the same location NItrogen

dioXlde-mduced fohar symptoms have been illustrated In color plates (Van Haut and

Stratmann, 1967; Lacasse and Treshow, 1976, Malhotra and BlaueI, 1980, Taylor and

MacLean, 1970) and descnbed synoptically (Lacasse and Treshow, 1976, National Research

Counell, 1977) or WIth reference to Ind1vIdual specIes of plants (Czech and Nothdurft, 1952,

Van Haut and Stratmann, 1967)

Descriptions of symptoms (and defohatIOn) resultmg from acute exposures to N02

under expenmental condItions are summarIZed below for several broad groupmgs of plants

9-62



(Van Haut and Stratmann, 1967, Taylor and MacLean, 1970, Lacasse and Treshow, 1976,

MacLean et al , 1968)

Broad-leaved (dlcotyledonous) plants Injury to leaves of broad-leaved plants from an

acute exposure to N02 IS usually charactenzed by the rapId appearance of rrregularly-shaped

mtercosta1leslOns The earhest mdlcatIOns of mJury arle gray-green water-soaked areas

located on the upper surface of the leaf TIssues m these areas collapse, become dry and

bleached, tum wmte-to-tan, and extend through the leaf from Its upper to lower surface The

resultmg necrotIC leSIOns are usually mmstmgmshable fJrOm those produced by S02 On most

broad-leaved plants, N02-mduced leSIOns are dlstnbuted between the vems over the entrre

leaf surface and eventually may fall from the leaf, leavmg rrregular holes WIth darkened

margms OccaSIOnally, the leSIOns may mcrease m SIZe, coalesce, and form necrotIC stnps

between the vems In some specIes of plants, NOTmduced mJury tends to occur more

frequently along the margms of the leaf For example, necroSIS on maple and oak leaves

often begms at the margms or the tIps of the lobes and extends mto the mId-portIOns of the

leaves In specIes WIth fmely dIssected compound leavles, such as carrot and parsley,

NOTmduced mJury IS usually confmed to the tIps and margms of the leaflets

Narrow-leaved (monocotyledonous) plants Acute exposures to N02 of narrow-leaved

plants most frequently result m a yellow-to-lVory-to-whlte necroSIS that begms at or Just

below the tips of leaf blades NecrotIc margms and stnped necrotIc leSIOns between the

vems also occur In most grams and grasses, mJury from acute exposure affects the entrre

WIdth of the leaf blade, and area of the affected portIOn vanes WIth the magmtude of the

exposure Grams also develop longltudmal necrotIc stntpS between the vems, and these can

coalesce to form large necrotIc areas on the leaf surface The awns (beards) of rye and

barley spikes are also susceptIble to mJury from N02, bleached necroSIS begms at the tIps

and progresses towards the base

Coniferous plants InjUry to leaves of comfers from acute exposures to N02 usually

begms at the tips of the needles and progresses towards the base In the lmtIal stages of

mJury, the tIps of needles take on a dull, gray-green color that becomes hght brown and then

dark brown or red-brown The boundary between healthy and mJured tissues IS sharply

dehneated by a brown or red-brown band Young, emergmg needles develop NOTmduced
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Injury at theIr tIps, whereas older needles may occasIOnally develop necrosIs In the medIal or

basal portIOns of the needle

Most of the folIar leSIOns descnbed above are produced by an rrreversible necrosIs,

chlorOSIS, or bronzing of the affected tIssue, but there are folIar symptoms that can take other

forms. For example, some symptoms are charactenzed by the appearance of a deeper green

coloratIon of the leaf, wInch IS often accompanIed by a dIstortion of the leaf In addItIon,

the folIar ChlOroSIS that results from extended or recurrent exposures to relatIvely low
~

concentratIOns of N02 can often be a tranSItory change, and young leaves recover and

become green agam after exposure has ceased

The absciSSIOn of the leaf Itself can also be symptomatIc of exposure to N02 under two

general circumstances WIth acute exposures, defolIation of young leaves occurs WIthout the

concomitant development of folIar leSIOns In CItruS exposed to very Ingh N02 (150 ppm for

4 h or 250 ppm for 1 h) (MacLean et al ,1968) Injured needles of comfers may drop

prematurely, spruce needles drop shortly after injury develops, Injured larch and IIr needles

may not fall for several months, and Injured pine needles can remam on the tree for more

than a year However, If Injury IS severe, WIth necrosIs covenng more than half of the

needle surface, defolIation usually occurs WIthIn a month WIth chromc exposures,

defolIatIon IS the sequel to accelerated agIng and premature senescence WIth ChlOroSIS and

death (Thompson et al , 1971, SpIenngs, 1971, Thompson et al , 1970, Smn and Pell,

1984) FolIar InJury, a measurable change In plant structure or functIon at eIther the organ,

cellular or molecular level, mayor may not lead to damage Damage results In loss of

intended use or role (e g , agncultural yIeld, landscapIng aesthetics, wIldlIfe habItat) of a

plant

9.4.1.2 Exposure-Effect Relationships

Three Important charactenstIcs of folIar injury WIth respect to ItS relatIOnsInp to

exposure are (1) there IS a zero baselIne, that IS, leSIOns produced by other agents are absent

or clearly dIstinguishable from those Induced by N02 (at least under expenmental

conditions), (2) a threshold exposure must be exceeded for the productIOn of InJury, and

(3) measures of ItS occurrence are monotomc functions of concentration of N02 or duration

of exposure. Measures of effect are usually based on the InCIdence and seventy of folIar
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illJUry IncIdence IS usually represented WIth reference to number of leaves per plant or

number of plants per sample wIth leSIOns, and seventy wIth reference to the area of a leaf or

total amount of fohar tIssue of a plant that IS affected by these lesIOns

Exposures are the product of concentratIOn and duratIOn, the uruts of whIch are ppm/h

or ppm/day, for a StatIC exposure (constant concentratIon for the entIre duratIOn) the sImple

mathematIc product IS used, whereas for vanable or dynamIc exposures, the illtegral of

pollutant concentratIOn over tune IS used DuratIOn refers to the length of tIme dunng whIch

the plant IS exposed to pollutants expenmentally or ill the ambIent arr DuratIon IS usually

measured ill hours/day for epIsodIC exposures or ill days/week or days/growillg season for

chromc exposure An ambIent exposure IS sImIlar to that whIch plants expenence when

growillg ill theIr natural habItat or as crops ill the field It usually Imphes that the pollutant

concentratIon IS "dynamIc" (1 e , changes dunng the exposure penod occur ill a pattern that,

when used expenmentally, (sImulates the ambIent atmosphere) AmbIent exposures are

usually epIsodIc Peak gas concentratIOns are illtenmttlent

Short-Tenn Exposures

NeIther illcidence nor seventy of fohar illJUry have been expressed as exphcIt functIOns

of the vanables of concentratIon (C) and duratIon of exposure (T) for exposures to N02

Nevertheless, a relatIOnshIp between the concentratIon of N02 (Cl ) requIred to produce a

certaIn percentage of fohar illJUry (1) and the duratIon of exposure (1) was tested ill

short-term (:=:;; 8 h) exposures WIth eleven specIes of plants (Heck and Tillgey, 1979) and IS

gIVen ill EquatIOn 9-15

C -1[ = ao + a [ I + a2 T ,

ThIs represents a development of the O'Gara-Thomas fiorm, whIch was denved for the

effects of S02 (Thomas and Hill, 1935) and IS expressed ill EquatIon 9-16 WIth the

substItutIOn of the terms c[ for ao + a[ I and k[ for az
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The parameter ci expresses an asymptotic value for concentration, that IS, one that would

produce fohar mjury no greater than I If apphed mdefImtely The two forms are eqUIvalent

in expressing the relationshIp between concentratIOn and duratIOn for the threshold (I = 0)

Alternatives to the O'Gara-Thomas equatIOn have been proposed for the threshold for

S02-induced fohar mJury (Gudenan et al , 1960, Zahn, 1963, Gudenan, 1977), and a SImple

apprOXImation to these forms IS gIven by the mc1usIOn of the parameter b m EquatIOn 9-17

(9-17)

For the defohatIon of citrus by acute exposures to N02, It was proposed that b was about

equal to 1 (MacLean et al , 1968), for the threshold of a partIcular chlorotic symptom on

leaves of pea (Zeevaart, 1976), b would have a value of about 05, and for the threshold for

foliar injury in alfalfa WIth duratIOn m the range of 2 to 200 h and concentration of N02

from 1 to 7 ppm (Zahn, 1975), b would have a value of about 0 8

Another approach, winch was based upon the assumptIOn that the tolerance of

elements of fohar tissue to mJury follows a log-normal dIstnbutIon, was developed and tested

for the effects of S02 and 03 (Larsen and Heck, 1976) ThIs IS expressed by EquatIOn 9-18,

C/ = cm T -b I- WIth I = <Jl(z) , (9-18)

where Cr IS the concentratIOn that produces a specIfIed amount of mJury, Cm IS the

concentration requIred to produce mJury on 50% of the fohar tissue on a plant of medIan

tolerance m a I-h exposure, T IS the duratIOn of exposure m hours, b IS an exponent whose

value vanes WIth specIes exposed and concentratIon and duratIon of exposure, S IS the

geometnc standard deViatIon of the tolerance dIstnbutIOn, z IS a standard normal vanate (1 e ,

normally distnbuted WIth mean equal to zero and vanance equal to umty), I IS the fractIOn of

foliar area injured, and <Jl IS the mtegral of the normal dIstnbutIon function Although thIs

has not been tested WIth N02, It could be apphcable

These relatIOnshIps are conSIstent WIth what IS known about the mechamsms of actIOn

of N02 (Section 9 3) For example, It can be assumed that the rate of uptake of N02 IS to

9-66



be proportIonal to Its atmosphenc concentratIOn and that mJury results when the rate of

uptake of N02 exceeds a certam value over a gIven penod of tIme TIns dIfferentIal m rates

would presumably be expressed by the term C - Co (EquatIOn 9-17), whIch could also be

taken to represent the dIfference between the rates of mflux and metabohc removal of toXiC

products Withm the fohar tIssue Accordmgly, an NOTmduced mcrease m the rate of

change m the levels of NaR and NJR could mcrease the threshold (co), an NOTmduced

mcrease m stomatal reSIstance could decrease uptake (C), and a change m the dIfferentIal

between rates of mflux and detoXIficatIOn dunng exposure could be represented by the

parameter b

When the concentratIOn of N02 fluctuates dunng an exposure, the dynamICS of

response compnse those of the recovery processes, and a contmuous exposure can be more

effective than mtermlttent exposures of the same cumulative duratIOn For example, a

contmuous exposure of 60 mm produced about 50% more mJury than dId three 20-mm

exposures separated by mtervals of 10 mm (Matsusmma, 1971) SImilarly, a senes of seven

30-mm exposures dechned m effectiveness WIth an mcrease m the length of the penod

between exposures from 10 to 45 mm (Zahn, 1975)

Based on expenmentally denved estImates for the parameters m EquatIOn 9-15, the

concentratIOns of N02 requIred to produce 5% fohar mJury for dIfferent duratIOns of

exposure are gIven m FIgure 9-11 for three categones of plants-sensItIve, mtermedIate, and

tolerant (Heck and Tmgey, 1979) It should be noted tlllat for senSItive plants, the

concentratIOns range from 6 ppm for 0 5 h to 2 ppm for 8 h These concentratIOns are,

respectively, from 120- to 40-fold greater than the NatIOnal AmbIent AIr Quahty Standard

(NAAQS) pnmary standard of 0 05 ppm, and It has been observed that the ratIo of a I-h

maXImum concentratIon to the annual anthmetIc mean (oncentratIOn rarely exceeds the value

of 12 (Chapter 8, US EnVIronmental ProtectIOn Agency, 1982)

Long-Tenn Exposures

The denvatIOn of an exposure-effect or exposure-Iesponse relatIOnshIp for fohar mJury

IS Inherently more problematIc for a long-term exposure than for a short-term exposure

because It mvolves the aggregatIon of a senes of lower-level epIsodes In addItIon to the

problem posed by the dynamICS of response and recovery dunng and followmg a smgle
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exposure, there IS the problem of the degree to whIch lhe concentratIOn of NOx and duratIOn

ill one exposure can act to sensItIZe or desensItIZe the plant to the effect of NOx ill an

ensuillg exposure

Expenmental illvestIgatIOns have used two kInds of regImes one has been a unIform

concentratIon apphed contInuously for a penod of several days to several weeks, the other

compnsed a senes rectangular pulses of unIform concentratIOn and duratIOn apphed wIth

more or less regular frequency (Long-term, contInuous exposures could also be regarded as

a senes of day/mght epIsodes because of the substantIal mfluence of hght on the plant's

uptake and response to NOx [see SectIon 9 62 1]) A compIlatIon of the results of

expenmental, long-term exposures WIth respect to the occurrence of fohar symptoms IS gIven

ill Table 9-4 (The speCIes of plants used, WIth sCIentIfic names, are hsted ill AppendIX A,

Table 9A)

These results are also summartzed ill FIgure 9-12 WIth respect to the duratIOn of

exposure and the concentratIOn of NOx employed That IS, duratIOn IS expressed as the

cumulatIve tIme dunng whIch NOx was present and nOit the total length of the expenmental

penod, and concentratIon IS expressed as that of NOx when present and not the anthmetIc

mean for the entIre expenmental penod Also present ill FIgure 9-12 IS a senes of reference

POilltS representIng 0 05 ppm as an annual mean and other maxIma that could be assocIated

WIth It (cf Chapter 8, US EnVIronmental ProtectIon Agency, 1982) 0 10 ppm for

876 h (twofold the annual mean for 10% of the hours), 0 15 ppm for 87 h (threefold the

annual mean for 1% of the hours), 025 ppm for 24 h, and 0 6 ppm (12-fold the annual

mean) as a maxImum I-h concentratIOn

WIth three exceptIons, fohar mJury was not produced by exposures ill the

concentratIOn-duratIon plane area below thIs reference ]me Two of these occurred WIth

exposures to 0 10 ppm N02 exposures for 4 h/day for 35 days (total of 140 h) produced

chlorotIc leSIOns on one-thrrd of the clones of eastern whIte pme (Yang et al , 1982,

1983a,b), and exposures for 6 h/day for 28 days (total of 168 h) produced no mJury to

loblolly pme, VIrglilla pme, whIte ash, or willow oak, but mduced a ChlOroSIS on green ash

and sweetgum (Kress and Skelly, 1982) The thrrd occurrence of illJUry was WIth illcreased

leaf drop m bearmg navel orange trees exposed to 0 0625, 0 125, or 025 ppm N02
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TABLE 9-4. COMPILATION OF OCCURRENCE OF FOLIAR SYMPTOMS IN
LONG-TERM: OR INTERMITTENT EXPOSURES TO NITROGEN OXIDES IN

EXPERIMENTAL INVESTIGATIONSa

No mJury to bean (Snvastava and Onnrod, 1984)

No mJury to bean (Snvastava and Onnrod, 1986)

Increased loss of folIage m navel orange (Thompson et al , 1971)

No mJury to eastern wlute pme (Yang et aI, 1982, 1983b)

Increased leaf drop m navel orange (Thompson et al , 1970)

Increased loss of folIage m navel orange (Thompson et al , 1971)

No mJury to wheat (Runeckles and Palmer, 1987)

No mJury to radIsh or bean (Runeckles and Palmer, 1987)

No mJury to mmt (Runeckles and Palmer, 1987)

Chlorotlc lesions on one-tlurd of the clones of eastern wlute pme (Yang
et al , 1982, 1983a,b)

No mJury to bean (SrIvastava and Ormrod, 1986)

No mJury to loblolly pme, VirgIDla pme, wlute ash, wIllow oak, chlorOSiS
on green ash and sweetgum (Kress and Skelly, 1982)

No mJury to bean (Snvastava and Onnrod, 1984)

No mJury to pea (Wellburn et al , 1976)

No mJury to potato, com, pea, or tobacco (Elkley et al , 1988)

No mJury to tomato (Capron and Mansfield, 1977)

No mJury to tomato (Wellburn et al , 1976)

No mJury to European wlute birch or downy birch (Wnght, 1987)

No mJury to soybean (Klarer et al , 1984)

Effect
(Occurrence of FolIar LeSIons)

No mJury to potato, mtumescences developed on one of four cultlvars
(petltte and Onnrod, 1986)

No mJury to tomato (Mane and Onnrod, 1984), no mJury to potato (Petltte
and Onnrod, 1984), but yellowmg of lower leaves m one of two cultlvars of
potato (petltte and Onnrod, 1988)

0.11 104 h/week, 8 weeks No mJury to orchard grass or Kentucky bluegrass (Ashenden, 1979b)

NO" Exposure
(ppm) Duratlon

0.02 24 h/day, 5 days

0.02 6 h/day, 14 days

0037 24 h/day, 260 days

005 4 h/day, 35 days

00625 24 h/day, 290 days

0075 24 h/day, 260 days

008 3 h/day, 38 days

008 3 h/day, 40 days

008 3 h/day, 56 days

010 4 h/day, 35 days

0.10 6 h/day, 14 days

0.10 6 h/day, 28 days

0.10 24 h/day, 5 days

010 24 h/day, 6 days

0.10 24 h/day, 15 days

0.10 24 h/day, 19 days

010 24 h/day, 21 days

010 104 h/week, 56 weeks

010 3 h/day, 15 days,
1 every 2 days

011 24 h/day, 7 days

0.11 24 h/day, 14 days
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TABLE 9-4 (cont'd). COMPILATION OF OCCURRENCE OF FOLIAR
SYMPTOMS IN LONG-TERM OR INTERMITTENT EXPOSURES TO NITROGEN

OXIDES IN EXPERIMENTAL INVESTIGATIONS3

020 3 h/day, 15 days,
1 every 2 days

020 5 h/day, 2 days/week,
12 weeks

020 5 h/day, 2 days/week,
16 weeks

020 4 h/day, 35 days

020 6 h/day, 10 days

020 24 hiday, 6 days

020 24 h/day, 14 days

020 24 hlday, 77 days

021 24 h/day, 20 days

025 80 h

025 3 h/day,
6 days/4 weeks

025 9 hlday, 3 days

025 24 hlday, 37 days

025 24 h/day, 63 days

025 24 h/day, 128 days

025 24 hlday, 290 days

030 3 h/day, 3 days,
1 apart

030 3 h/day, 3 days/week,
3 weeks

NOx
(ppm)

011

0125

015

Exposure
Duration

104 h/week, 20 weeks

24 h/day, 290 days

24 h/day, 10 days

Effect
(Occurrence of FolIar LeSIOns)

No illJUry to tunothy or ItalIan ryegrass (Ashenden and WIllIams, 1980), no
illJUry' but darker green color on orchard grass and Kentucky bluegrass
(Ashenden, 1979b), no leSIOns on timothy, perenmal ryegrass, or orchard
grass, frequently greener than controls (Wellburn et al , 1981)

Increased leaf drop ill navel orange (Thompson et ai, 1970)

No mJury (but darker green folIage) m red top, creepmg bentgrass, colomal
bentgrass, red fescue, perenmal ryegrass, leSIOns on 2 of 12 cultivars of
Kentucky bluegrass (Ellaeyandl Ormrod, 1980), moderate to no illJUry to
Kentucky bluegrass (Ellaeyandt Ormrod, 1981a)

No mJury to soybean (KIarer et al , 1984)

No leSiOns, but premature sene',cence and defolIation m potato (Smn and
Pell, 1984)

No leSiOns, but premature senescence and defolIation ill potato (Smn and
Pell, 1984)

Injury to two of three clones 01 eastern wlnte pme (Yang et al , 1983a)

Injury to Murray red gum (Elkley and Ormrod, 1987)

No mJury to pea (Wellburn et .Ll , 1976)

No mJury to com or sunflower (Okano et al , 1985b)

No mJury (reduced senescence) on orchard grass and perenmal ryegrass
(Taylor and Bell, 1988)

No illJUry to radIsh (GodZIk et al , 1985)

No illJUry to tomato (TrOiano and Leone, 1977)

No mJury to azalea (Sanders and Remert, 1982a)

No mJury to petuma (de Conms and Luttrmger, 1977)

Epmasty and chlorosIs m older leaves of tomato (SpIermgs, 1971)

No lesIOns on timothy, perenmal ryegrass, or orchard grass, frequently
greener than controls (Wellbum et al , 1981)

Loss of leaves m lower portIOn of the canopy of tomato (SpIermgs, 1971)

Increased leaf drop m navel or.mge (Thompson et ai, 1970)

No illJUry to radIsh (Sanders and Remert, 1982b)

No mJury to radIsh (Remert and Sanders, 1982)
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TABLE 9-4 (cont'd). COMPILATION OF OCCURRENCE OF FOLIAR
SYMPTOMS IN LONG-TERM OR INTERMITTENT EXPOSURES TO NITROGEN

OXIDES IN EXPERIMENTAL INVESTIGATIONS3

NOx Exposure
(ppm) Duration

030 4 h/day, 35 days

030 6 h/day, 3 days, 1 apart

030 6 h/day, 3 days/week,
3 weeks

030 10 h/day, 14 days

030 24 h/day, 7 days

030 24 h/day, 9 days

030 24 h/day, 19 days

030 24 h/day, 20 days

0.30 24 h/day, 27 days

030 24 h/day, 30 days

030 24 h/day, 55 days

033 5 h/day, 5 days/week,
16 weeks

033 5 h/day, 5 days/week,
32 weeks

0.39 164h

040 2 8 h, 10 events m 2 mo

040 6 h/day, 10 days

040 9 hlday, 5 days

o40b 24 hlday, 21 days

0.4Ob 24 hlday, 35 days

0.49 9 hlday, 5 days

050 6 hlday, 14 days

050 9 hlday, 5 days

0.50 24 h/day, 3 days

0.50 24 h/day, 5 days

0.50 24 h/day, 10 days

Effect
(Occurrence of FolIar LeSIons)

Injury to two of three clones of eastern whtte pme (Yang et al , 1983a)

No mJury to mangold (Sanders and Remert, 1982b)

No mJury to mangold (Remert and Sanders, 1982)

No mJury to sunflower, com, bean, cucumber, tomato, or SWISS chard
(Yoneyama et al , 1980c)

Cnnklmg and darker green coloration on sunflower (Okano and
Totsuka, 1986)

Injury to buckwheat (FUJIwara, 1973, Ishtkawa, 1976)

Injury to tomato (lshtkawa, 1976)

No mJury to taro, mJury to eggplant (lshtkawa, 1976)

No mJury to soybean (lshtkawa, 1976)

No mJury or premature abSCIssIon on poplar hybnds, Japanese
zelkova, shtra oak, sweet VIburnum, camphor tree, or oleander (Okano
et al , 1989)

No mJury to grape (lshtkawa, 1976)

No mJury to creosote bush, desert WIllow, or bnttle bush (Thompson
et al , 1980)

No mJury to creosote bush, saltbush, bnttle bush, or desert WIllow
(Thompson et al , 1980)

No mJury to tomato (TrOIano and Leone, 1977)

No symptoms or senescence on soybean (lrvmg et al , 1982)

No mJury to geranIum (de COrmIS and Luttnnger, 1977)

No mJury to tomato (Wellburn et al , 1976)

Injury to tomato (Anderson and Mansfield, 1979)

No mJury to petunIa, tomato, or geranIum (de Cormts and Luttnnger,
1976)

Injury present occasIOnally on bean, depended upon mtrate level
supplIed (Snvastava and Ormrod, 1986)

No mJury to tomato (de COrmIS and Luttnnger, 1977)

No mJury to Kentucky bluegrass (Elktey and Ormrod, 1981b)

Injury to bean (Snvastava and Ormrod, 1984)

Epmasty m tomato (Splenngs, 1971)

9-72



TABLE 9-4 (cont'd). COMPILATION OF OCCURRENCE OF FOLIAR
SYMPTOMS IN WNG-TERM OR INTERMITTENT EXPOSURES TO NITROGEN

OXIDES lIN EXPERIMENTAL INVESTIGATIONSa

NOx
(ppm)

Exposure
Duration

Effect
(Occurrence of Fohar LesiOns)

050 24 hlday, 13 days No leSiOns to timothy, perenmal! ryegrass, or orchard grass, plants were
frequently greener than control'S (Wellburn et al , 1981)

No illJUry to chrysanthemum (Mortensen, 1985a)

No illJUry to rose or baby's tears (Mortensen, 1985a)

No illJUry to Enghsh ivy (Mortensen, 1985a)

No illJUry to Enghsh ivy or Boston fern (Mortensen, 1985a)

No illJUry to Afncan Violet (Mortensen, 1985a)

No illJUry to Afncan ViOlet (Mortensen, 1985a)

Injury to endive (Zalm, 1975)

Injury to barley (Zalm, 1975)

No illJUry to sunflower, radish, tomato, tobacco, cucumber, bean, corn, or
sorghum, darker green color ill sunflower and radish (Okano et al , 1988),
no illJUry to corn and younger leaves of sunflower were crmkled and darker
green (Okano et al , 1985b)

Injury to tomato (Capron and Mansfield, 1977)

No illJUry to tomato (Wellburn et al , 1976)

ChlorOSiS and heavy defohatiOtl on CitruS (Thompson et al , 1970)

No illJUry to turmp or lettuce O[shikawa, 1976)

No illJUry to pimento or spillacb. (Ishikawa, 1976)

No illJUry to nce (FUJiwara, 1973, Ishikawa, 1976)

No illJUry to four cultIvars of tomato (Mortensen, 1985b)

Injury to three of four cultIvar~. of tomato (Mortensen, 1985b)

No illJury to cucumber (Mortensen, 1985a)

No IDJUry to tomato (Mortensen, 1985a)

24 hlday, 14 days

No illJUry to Enghsh or Algen,m ivy, rubber tree, benJamill tree, hibiSCUS,
Boston fern, scorching on Duflenbachla (Saxe and Chnstensen, 1984,1985)

1 0 537 h ill 67 days, No illJUry to European larch (2,alm, 1975)
1 event/day

1 0 639 h ill 57 days, Shght chlorOSiS on bean (Zalm 1975)
1 event/day

1 0 1,900 hill 161 days, No illJUry to Norway spruce (2,alm, 1975)
1 event/day

1 0 24 hlday, 2 days Shght illJUry to cotton, bean, md endive (Heck, 1964)

050 24 hlday, 19 days

050 24 hlday, 21 days

050 24 hlday, 35 days

06 24 hlday, 35 days

06 24 hlday, 41 days

06 24 hlday, 51 days

o 7c 24 hlday, 21 days

o 7c 24 hlday, 28 days

o 85d 24 hlday, 18 days

o 85d 24 hlday, 22 days

o 8Sd 24 hlday, 35 days

o 8Sd 24 hlday, 43 days

o 85d 24 hlday, 55 days

o 85d 24 hlday, 77 days

o 85d 24 hlday, 104 days

o 85d 24 hlday, 121 days

10 27 h

10 10 hiday, 28 days

1 Ob 10 hlday, 139 days

050
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TABLE 9-4 (cont'd). COMPILATION OF OCCURRENCE OF FOLIAR
SYMPTOMS IN LONG-TERM OR INTERMITTENT EXPOSURES TO NITROGEN

OXIDES IN EXPERIMENTAL INVESTIGATIONSa

NOx Exposure
(ppm) Duration

lOb 24 hlday, 5 days

10 24 hlday, 6 days

10 24 hlday, 14 days

1.0 24 hlday, 35 days

1.0 5 hlday, 5 days/week,
12 weeks

10 5 hlday, 5 days/week,
16 weeks

1.0 5 hlday, 5 days/week,
17 weeks

10 5 hlday, 5 days/week,
32 weeks

12 30 h

1.5c 24 hlday, 25 days

20 24 hlday, 4 days

20 24 hlday, 7 days

21 357 h m 51 days,
1 event/day

26 24 hlday, 4 days

3.0 8 hlday, 8 days

3.1 9 hlday, 3 days

40 24 hlday, 2 days

73 7 hlday, 3 days

12 3 hlday, 2 days

12 3 hlday, 5 days

12 3 hlday, 6 days

12 3 hlday, 7 days

Effect
(Occurrence of Foliar LeSiOns)

No mJury to tomato (Bruggmk et al , 1988)

No mJury to pea (Wellbum et al , 1976), epmasty and darker green
coloration were present on pea seedlmgs (Horsman and Wellbum, 1975)

No mJury to com or sunflower (Okano et al , 1985b), younger leaves of
sunflower were crmkled and darker green (Okano and Totsuka, 1986)

ChlorOSIS and heavy defoliatiOn on navel orange (Thompson et al , 1970)

No mJury to alfi1ana (Thompson et al , 1980)

No mJury to Chaenactls carphocllna, saltbush, or burro weed, mJury to
creosote bush, desert wIllow, bnttle bush (Thompson et al , 1980)

No mJury to scorpiOn weed (Thompson et al , 1980)

No mJury to burro weed, mJury to bnttle bush, creosote bush, desert
WIllow, saltbush (Thompson et al , 1980)

No injury to bean (Okano et al , 1984b), but darker green foliage m bean
(Okano et al , 1985a, Ito et al , 1984a, 1985a)

No mJury but darker green color m bean (Ito et al , 1985b)

No mJury to rose, slight chlorOSIS on carrot (Zalm, 1975)

No mJury to tobacco (Taylor and Eaton, 1966)

No mJury to Japanese zelkova (Matsusmma et al , 1977)

No mJury to rape (day) (Zalm, 1975)

Injury to bean (Ito et al , 1984a, 1985b)

Injury to rape (Zalm, 1975)

Injury to taro (Matsusmma, 1977)

No mJury to CItrus unshu (Matsusmma, 1977)

No mJury to gmkgo (Matsusmma, 1977)

No mJury to common camellIa, Japanese aucuba, Japanese black pme, hmokl
cypress, fragrant olive (Matsusmma, 1977)

ftNOx= NItrogen OXides
NO = NItnc OXide
NOz= NItrogen dIOXide

bNO
c20% NOz + 80% NO
dO 15 ppm NOz + 0 70 ppm NO
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Figure 9-12. Occurrence (><) or absence (0) of foliar injury from nitrogen oxides in
long-term experimental exposures.
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continuously for 8 mo (Thompson et al ,1970) The mass of leaves dropped tended to

increase with the concentratIOn of N02, but neIther the trend nor the effect of N02 at the

lowest concentratIOn were Judged to be statistically sIgmficant and a sIgmficant effect was

found only when the effects of all three concentratIOns were pooled

The degree to whIch fohar mJury can be used as a surrogate measure for other kInds of

effects, such as reduced growth or YIeld, has been a perSIstent and still unresolved problem

The yield of fruIt of navel orange (Thompson et al , 1970, 1971) or tomato (Splenngs, 1971)

and of tubers m potato (Smn and Pell, 1984) appeared to be related to the degree of

N02-induced premature senescence and abSCISSIon of fohage

9.4.2 Loss in Growth and Yield

The effect of NOx on the growth, development, or reproductIOn of plants has occupIed

the position of greatest praCtical and contInumg concern m research Because these kInds of

effects have been studIed pnmarIly m the context of agnculture, they can mclude changes

tllat may occur ill the quahty and marketability, as well as m the quantity, of product

Nevertheless, most of the Information on productiVIty of commerCIal plants could be of

substantial relevance to an understandmg of effects m natural systems

A compI1atIon of the effects of exposures to NOx on the growth, development, or

reproduction of plants IS proVIded m AppendIX 9B These results are orgamzed WIth

reference to general use and specIes of plant, concentratIOn of NOx , condItions of exposure,

nature of effect, and experimental methods The concentratIOns and duratIOns of exposure

employed to produce these results are also summanzed m FIgure 9-13 WIth reference to what

could be considered an upper boundary of exposures conSIstent WIth some charactenstIcs of

ambient exposures in the Umted States (See Chapter 7)

The latter Illustrates a major problem m the evaluation of expenmentally produced

effects, namely, the extent to whIch the charactenstIcs of expenmental exposures are

comparable to those that are operationally slgmficant m ambIent SItuatIOns For example,

over the range of concentrations employed, those greater than 0 5 to 0 6 ppm for duratIOns

greater than 1 h would not be conSIstent WIth I-h maxmla observed m ambIent momtonng or

with the ratIOS of I-h maxmla to annual mean (none greater than 14, and 70% m the range of

5 to 8) in the Umted States (Chapter 8, US Envrronmental Protection Agency, 1982)
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Similarly, a mean concentratIon of greater than 0 2 ppm for a penod of 24 h or more would

not be consistent wIth ambIent exposures Other order statIstIcs mdIcate that over the longer

term, 90 % of the momtored values were no greater than about tWIce the medIan and 99 %

were no greater than about three tImes the medIan concentratIon Accordmgly, long-term

exposures employmg constant concentratIOns contInuously for one week to several months do

not reflect the intermIttent exposures expected m the Umted States (see Chapter 7) UnlIke

the situatIOn WIth single acute exposures, no formal expr~ssIOn has been offered for the

relative effectiveness of a gIVen concentratIon of NOx as a functIOn of duratIOn and frequency

of exposure.

A summanzatIon of expenmental results that fall WIthm or somewhat above the upper

envelope of what would be conSIstent WIth ambIent exposures m the Umted States IS gIven m

Table 9-5 Some of the problems assocIated WIth determmmg the relatIOnshIp between

effects on growth and yIeld and exposure to NOx can be illustrated WIth reference to two of

the most WIdely studIed crops tomato (FIgure 9-14) and green bean (FIgure 9-15) In both

specIes, there IS no clear demarcatIon between those exposures that result m reduced growth

and those that do not One reason for thIs IS the mterventIOn of bIOlogICal factors and

envIronmental condItIons (SectIon 9 5), whIch can determme whether growth IS mcreased,

reduced, or affected at all Another reason IS that several measures of growth and yIeld

(dependmg upon the specIes of plant) have been used to study the effects of NOx mass of

the plant; number or mass of leaves, stems, roots, tubers, flowers, fruIt, or seeds, fohar

area; and length of stem or fohar elements Not all measures are affected equally or mdeed

m the same way by an exposure to NOx m the same specIes (1 e , the growth of one organ

can be reduced whIle that of another can be mcreased)

Increased growth has been noted m other speCIes In rooted cuttmgs of European whIte

birch, NOz at 0.04 ppm for 9 weeks slgmficantly mcreased the mass of stem by 54%, mass

of leaves by 45 %, stem heIght by 50 %, and mternode length by 38 % (dependmg on

photopenod and hght mtenslty), but had no slgmficant effect at 005 ppm for 4 weeks m

seedlings (Freer-SmIth, 1985) In garden pea, NOz at 0039 ppm for 2 h/day, 1 day/week,

for 3 weeks (Edelbauer and MaIer, 1988) or at 0 1 ppm for 15 days (ElkIey et al , 1988) had

no effect on growth, but at 0 12 ppm (2 h/day, 1 day/week, 3 weeks), It slgmficantly
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TABLE 9-5. SOME EFFECTS OF NITROGEN OXIDES ON THE GROWTH AND
YIELD OF PLANTS WITH RESPECT TO CONCENTRATIONS AND EXPOSURES

USED IN EXPERIMENTAL INVESTIGATIONSa

NOx
(ppm)

Exposure
Duration

Effect
(Occurrence of Fohar LeSIOns)

0018 to 187 days No effect on mass of shoots, but sigmficantly mcreased mass of dead leaves
and decreased number of flowelmg shoots m perenmal ryegrass,
sigmficantly decreased mass of ;;hoots by 131 days, and mass of dead leaves
and number of flowermg shoots by 183 days m common timothy (NOz at
o006 ppm + NO at 0 012 ppm) (Lane and Bell, 1984b)

002 5 days Increase m plant height and decrease m mass and area of leaf depended on
level of mtrate supphed m 12-cLly-old green bean seedlmgs (Snvastava and
Onnrod, 1984)

002 6 h1day, 14 days Decreases m masses of shoot or root and mcreases m number of nodules
depended on level of mtrate m 23-day-old green bean seedlmgs (Snvastava
and Onnrod, 1986)

to 215 days Sigmficantly mcreased mass of ',hoots after 156, but not after 207 days of
eJ..posure, and decreased number of flowermg shoots after 207 days m
perenmal ryegrass, sigmficantly mcreased mass of shoot after 97, but not
after 215 days of exposure m common timothy, no effect on percent dead
leaf mass or mass of shoots after 153 days m orchard grass (control was
NOz at 0009 ppm, background SOz at 0003 ppm) (Lane and Bell, 1984b)

0025 7 h1day, 5 days/week, Sigmficantly mcreased the mass of seeds m 57-day-old green bean plants
3 weeks (Sandhu and Gupta, 1989)

0024

0028 to 187 days Sigmficantly decreased the mass of shoots and number of flowermg shoots,
but mcreased the mass of dead leaves m perenmal ryegrass, mcreased mass
of shoots by 131 days, decreased mass of dead leaves, but mcreased the
number of flowermg shoots after 183 days m common timothy (NOz at
0021 ppm + NO at 0 007 ppm) (Lane and Bell, 1984b)

003 8 weeks Did not sigmficantly affect mass. of plant, but advanced bud-break m
6-mo-old seedlmgs of Sitka spruce exposed durmg dormancy (Freer-Srmth
and Mansfield, 1987)

0039 2 h1day, 1 day/week,
3 weeks

No effect on mass of plant or leaf area (added to contmuous exposure of
00094 ppm) of 5-week-old green pea plants (Edelbauer and Maler, 1988)

004

005

005

9 weeks

7 h1day, 5 days/week,
3 weeks

4 h1day, 35 days

Sigmficantly mcreased mass andl height of stem, mass of leaves, and
mternode length (dependmg upon photopenod and hght mtensity) m rooted
cuttmgs of European white birch (Freer-Srmth, 1985)

Sigmficantly mcreased masses of shoot, roots, and seeds m 57-day-old green
bean plants (Sandhu and Gupta, 1989)

No sigmficant effect on length of needles m 2-year-old ramets of eastern
white pme (Yang et al , 1983b)

005 4 weeks No sigmficant effect on mass of roots, stem, or leaves m I-mo-old seedlmgs
of European white buch (Freer-Srmth, 1985)
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TABLE 9-5 (cont'd). SOME EFFECTS OF NITROGEN OXIDES ON THE GROWTH
AND YIELD OF PLANTS WITH RESPECT TO CONCENTRATIONS AND

EXPOSURES USED IN EXPERIMENTAL INVESTIGATIONS3

NOx
(ppm)

Exposure
DuratIon

Effect
(Occurrence of FolIar LeSIOns)

008 3 h/day, 56 days No effect on mass of plant or roots m rooted cuttmgs of lDlnt or 38-day-old
wheat plants, mcreased mass of plant and hypocotyl m 40-day-old radIsh
plants, mcreased mass of 4O-day-old green bean plants (Runeckles and
Palmer, 1987)

No effect on mass of leaves, stem, roots, or nodules or on number of
nodules m 7-week-old soybean plants (Klarer et at , 1984)

No effect on relatIve growth rate of 5-week-old soybean plants (Sabaratnam
and Gupta, 1988)

o 1 3 h every 2 days,
4 weeks

o 1 7 h/day, 5 days

01 7 h/day, 5 days/week,
3 weeks

0.1 6 h/day, 14 days

Slgmficantly mcreased masses of shoot and roots, numbers of pods and
seeds, and mass of seeds m green bean plants (Sandhu and Gupta, 1989)

Slgmficantly decreased mass of shoot and roots, but mcreased number of
nodules, dependmg on level of wtrate, m 23-day-old green bean seedlmgs
(Snvastava and Onnrod, 1986)

o 1 6 h/day, 28 days No slgmficant effect on heIght, mass of shoot, or mass of roots m 6- to
8-week-old seedlIngs of pItch pme, VIrgmla pme, WIllow oak, or green ash,
decreased root mass m wmte ash and sweetgum, decreased heIght
(dependmg on clone) m loblolly pme (Kress and Skelly, 1982) No
slgmficant effect on heIght m 2- to 3-week-old seedlmgs of Amencan
sycamore (Kress et at , 1982a)

o 1 4 h/day, 35 days Slgmficantly reduced length and mass of needles, dependmg on the clone, m
2-year-old ramets of eastern wmte pme (Yang et at , 1983b)

0.1 5 days Slgmficantly mcreased plant heIght, but decreased mass and area of leaf,
dependmg upon level of wtrate, m 12-day-old green bean seedlmgs
(Snvastava and Onnrod, 1984)

o 1 10 days No effect on growth m green bean or common sunflower (Totsuka et at ,
1978)

0.1 15 days No effect on mass of plant m garden pea, green bean, potato, or tobacco,
but mcreased mass of plant and leaf area m maIze seedlmgs (Elkley et al ,
1988), changes m leaf area and masses of leaves, stem, roots, or flowers
and fruIt were of unstated slgwficance m green bean and common sunflower
(Totsuka et at , 1978)

0.1 19 days No effect on leaf area, mass of leaves, shoot, or roots m tomato plants
(Capron and Mansfield, 1977)

0.1 20 days No effect on number of tIllers or leaves, leaf area, or mass of leaves or
roots m barley seedlmgs (pande and Mansfield, 1985)

0.1 104 h/week, 8 weeks Slgmficantly reduced mass of plant (but not numbers of leaves or tIllers),
dependmg upon cultIvar, m Kentucky bluegrass seedlmgs (WhItmore and
Mansfield, 1983, WhItmore et at ,1982) No effect on heIght of downy
bIrch (Wnght, 1987)
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TABLE 9-5 (cont'd). SOl\1E EFFECTS OF NITROGEN OXIDES ON THE GROWTH
AND YIELD OF PLANTS WITH RESPECT TO CONCENTRATIONS AND

EXPOSURES USED IN EXPERIMENTAL INVESTIGATIONS3

NOx
(ppm)

Exposure
Durahon

Effect
(Occurrence of FolIar LeSIOns)

o 1 104 hlweek, 21 weeks No effect on mass of Kentucky bluegrass seedlmgs exposed from emergence
(Wlutmore and Mansfield, 1983, Wlutmore et al , 1982)

o 1 104 hlweek, 22 weeks No SIgnIficant effect on stem heIght, leaf area, or mass of shoot m
second-year cuttmgs of black poplar, downy bIrch, or common apple,
mcreased stem heIght m European wlnte bIrch and wlnte alder and leaf area
and mass of shoot m small-Ieav(~ European lmden (Freer-Sllllth, 1984,
Wlutmore and Freer-Sllllth, 1982)

o 1 104 hlweek, 28 weeks No effect on orchard grass, sigruficantly decreased mass of shoot-
dependmg upon culhvar and stage of development m common hmothy,
perenmal ryegrass (WhItmore and Mansfield, 1983), and Kentucky bluegrass
(Wlutmore and Mansfield, 1983, Wlutmore et al , 1982)

o 1 104 hlweek, 33 weeks SIgnIficantly reduced mass of shoot and number of culms m Kentucky
bluegrass grown as swards (WhLtmore and Mansfield, 1983, Wlutmore
et al , 1982)

o 1 104 hlweek, 60 weeks No SIgnIficant effect on stem heIght or mass of shoot m second-year cuttmgs
of black poplar, downy buch, common apple, or small-leaved European
lmden, mcreased mass of shoot m European wlnte bIrch, mcreased stem
heIght and mass of shoot m wlnte alder (Freer-Sllllth, 1984, Wlutmore and
Freer-Sllllth, 1982) No effect on heIght, stem dIameter, and mass of shoot
or roots m European white bIrch or downy bIrch (Wnght, 1987)

o 11 7 or 14 days No effect on leaf area or mass of leaves, stem, or roots m 20- or 24-day-old
potato plants from sprouts or rooted cuttmgs (Pehtte and Onnrod,
1984,1988)

No effect on leaf area or mass of leaves, stem, or roots m tomato plants
(Mane and Onnrod, 1984)

011 4 weeks

011 5 hlday, 5 days/week,
12 weeks

011 5 hlday, 5 days/week,
17 weeks

011 5 hlday, 5 days/week,
16 weeks

011 5 hlday, 5 days/week,
32 weeks

No effect on heIght or mass of plant or on number of mflorescences m
Chaenaetzs carphocllna (Thompson et ai, 1980)

No SIgnIficant effect on heIght or mass of plant or on number of
mflorescences m alfilana, desert marlgold, or scorpIon weed, or on mass of
plant m Plantago lnsularzs (Thompson et al , 1980)

No SIgnIficant effect on lmear glowth or mass of shoot m bnttle bush, burro
weed, creosote bush, or desert wIllow, lmear growth was not affected, but
mass of shoot was mcreased m 10ur-wmg saltbush (Thompson et al , 1980)

No SIgnIficant effect on lmear glOwth or mass of shoot m bnttle bush, burro
weed, creosote bush, desert wIllow, or four-wmg saltbush, reduced mass of
seed m burro weed and number of mflorescences m bnttle bush (Thompson
et al , 1980)
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TABLE 9-5 (cont'd). SOME EFFECTS OF NITROGEN OXIDES ON THE GROWTH
AND YIELD OF PLANTS WITH RESPECT TO CONCENTRATIONS AND

EXPOSURES USED IN EXPERIlVlENTAL INVESTIGATIONSa

NOx
(ppm)

0.11

011

Exposure
Duration

104 h1week, 4 weeks

104 h1week, 8 weeks

Effect
(Occurrence of Fohar LeSIOns)

No effect on mass of green leaves, dead leaves and stubble, or roots, leaf
area, number of leaves, or number of tillers m common timothy, ItalIan
ryegrass, (Ashenden and WIllIams, 1980, Ashenden and Mansfield, 1978) or
orchard grass (Ashenden, 1979b) Mass of roots reduced m Kentucky
bluegrass (Ashenden, 1979b)

No effect on mass of green leaves, dead leaves and stubble, or roots, leaf
area, number of leaves, or number of tillers m common timothy, Itahan
ryegrass (Ashenden and WIllIams, 1980, Ashenden and Mansfield, 1978)
Decreased mass of green leaves and leaf area m orchard grass, and
decreased mass of green leaves, dead leaves and stubble, or roots, leaf area,
and number of leaves m Kentucky bluegrass (Ashenden, 1979b) No effect
on growth m mass of leaves, stem, or roots, but SIgnIficantly decreased
number of leaves and mcreased area per leaf m I-year black poplar cuttmgs
(Freer-Smith, 1984, WhItmore et al , 1982)

0.11 104 h1week, 10 weeks No effect on mass of leaves, stem, or roots m black poplar dunng wmter
(Freer-SmIth, 1984, WhItmore et al , 1982)

0.11 104 h1week, 12 weeks SIgnIficantly decreased mass of green leaves m orchard grass (Ashenden,
1979b), mass of dead leaves and stubble and of roots m ItalIan ryegrass
(Ashenden and WIlhams, 1980, Ashenden and Mansfield, 1978), mass of
roots m common timothy (Ashenden and WIlhams, 1980, Ashenden and
Mansfield, 1978), and mass of green leaves, dead leaves and stubble, and
roots, and leaf area and number of leaves m Kentucky ryegrass (Ashenden,
1979b)

o 11 104 h1week, 16 weeks No effect on mass of green leaves, dead leaves and stubble, or roots, leaf
area, and number of leaves or tillers m orchard grass (Ashenden, 1979b) or
m ItalIan ryegrass (Ashenden and WIlhams, 1980, Ashenden and Mansfield,
1978) SIgnIficantly decreased mass of roots m common timothy (Ashenden
and WIlhams, 1980, Ashenden and Mansfield, 1978) and mass of green
leaves, dead leaves and stubble, or roots, and leaf area m Kentucky
bluegrass (Ashenden, 1979b)

o 11 104 h1week, 20 weeks No effect on mass of green leaves, dead leaves and stubble, or roots, leaf
area, and number of leaves or of tillers m common timothy or ItalIan
ryegrass (Ashenden and WIllIams, 1980, Ashenden and Mansfield, 1978)
SIgnIficantly decreased mass of dead leaves and stubble m orchard grass
(Ashenden, 1979b) and mass of green leaves, dead leaves and stubble, and
roots m Kentucky bluegrass (Ashenden, 1979b)

0.11 104 h1week, 22 weeks No effect on growth m mass of stem or roots m I-year black poplar cuttmgs
(Freer-SmIth, 1984, WhItmore et al , 1982)

012 2 h/day, 1 day/week,
3 weeks

SIgnIficantly mcreased mass of plant and leaf area after 3 weeks, but no
effect after 2 weeks m garden pea (added to contmuous exposure of
0029 ppm) (Edelbauer and Maler, 1988)
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TABLE 9-5 (cont'd). SOME EFFECTS OF NITROGEN OXIDES ON THE GROWTH
---- AND YIELD OF PLANTS WITH RESPECT TO CONCENTRATIONS AND

EXPOSURES USED IN EXPERIMENTAL INVESTIGATIONS3

016 to 22 days

02 3 or 6 h

02 7 h/day, 5 days

02 3 h/day, once/2 days,
4 weeks

02 14 days

NOx
(ppm)

015

Exposure
Duration

10 days

Effect
(Occurrence of FolIar LeSIons)

No effect on area of thud youngest leaf of 48-day-old plants (at start) m
redtop, creepmg bentgrass, colomal bentgrass, red fescue, or perenmal
ryegrass, sIgmficant reduction m 1 out of 12 cultIvars of Kentucky bluegrass
(Elkley and Ormrod, 1980) No effect on fresh mass, but both decreased
and mcreased leaf area m Kentucky bluegrass, dependmg upon cultivar and
envIronmental condItions (Elkley and Ormrod, 1981a)

SIgmficantly decreased mass of leaf after 10 days and both mass and area of
leaf after 22 days m tomato (Taylor and Eaton, 1966)

No effect on mass of leaves or lOot m radIsh plants (Remert and Gray,
1981)

No effect on relative growth ratl~ of 5-week-old soybean plants (Sabaratnam
and Gupta, 1988)

No effect on mass of leaves, stem, roots, or nodules or on number of
nodules m 7-week-old soybean plants (Klarer et al , 1984)

SIgmficantly decreased leaf area, but dId not affect mass of leaves, stem, or
roots m 28-day-old sunflower plants, no effect m maize (Okano et al ,
1985a)

02 38 days

02 50 days

02 60-67 days

02 11 weeks

02 5 h/day, 2 days/week,
12-16 weeks

021 Ih

021 1 h/day, 15 days

021 20 days

025 3 h/day, 6 days m
4 weeks

03 7 h/day, 5 days

No effect on leaf area (+ 11) m common sunflower (Naton and Totsuka,
1980)

SIgmficantly mcreased mass of plant and leaf area dependmg on fertilIzer m
soIl m tomato (NO) (Anderson .llld Mansfield, 1979)

No effect on leaf area m tomato or cucumber (Naton and Totsuka, 1980)

SIgmficantly mcreased mass of mots and shoots and number of tlliers m two
populations of perenmal ryegrass (Taylor and Bell, 1988)

SIgmficantly decreased number and mass of tubers and accelerated
senescence and abSCIssIOn of folIage m potato (Smn and Pell, 1984)

No effect on leaf area, heIght, or fresh mass of leaves or stems m tomato
(Goodyear and Ormrod, 1988)

No effect on mass of plant m green bean or tobacco (Elkley et al , 1988)

No effect on mass of leaves or loot (0 to +20) m SIX cultIvars of radish
(GodZIk et al , 1985)

SIgmficantly decreased masses of stems and leaves and length of shoot m
two out of eIght cultivars of 1-year-old azalea plants (Sanders and Remert,
1982b)

No effect on relative growth rat,~ of 5-week-old soybean plants (Sabaratnam
and Gupta, 1988)
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TABLE 9-5 (cont'd). SOME EFFECTS OF NITROGEN OXIDES ON THE GROWTH
AND YIELD OF PLANTS WITH RESPECT TO CONCENTRATIONS AND

EXPOSURES USED IN EXPERIMENTAL INVESTIGATIONS3

NOx
(ppm)

Exposure
Duration

Effect
(Occurrence of FolIar LeSIons)

03 3 h/day, 3 days m
1 week

6 h/day, 3 days ill
1 week

3 h/day, 9 days m
4 weeks

No effect m 30-day-old radIsh plants (Sanders and Remert, 1982a)

No effect on masses of shoot or flowers, but sIgmficantly illcreased mass of
roots m 58-day-old French mangold plants (Sanders and Remert, 1982a)

No effect m 30-clay-old radish plants (Remert and Sanders, 1982)

No effect ill 58-clay-old French mangold plants (Reillert and Sanders, 1982)6 h/day, 9 days ill
4 weeks

10 h/day, 14 days03 SIgmficantly decreased leaf area and mass of leaf sheath ill maIze Had no
effect on leaf area or mass of leaf, stem, or roots ill tomato or SWISS chard
SIgmficantly illcreased the leaf area and mass of leaves, stem, and roots m
cucumber, the leaf area and mass of leaves and stem m common sunflower,
and the leaf area and masses of stem and roots ill green bean (Yoneyama
et al , 1980c)

o37 2 5 h/event, 10 events No effect on yIeld of soybean plants grown ill field plots (Irvmg et al ,
1982)

04 3 or 6 h No effect on mass of leaves or root ill 25-clay-old radish plants (Remert and
Gray, 1981)

0.4 2 9 h/event, 10 events No effect on yIeld of soybean plants grown ill field plots (Irvmg et al ,
1982)

os Ih No effect on heIght or number of leaves, but sIgmficantly illcreased leaf
area, mass of leaves, and mass of stem ill rooted cuttmgs of black poplar,
sIgmficantly illcreased leaf area ill CarolIna poplar (Eastham and Onnrod,
1986)

os

0.5

7h

7 h/day, 5 days

SIgmficantly decreased number of pods and seeds and mass of seeds ill
soybean (Gupta and Sabaratnam, 1988)

SIgmficantly decreased relative growth rate of 5-week-old soybean plants
(Sabaratnam and Gupta, 1988)

os 6 h/day, 14 days SIgmficantly decreased mass of shoot and roots, but illcreased or decreased
number of nodules, dependillg on level of mtrate, ill 23-day-old green bean
seedlIngs (Snvastava and Onnrod, 1986)

aNOx = NItrogen OXides
NOZ = NItrogen diOXide
NO = NItnc OXide
802 == Sulfur dIOXide
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Figure 9-14. Experimental exposures to nitrogen oxides resulting in the occurrence of
increased (+), decreased (-), or unaffeded (0) growth or yield in tomato.
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mcreased the mass of plant by 20 % and leaf area by 31 % after 3 weeks of exposure, but not

after 2 weeks (Edelbauer and Maler, 1988)

In several species, stimulations of growth occurred at lower concentratiOns of NOx than

llid mhlbitions For example, a 1-h exposure to N02 at 0 5 ppm sigmficantly mcreased leaf

area, mass of leaves, and mass of stem m rooted cutt111gS of black poplar and mcreased leaf

area 111 Carolma poplar, whereas N02 at 1 0 ppm sigmficantly decreased mass of stem m

black poplar and decreased height m Carolma poplar (Eastham and Onnrod, 1986)

In rallish, exposure to N02 at 008 ppm, for 3 h/day for 40 days substantially mcreased mass

of plant (93 %) and hypocotyl (215 %) (Runeckles and Palmer, 1987), whereas contmuous or

mtennittent exposures rangmg from several hours to 3 weeks to N02 m the range of 0 2 to

04 ppm had no sigmficant effect on growth of leaves or root (Remert and Gray, 1981,

Godzlk et al , 1985, Sanders and Remert, 1982a, Remert and Sanders, 1982), and reductiOns

m mass of plant (33 %) and leaf area (29 %) occurred with a contmuous exposure to N02 at

o5 ppm for 14 days (Okano et al ,1988) SlIDuarly, with cucumber, exposures to N02 at

o2 ppm (Naton and Totsuka, 1980) or 0 3 ppm mcreased leaf area and the masses of leaves,

stems, and roots (Yoneyama et al , 1980c), whereas exposure to N02 at 05 ppm for 14 days

decreased the mass of plant and the leaf-weight ratio (Okano et al , 1988)

Because the exposure-effect relationship for growth is not monotomc, It is difficult to

detennme whether an exposure that produces no effect is one below the threshold for any

effect at all, or IS m the range of exposures between those that mcrease growth and those that

decrease It

In some stullies, measures of growth are evaluated once, at matunty or some other

defmed tlIDe In others, changes m these vanables over tlIDe have been used to detennme

the effects of NOx not only on rate of growth but also on certaln stages of vegetative or

reproductive development Consequently, another problem m the mterpretatiOn of

expenmentally produced effects is the relatiOnship of changes occurrmg m young plants or

wIth short-tenn exposures to those effects on growth and yield that would eventually be

manIfest m mature plants or with long-tenn exposures

When potato plants were subjected to N02 at 0 1 ppm for 5 h/day, 2 days/week, for

12 to 16 weeks m field exposure chambers, both the number and mass of tubers were

reduced (by up to 38% and 51 %, respectively, dependlmg on cultivar), and reductiOns m
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yIeld were associated wIth an accelerated senescence and abSCISSIOn of fohage (Smn and Pell,

1984) Shorter tenn (7-, 14-, or 15-day) exposures to lower concentratIOns (0 10 or

0.11 ppm N0z) had no effect on the growth of younger (20-, 24-, or 30-day-old) plants

(petitte and Onnrod, 1984, 1988, ElkIey et al , 1988)

There was no sIgmficant effect on yIeld of soybeans grown ill field plots and exposed

(by a zonal aIr pollution system) 10 tImes dunng the growmg season to concentrations of

N02 rangmg from 0 12 to 0 37 ppm for an average of 2 5 h per event m one year or

concentrations from 0 07 to 0 4 ppm for an average of 2 9 h per event m another year

(Irving et al., 1982) No sIgmficant effect on the growth of 7-week-old soybean plants

occurred in exposures of 3 h1day, once every 2 days, for 15 events to N02 at 0 1 or

0.2 ppm, although the number of nodules was decreased by 4 % at the lower concentratIOn

and by 15 % at the Ingher (Klarer et al ,1984) The absence of effects on growth by N02

concentrations at or less than 0 4 ppm IS conSIstent WIth the lack of an effect on the relative

growth rate of 5-week-old soybean plants by exposures of 7 h1day for 5 days at

concentrations less than or equal to 0 3 ppm and a reduction when the concentration was

0.5 ppm (Sabaratnam and Gupta, 1988) However, a smgle exposure to 0 5 or 1 0 ppm for

7 h, when plants were 1 mo old, was reported to decrease yIeld of pods and seeds when

plants were harvested 80 days later (Gupta and Sabaratnam, 1988)

Two senes of long-tenn, contmuous exposures WIth bearmg navel orange trees utlhzed

the addItIon of N02 to charcoal-rIltered ambIent arr No sIgmficant effects of N02 WIth an

8-mo exposure (May through December) were found WIth respect to number or mass of fmlt

per tree when levels were one or two times that of ambIent (based upon hourly means of the

precedIng day) m the Los Angeles Basm (range of 0 to 0 18 ppm) (Thompson et al , 1971)

With a series of dermed levels (1 0, 05, 025, 0 125, or 00625 ppm) for 290 days, the

number and mass of fmlt per tree were sIgmficantly reduced by more than 70 % at the two

highest concentrations (0 5 and 1 0 ppm) Although yIeld of trees subjected to the lowest

concentration (0 0625 ppm) of N02 was not sIgmficantly dIfferent from those receIvmg

:fIltered arr, pooled values for the three lower concentrations (00625, 0 125, and 0 25 ppm,

mean = 0.1458 ppm) gave a sIgmficant reductIOn m number of fmlt (51 % reduction) and

mass of fmit (45 % reduction) (Thompson et al , 1970)
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FIve specIes each of desert annuals and shrubs were subjected to mtenmttent exposures

(5 h/day for 5 days/week) to N02 at 0 11, 0 33, or 1 0 ppm under greenhouse conmnons for

penods rangmg from 9 to 32 weeks (dependmg on specIes) At the lowest concentratIOn of

N02, there was no sIgmficant effect on heIght or mass of plant or on number of

mflorescences m Chaenactts carphochma, Gray after 12 weeks, on mass of plant m Plantago

msulans, Easter after 17 weeks, nor on heIght or mass of plant or number of mflorescences

m almana, desert mangold, or scorpIOn weed after 17 weeks WIth exposures of 16 weeks,

there was no sIgmficant effect on lmear growth or mass of shoot m bnttle bush, burro weed,

creosote bush, or desert willow, and lmear growth was, not affected, but mass of shoot was

mcreased, m four-wmg saltbush WIth exposures of 3'2 weeks, there was no sIgmficant

effect on lmear growth or mass of shoot m bnttle bush, burro weed, creosote bush, desert

willow, or four-wmg saltbush, but there was a reductIOn m the mass of seed m burro weed

and the number of mflorescences m bnttle bush (Thompson et al , 1980)

A general form for the IelanonshIp between exposure to NOx and an effect on growth

or yIeld is suggested by common features of many studIes, and It would have the followmg

charactensncs (1) a threshold exposure that must be exceeded for an effect (i e , a devIanon

from the unexposed state) to occur, (2) an mcrease m growth or yIeld at exposures above the

threshold but below those that produce a decrease, (3) an mcreasmgly greater reductIOn m

growth or Yield WIth mcreasmg concentratIOn of NOx or duratIOn or frequency of exposure

(greater than those that produce an mcrease m growth), yIeldmg a nonmonotomc but

ummodal relatIOnshIp, and (4) Withm the same specIes, the exposure-effect relatIOnshIp can

be dIfferent for reproducnve and vegetative development and It can vary among dIfferent

organs of the same plant (e g , an effect on the growth of roots could occur at a lesser or

greater exposure than what would produce the same de'gree of effect m the growth of stems

or leaves)

Expenmental mvesnganons have not proVIded a clear demarcatIOn between exposures to

NOx that adversely affect the growth, development, or reproducnon of plants and those that

do not Nevertheless, smgle exposures of 24 h or less that could produce adverse effects are

at concentratIOns of N02 greater than what have been shown to occur m ambIent exposures

m the Umted States In penods of 2 weeks or greater duranon WIth mtermittent exposures of

several hours per day, adverse effects on growth or yu~ld start to appear when the
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concentratIOn of NOx reaches the range of 0 1 to 0 5 ppm, dependmg on the specIes of plant,

nature of effect, and condItions of exposure

9.5 FACTORS AFFECTING PLANT RESPONSE TO NITROGEN
OXIDES

9.5.1 Characteristics of the Plant

Those charactenstIcs of a plant that are known to affect Its response to NOx can be

arranged into three general categones (1) genetic, whIch mcludes speCIes, race, cultIvar, or

clone; (2) phenolOgIC, such as the stage of development of a plant or temporal changes m the

states of Its organs, and (3) phenotypIC, whIch results from the mteractIon of the mherent

genetic factors of the plant WIth the condItions of Its enVIronment (The last category will be

considered m a dISCUSSIOn of the mfluence of envIronmental condItions, SectIOn 9 5 2 )

9.5.1.1 Species of Plant

More than 250 species have been used m mvestlgatIOns of NOx (AppendIX 9A) The

bulk of research has been devoted to herbaceous specIes, and most of these represent plants

that are grown commercially The woody speCIes preponderantly represent trees and shrubs

that both are cultivated as ornamentals and occur as components of natural plant commumtIes

in temperate chmatic zones SpecIes of plant determmes the exposure-response relatIOnshIp

in several ways

FIrst, specIes determmes senSItIVIty (or tolerance) to NOx and thereby the magmtude of

the effect or nsk aSSOCIated with a gIven exposure VanatlOns m senSItiVIty to NOx occur

among the SpecIes of plants, and the results of several comparative studIes (Czech and

Nothdurft, 1952, BenedIct and Breen, 1955, MacLean et al , 1968, Van Haut and Stratmann,

1967) have been compiled, WIth specIes placed m the three general categones of hIgh,

moderate, or low senSItiVIty (NatIOnal Research Council, 1977) More recent studIes have

provided additional mformatIOn on certaIn commerCIal plants (Taylor et al , 1975,

Matsushima, 1977), desert specIes (Thompson et al , 1980), and several speCIes of

ornamental, greenhouse crops, WIth reference to theIr senSItiVIty to NOTmduced effects on
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commercial value (Mortensen, 1985a, Saxe, 1986a, Sax:e and Chnstensen, 1985) The

results of several of these studIes are summanzed m Table 9-6

ClassIficatIOns of dIfferent specIes accordmg to theIr senSItIvIty have rehed on two

operatIOnally dIstmct methods One measured relatIve sensItIvIty as the magmtude of

exposure requIred to achIeve a certaIn effect (Czech and Nothdurft, 1952, Van Haut and

Stratmann, 1967) The other used the degree of effect produced by a certam exposure

(BenedIct and Breen, 1955, Kress and Skelly, 1982, Mortensen, 1985a) A combmatIon of

both methods was also used (MacLean et al , 1968, Thompson et al , 1980, Taylor et al ,

1975, Zahn, 1975, MatsushIma, 1977) All such classificatIons are subject to the caveat that

relatIve senSItIvIty depends upon stage of development, envIronmental condItIOns, and kInd of

effect that IS observed (Van Haut and Stratmann, 1967)

Some mterspecIfic dIfferences m response have been associated wIth dIfferences m the

uptake of NOx (see SectIOns 9 3 1 and 9 6), whIch m tum have been mvestIgated m relatIon

to other charactenstIcs, such as growth rate, stomatal densIty, or umt of effectIve leaf area

(Okano et al ,1988) Nevertheless, the mherent factors detennmmg response are numerous

and complex, and no smgle factor or set of them has yet been advanced to provIde a

consIstent explanatIOn of mterspecIfic dIfferences

It has been shown that the kInd and magmtude of the effect of NOx depends on the

processes (e g , growth or reproductIOn) and organ (e g , leaves, stems, or roots) consIdered

(see SectIOn 95 2 and AppendIx 9A) Consequently, a second way m whIch speCIes enters

mto the exposure-response relatIOnshIp IS that It detemlmes the functIOn of the plant, and

thereby, whIch of the vanous effects that may be prodlUced by NOx will be of greatest

practIcal sIgnrficance For example, the effect of paramount Importance would be yIeld of

seed m cereals, fruIt m tomato, tubers m potato, appearance and rate of development m

floncultural crops, and wood volume m forest trees It has also been shown that specIes

(as well as other taxa) can detennme the kInd of fohar symptom that IS produced by exposure

to NOx (SectIon 9 4 1)

To the extent that specIes governs the type of lIfe cycle followed by the plant m the

habItat It occupIes, speCIes may also detennme what temporal charactenstics of exposure and

what sets and ranges of enVIronmental condItIOns should be conSIdered ill estImatIOns or

predIctIons of the plant's response to NOx
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TABLE 9-6. RELATIVE SENSITIVITIES OF PLANTS TO NITROGEN DIOXIDEa

SensItive

European larch

European white birch

Alfalfa (lucerne)
Barley
Oats
Red clover
Sprmg clover
Sprmg vetch
Tobacco

Apple (wild)
Pear (wIld)

Carrotb

Celerl
Leek
Lettuce
Parsley
Pea
Pmto bean
Rhubarb

Intermediate

Comfers
Colorado blue spruce
Nl.kko fir
Whtte fir
Whtte spruce

Trees and Shrubs
Japanese maple
Japanese zelkova
Little-leaf lmden
Norway maple

Field Crops and Grasses
Annual bluegrass
Potato
Rye
Sweet com
Wheat

Frwt Trees and Shrubs
Crabapple
Grapefruit
Japanese pear
Orange
Tangelo

Garden Crops
Bush beanb

bCelery
Tomato
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Tolerant

Austnanpme
Enghshyew
Hmokl cypress
Japanese black pme
Loblolly pme
Pitch pme
Vuglnla pme

Beech
Black locust
Black poplar
Elder
Enghshoak
European hornbeam
Gmkgo (Maidenhair tree)
Green ash
Scotch elm
Sweetgum
Whtte ash
Whtte oak

Kentucky bluegrass

Asparagus
Bush beanb

Cabba§e
Carrot
Kohlrabi
Omon



TABLE 9-6 (cont'd). RELATIVE SENSITIVITIES OF PLANTS TO
NITROGEN DIOXJIDEa

SensItive

Azalea
BougaInvIllea
ChInese lnbISCUS
Common petuma
Oleander
Pyracantha
Roseb

Snapdragon
Sweet pea
Tuberous begoma

Common mugwort
Common plantaIn
Rorseweed
Mustard
Sunflower

Creosote bush

IntermedIate

Ornamental Shrubs and lFlowers

Cape Jastmne
Catawba rhododendron
Common Z1lll1la
DahlIa
Flossflower
FuchsIa
Gardema
Ixora
Japanese pIttosporum
Llgustrum
Oleander
Paperbark tree
Petuma

Weeds
Cheeseweed
Clnckweed
Common clnckweed
DandelIon

Desert Species
Bnttle bush
Desert WIllow

Tolerant

Canssa
Croton
DaIsy
GladIolus
Japanese mormng glory
LIly-of-the-valley
PlantaIn lIly
Roseb

Shore Jumper
SprIng heath

Lamb's-quarters
Nettle-leaved goosefoot
PIgWeed
Red root

Alfilana
Burro weed
Chaenactis (CN)
Desert mangold
Four-wIng saltbush
ScorpIon weed

aCompIled from BenedIct and Breen (1955), Czech and Nothdurft (1952), Kress and Skelly (1982), MacLean
et al (1968), Matsuslnma (1977), Taylor and MacLean (1970), Thompson et al (1980), Van Raut and
Stratmann (1967)

bDIfferent Investigators reported dIfferent susceptibIlIties

9.5.1.2 Intraspecific Variation

DIfferences among cultlVars, races, families, or clones WIthIn several speCIes have

demonstrated that mtraspecrfic vanatIOn m senSItIVIty to NOx can occur (Table 9-7)

However, no analyses have been made of the genetIc factors that may determme It m crops,

nor have analyses been made of the statIstIcs that could descnbe ItS dIstnbutIon m natural

populatIons
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TABLE 9-7. INTRASPECIFIC DIFFERENCES IN THE RESPONSES OF
PLANTS TO NITROGEN OXIDES3

Tomato

Exposure to NO at 0 4 ppm mcreased growth m two cultlvars (Sonato and Eurocross BB, to a
greater degree m the former) and decreased growth m two others (Extase and AdagIO, to a greater
degree m the latter) (Anderson and Mansfield, 1979)

Two cultlVars (Allsa CraIg and Sonato) dIffered m response to NO-mduced mcreases m the level of
nitrate reductase m leaves (Wellbum et al , 1980)

Two cultlvars (Allsa CraIg and Eurocross BB) dIffered WIth respect to effects of exposure to NO or
to N02 at 1 5 ppm on the levels of mtrate or mtnte reductase m leaves and content of mtrate or
ammes (Murray and Wellbum, 1985)

EIght culttvars were compared m an exposure to NOx at 0 7 ppm m ennched (1,000 ppm) CO2 follar
lesIons and the greatest reductlons m growth occurred m three cultlvars (RIanto, DombIto, and
Virosa), SIgnIficant reductIons m growth occurred m three other cultlvars (Marathon, Abunda, and
Ida), and no effects on growth were produced m two cultIvars (Sonatme and Dombello) (Mortensen,
1985b)

~

Two cultIvars (Kennebec and AtlantIC) were exposed to N02 at 02 ppm, but there were no
dIfferences between them m rate of senescence of leaves or m reductions m number or mass of
tubers (SInn and Pell, 1984)

Four culttvars (Supenor, NorchIp, Kennebec, and Russet Burbank) were exposed to N02 at
o 11 ppm, stem fresh weIght was reduced m Kennebec, and It was postulated that vanetal
dIfferences m response may be related to matunty class (PetItte and Ormrod, 1984) When
Kennebec and Russet Burbank were exposed to N02 at 0 11 ppm as rooted cuttmgs, fresh mass of
roots was decreased m Kennebec (petItte and Ormrod, 1988) N02-mduced mtumescences of the
leaf occurred m Kennebec and Russet Burbank, but not m the other two cultIvars (PetItte and
Ormrod, 1986)

Pepper

Acbvity of mtrate reductase m leaves of two cultlvars (Bell Boy and Rumba) was not affected by
exposure to N02 at 1 5 ppm, but actIVIty of mtnte reductase was reduced m Bell Boy, thIs cultIvar
also had a greater mcrease m content of ammes m folIage (Murray and Wellbum, 1985)

SIX culttvars were exposed to N02, but no conclUSIOns are pOSSIble as to the mfluence of genetIc
factors because no follar lesIOns were produced and there was no effect on dry mass of leaves or
roots (GodZlk et al , 1985)

Lettuce

Six culttvars were exposed to N02, but no conclusIOns are pOSSIble as to the mfluence of genetIc
factors because there was no effect on dry mass of leaves or growth rate (Mortensen, 1985b)
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TABLE 9-7 (cont'd). INTRASPECIFIC DIFFERENCES IN THE RESPONSES OF
PLANTS TO NITROGEN OXIDES3

There was a sIgmficant assocIatIon between mcreased mass of straw and ambIent NOZ m two cultIvars
(Arannr and Claret), but not m two others (Dram and Gold(~n Protnlse), a sIgmficant aSSOCiatIon
between mcreased number of tIllers and NOZ occurred wIth Golden Protnlse, but not wIth the other
cultIvars (Ashmore et al , 1988)

The degree to whIch exposure to NOz at 0 3 ppm altered the level of mtrate reductase vaned among
mutants defiCIent m the enzyme, genotype dId not affect uptake of NOz (Rowland-Bamford et al ,
1989)

Oats

Three cultlVars (Clmtland 64,329-80, and Pendek) were classIfied as susceptIble to NOz-mduced
folIar mJury m a concentratIon-duratIon factonal desIgn, ba!oed on statIstIcs for the dose-response
function, about a 48% range m threshold dose for 1 h (Heck and Tmgey, 1979)

Com

Both cultIvars (PIOneer 509-W and Golden Cross) were Judged tolerant to NOz-mduced folIar mJury
(Heck and Tmgey, 1979)

Cotton

In a concentratIOn tImes duratIon factonal desIgn, two cultIvars (Paymaster and Acala 4-42) were classed
as mtennedIate m susceptIbIlIty to folIar mJury, but there appeared to be a dIfference m statIstIcs
descnbmg the dose-response functIon (equIvalent to a 40% dlffemnce m threshold dose for 1 h) (Heck and
Tmgey, 1979)

Tobacco

In a concentratIOn tImes duratIOn factonal deSIgn, three cultIvars (Bel B, Bel W3, and WhIte Gold)
were classed as mtennedlate m susceptIbIlIty to folIar mJury and one (Burley 21) was classed as
tolerant (Heck and Tmgey, 1979)

TImothy

Two cultIvars (Eskimo and 848) dIffered m growth response to N0z at 0 062 ppm when exposed at
later stages of development (WhItmore and Mansfield, 1983)

Red fescue

The growth of two cultIvars (HIghlIght and Pennlawn) was not affected by NOZ at 0 15 ppm for
10 days, but fohar mJury occurred m Pennlawn (ElkIey and Onnrod, 1980)

Red clover

In three cultIvars (Astra, Deben, and 8123), but not m a fourth (Altaswede), there was a sIgmficant
assocIatIOn between reduced growth of roots and ambIent NOZ (Ashmore et al , 1988)
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TABLE 9-7 (cont'd). INTRASPECIFIC DIFFERENCES IN THE RESPONSES OF
PLANTS TO NITROGEN OXIDESa

Orchard grass

'!\vo populahons (Ramham and S26) dIffered m susceptIbIhty to fohar mJury from N02 at 4 8 ppm
(Taylor and Bell, 1988)

PerennIal ryegrass

'!\vo clones (Ramham and S23) dIffered wIth respect to growth under exposure to N02 at 0 2 ppm
and soI1-mtrogen (Taylor and Bell, 1988)

'!\vo culhvars (S23 and S24) dIffered as to the mfluence of stage of development on the growth
reduchon produced by N02 at 0 062 ppm (WhItmore and Mansfield, 1983)

Effects of NOz on levels of mtnte reductase and bIoenergetic functions vaned among dIfferent clones
(Wellbum et al , 1981, Wellbum, 1982b)

Kentucky bluegrass

In twelve culhvars, NOz at 0 15 ppm for 10 days produced a SIgnIficant reduchon m leaf area m one
(Baron) and fohar mJury m two others (Chen and SkoftI) (ElkIey and Ormrod, 1980)

Exposure to NOz at 0 15 ppm mcreased the growth of one cultIvar (Menon), but not of two others
(Cheri and Touchdown) that had fohar mJury (ElkIey and Ormrod, 1981a)

Exposure to NOz at 0 062 ppm decreased growth m one cultIvar (Monopoly), but not m another
(Anma) (WhItmore and Mansfield, 1983)

Among mne cultIvars, rates of uptake of N02 m hght and dark vaned over a three- to twofold range
(Elkieyand Ormrod, 1981b)

Petuma

A companson of 15 cultIvars WIth respect to fohar mJury mduced by I-h exposures to N02 at 8,
16, or 32 ppm mdicated a range of tolerance (EDso) of about threefold, WhIte Cascade was Judged
the most susceptible (Feder et al , 1969)

Nitrogen content m leaves of three cultIvars (Capn, WhIte MagIC, and WhIte Cascade) was
reduced by exposure to N02 at 0 8 ppm (ElkIey and Ormrod, 1981d) Rate of absorption of N02
was less m Capn than m the other two cultIvars (ElkIey and Ormrod 1981c)

Japanese mommg glory

Four culhvars (Heavenly Blue, Hamano YosoOl, Scarlet O'Hara, and MurasakI JIsm) had fohar
mJury rangmg from severe to shght after a I-h exposure to NOz at 0 12 ppm (Matsusmma, 1977)

Afncan VIOlet

WIth two cultIvars (Lena and Rosa Roccoco) under CO2 ennchment, NOx at 085 ppm reduced
growth m Lena A delay m flowenng and decrease m number of flowers occurred m both cultIvars,
but were greater m Lena (Mortensen, 1985a)
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TABLE 9-7 (cont'd). INTRASPECIFIC DIFFERENCES IN THE RESPONSES OF
PLANTS TO NITROGEN OXIDESa

Enghsh IVY

Two cultIvars (GIOlre de Marengo and Harald) were exposed to NOx at 0 85 ppm under CO2
ennchment, the growth of neIther was affected (Mortensen, 1985a)

Chrysanthemum

Two cultIvars (Refour and Honm) were exposed to NOx at 085 ppm under CO2 ennchment, the
growth of neIther was affected (Mortensen, 1985a)

HIbISCUS

Two cultIvars (Red and Moesiana) dIffered m some ways WIth respect to the effects of NO or N~
on photosynthesIs, respIratIOn, or transpIration (Saxe, 1986a)

Under CO2 ennchment, NO at 1 ppm affected neIther cultIvar wIth respect to mass, heIght, number of
shoots, or productIOn time (Saxe and Chnstensen, 1984,1985)

EIght cultIvars from five hybnd groupmgs had no fohar mJury from N02 at 025 ppm, however, two
cultIvars (one a Kurume, the other an IndIan hybnd) had reduced shoot length (Sanders and Remert,
1982b)

Orange

FIve vanetIes of orange showed dIfferent sensItivItIes to defohatIon by acute exposures to N02
(greater than 25 ppm) (MacLean et al , 1968)

European wInte bIrch

Two clones tended to dIffer WIth respect to effects ofN~ at 0 062 ppm on growth (Wnght, 1987)

The relative standard deVIation for growth dunng exposure to a mlxture of S02 and N02, each at
o05 ppm, was about threefold greater m seedlmgs than m cJ onal cuttmgs (WhItmore and
Freer-SImth, 1982)

Poplar

Three clones of poplar (two from one hybnd cross and one from .mother) dIffered m the degree to
wInch exposure to N02 at 0 3 ppm mcreased fohar mass and area (Okano et al , 1989)

Sycamore

No dIfference occurred between two half-SIb famIhes WIth respect to mcreased growth folIowmg
exposure to N02 at 0 1 ppm (Kress et al , 1982a)
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TABLE 9-7 (cont'd). INTRASPECIFIC DIFFERENCES IN THE RESPONSES OF
PLANTS TO NITROGEN OXIDESa

Eastern whIte pme

Eight clones dIffered WIth respect to the relatIonshtp between concentration of NOz (0 1 to 0 3 ppm)
and the mductIon of symptoms and the decreased growth m mass and length of needles (Yang et al ,
1982,1983a,b)

Loblolly pme

Two collections of seed were exposed to N~ at 0 1 ppm, but no conclUSIOns are pOSSIble as to the
mfluence of genetic factors because there was no effect of NOz on heIght or dry masses of top or
root of seedlmgs (Kress and Skelly, 1982)

aNO = NItnc OXide
NOz = NItrogen dIOXide

NOx = NItrogen OXides
CO2 = Carbon dIOXide

EDso = MedIan effective dose
802 = Sulfur dIOXide

Some mtraspecrfic dIfferences ill response have been determilled over a range of

exposures to NOx , thereby allowmg quantitatIve estlillates to be made as to the mfluence of

this factor on exposure-response relatIonslups In a concentratIon-duratIOn factonal deSIgn,

statistIcs for the exposure-response functIOn for fohar mJury yIelded about a 48 % difference

in the threshold exposure for 1 h between cultIvars of oat and about a 40 % dIfference

between cultIvars of cotton Tlus approach was also used to classIfy two cultIvars of com

and one cultivar of tobacco as tolerant and three cultIvars of tobacco as mtermedmte m

senSitivity to fohar mjury (Heck and Tmgey, 1979) The same kind of expenment found

different senSItivities to defohatIon by acute exposures to N02 among five vanetIes of orange

(MacLean et al ,1968) A companson of 15 cultIvars of petuma at three concentralOns of

N02 yielded a range of tolerance to fohar illJury of about threefold (Feder et al , 1969)

Usually, compansons have been made WIth respect to magmtude of effect produced

within the same exposure, whIch means that the exposure-response relatIOnslup must be at

hand to transform dIfferences m response to dIfferences m exposure requITed to produce

equivalent effects. The preponderance of eVIdence has been obtamed from agnculturally

important species Although many dIfferent cultIvars of several species of crops have been

used, the number of mvestIgatIons ill wluch two or more were employed under the same

regune at the same tlille IS hmIted
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The effects of NOx on growth have been shown to vary wIth culttvar m barley (mass of

straw and number of tillers) (Ashmore et al , 1988), tomato (mcreases as well as decreases

occurred) (Anderson and Mansfield, 1979), tImothy at la.ter stages of development (Whttmore

and Mansfield, 1983), and m clover (Ashmore et al , 1988), and WIth clone as well as

culttvar m perenmal ryegrass with respect to the mfluence of SOll mtrogen (Taylor and Bell,

1988) or the stage of development (Whttmore and Mansfield, 1983) In Kentucky bluegrass,

the occurrence of fohar mJury as well as effects of N02 on growth vaned WIth cultIvar

(Elktey and Onnrod, 1980, 1981a, Whttmore and Mansfield, 1983)

DIfferences occurred among culttvars of potato WIth respect to NOrmduced effects on

growth of roots or stem, and It was postulated that vanetal dIfferences m response mtght be

related to matunty class (Petttte and Ormrod, 1984, 1988) However, there were no

dIfferences between two cultIvars of dIfferent matuntles WIth respect to effect of N02 on rate

of senescence of leaves or m reductIOns m number or mass of tubers (Smn and Pell, 1984)

When plants were exposed to NO or N02 under CO2 ennchment, dIfferences occurred

among eIght culttvars of tomato WIth respect to seventy of fohar leSIOns and reductIOns m

growth (Mortensen, 1985b) Between-culttvar dIfferences were also found m effects on

growth of Afncan VIolet (Mortensen, 1985a) and m phYSIOlogICal response (Saxe, 1986a),

but not m growth of htbISCUS (Saxe and Chnstensen, 1984, 1985) No dIfferences occurred

m Enghsh IVy or Chrysanthemum (Mortensen, 1985a)

IntraspecIfic dIfferences WIth respect to the effects of N02 on growth also occurred m

woody specIes (e g , among eIght culttvars of azalea [Sanders and Remert, 1982a], two

clones of European whtte bIrch [Wnght, 1987], three clones of poplar [Okano et al , 1989],

and eIght clones of eastem whtte pme [Yang et al ,1983a,bD On the other hand, no

dIfferences were found between two half-SIb families of sycamore (Kress et al , 1982a) or

between two collecttons of seed of loblolly pme (Kress and Skelly, 1982)

IntraspecIfic vanatIOn m the metabohc responses of plants to NO or to N02 (see

SectIon 9 4 2) has been demonstrated among cultIvars of tomato (Murray and Wellbum,

1985, Wellbum et al , 1980) and pepper (Murray and 'Wellbum, 1985) WIth respect to the

levels of NaR or NtR m leaves and fohar content of mtrate or ammes In addItIon, the effect

of N02 on NIR vaned among dIfferent clones of perenrual ryegrass (Wellbum et al , 1981,
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Wellburn, 1982b), and the effect of N02 on NaR vaned among barley mutants deficIent m

the enzyme (genotype dId not affect uptake of NO~ (Rowland-Bamford et al , 1989)

Cultivar of petunia affected the mtrogen content of leaves after exposure to NO:z

(Elkiey and Ormrod, 1981d) and the rate of uptake of N02 by the leaves (Ellaey and Ormrod

1981c) Among nine cuitivars of Kentucky bluegrass, rates of uptake of N02 m the dark

(adsorptlon) vaned over a twofold range, and rates of uptake m the hght above those m the

dark (absorption) vaned over a threefold range (Ellaey and Ormrod, 1981b) The

joint-distnbutlOn of estlffiates for rates of absorptIon and adsorptIon among these cultIvars

(FIgure 9-16) shows that cautIOn must be exerCIsed m the drawmg of conclusIOns as to the

causes of illtraspecIfic vanatlOn ill response when only two or three cultIvars are used

9.5.1.3 Stage of Development

The ItcntIcal penods of development" (Van Haut and Stratmann, 1967) are one or more

penods in the hfe of a plant dunng wInch an exposure to N02 could produce the greatest

adverse effect on yIeld WhIch stages of development correspond to these penods depends

upon the species of plant for oats, the cntIcal penod IS dunng flowenng, for radIsh and

mangels, dunng early tuber formatIOn and at the cotyledonary leaf stages, and for bean,

dunng the transItIon from vegetatIve to reproductIve growth and dunng fruIt development

(Van Haut and Stratmann, 1967).

The mlubitOry effect of N02 at 0 068 ppm on the growth of Kentucky bluegrass

appeared to be greater dunng penods of slower growth m fall and wmter than dunng penods

of more rapid growth ill spnng (Ashenden, 1979b, WhItmore et al ,1982) WIth four

SpecIes of grasses exposed for 7 mo to N02 at 0 062 ppm, Kentucky bluegrass and one

culuvar of tlIDothy (but not another) showed a greater reductIon of growth by N02 when

exposed from emergence than when exposures started 6 weeks later, one cultIvar of perenmal

ryegrass (but not another) showed no effect when exposed from emergence, but showed

reduced growth when exposures started 6 weeks later, and there was no effect of stage of

development or of N02 on growth ill orchard grass (WIntmore and Mansfield, 1983)

In mangold plants at three ages (7 weeks apart), stage of development dId not alter the

effect of N02 at 0 3 ppm on growth-an mcrease m mass of roots (Sanders and Remert,

1982a) The effect of stage of development was not dISCernIble m radIsh exposed at three

9-100



2422

o Skoftl

o Touchdown

o Chen

o FylkJng

o Menon
o Balon

o Plush

6

o Sydsport

o Nugget

I I I I I I I I I I I I I I I I I I J

16

15

14 -

13 -

-c;j"
I 12 -0....

~
X

«l «l 11 -
0 e
5:

«l
1ij

Q)
~ 10 -~

«l t\I- Ea.
~ "C 9t: -

E:::r
::1. 8 --

7 -

6 -

5

4

4 8 10 12 14 16 18 20
Uptake In Light minus Uptake In Dark

(p.L/mm/dm2 le~lf area X 10- 2)

Figure 9-16. Relation between uptake of nitrogen dioxide in the dark and in the light
for nine cultivars of Kentucky bluegrass.

Source Ellaey and Ormrod (1981b)

ages to 0 3 ppm (Sanders and Remert, 1982b) or m tomato at two ages exposed to 0 2 ppm

(Goodyear and Ormrod, 1988) because there were no NOTmduced effects on growth

Each leaf of a plant also passes through progressIve changes m senSIllvity to N02

durmg Its development, whIch also depends upon the specIes of plant In broadleaved plants,
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sensitivity is low m young leaves m theIr early developmental stages, mcreases wIth

expansion, reaches a maxmmm wIth full growth, and then declmes Consequently, the

locatlon of foliar tlssue wIth greatest sensItivIty moves from the outer leaves toward the

center wIth development of rosette plants, and from the base to the apex of shoot as It

develops m caulescent plants In woody plants, a secondary flush of growth durmg the

summer IS less sensItlve than the fIrst flush m the sprmg In comfers, the most sensItive

foliage of spruce and fIr IS that of the current year when It becomes fully developed m late

spring or early summer, the most sensItive fohage of larch IS the needles of the spur shoots

in the fIrst week of emergence, and needles of pme are most sensItive when they emerge m

the spring (Van Haut and Stratmann, 1967)

9.5.2 Environmental Conditions

EnVIronment at ItS most mclusive denotes the aggregate of all external condItions and

influences affecting a plant as well as the medIUm surroundmg It Clanty IS better served by

reserving the term "environment" for the medIUm and usmg the term "envIronmental

conditions'· to denote ItS state vanables and other propertIes that govern the exchange of

mass, energy, heat, or momentum between a plant and ItS envIronment In expenmental

work, envIronmental conditions have usually been treated as mdlVidual factors that are

monitored and controlled at certam levels durmg expenmental penods

These factors are commonly placed m two general classes (1) bIOtiC, such as pests and

pathogens of the plant, and (2) abIOtic, such as phySIcal and chemIcal propertIes of the aIr or

soil Nothmg IS known of the mfluence of bIOtic factors on the plant's senSItivIty to NOx

Because abIotic factors can subStantIally mfluence the plant's response to NOx, the

association between temporal and spatial vanatIons m envIronmental condItions and the

occurrence and disperSIOn of NOx must enter mto estimations or predIctions of pOSSIble

effects

Studies of abIotlc factors have been almost evenly diVIded between an mterest m theIr

effects on sensitlVIty to NOx and theIr use as mampulable vanables to explore the

mechanisms of actlon of NOx The results of both kInds of mvestIgatIons mdicate that

environmental condItions exert theIr mfluence by altenng processes controlling (1) entrance

of the pollutant into the leaf, (2) detoxIfIcatIOn of the pollutant Withm the fohar tissue, and
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(3) sensItivIty of metabohc systems to the pollutant (see Section 9 4) There has also been

some dIstmctlOn as to whether changes m the levels of one or more envIronmental factors are

to be evaluated as affectmg the system before, durmg, or after exposure to NOx

Consequently, some results may be mterpreted as an envIronmental condItion affectmg

senSItivIty of the plant to NOx, whereas others may be seen as NOx affectmg the plant's

response to an envIronmental stress These same consideratlOns are also nnportant m

evaluatmg other arr pollutants as envIronmental factors wIth respect to theIr Jomt actlOn wIth

NOx (see SectIon 9 7)

9.5.2.1 Climatic Factors

Chmatic factors act on a plant dIrectly from the atmosphere, and among those known to

affect the response of a plant to NOx are hght mtensIty, photopenod (length of the dayhght

penod durmg a 24-h cycle), temperature, precipitatlOn, RH, and the gases CO2, NH3 , S02,

03' and HF (The jomt-actlOn of S02, 03' or HF wIth NOx IS assessed WIth respect to the

effects of mIXtures of pollutants m SectlOn 9 6.)

Except m greenhouse operatlOns, chmatic factors can be consIdered to be unmanaged

vanables, they pose a problem m the assessment of ef£ects because theIr temporal vanatlOns

may be coherent wIth changes m the concentratlOn of NOx at any sIte and because vanatlOn

m one factor IS usually accompamed by vanations m the others

Lzght

The mfluence of hght on the response of plants to NOx may be generally VIewed as

occurrmg m three domams FIrst, there are the changes m mtensity of hght that may occur

durmg exposures m dayhght Second, there IS the presence or absence of hght that

dIfferentIates exposures durmg day from those durmg the mght Thrrd, there are the

seasonal vanatlOns m day length, which mdIrectly affe~t the response of plants to NOx

through an extended effect on growth and development

Generally, susceptibility to fohar mJury from NOx IS greater m the dark than m the

hght for most speCIes of plants In bean, fohar mJury was much more severe m the dark

than m the hght WIth short-tenn exposures (10 h or less) over a WIde range of concentratlOns

(e g , 10,000 ppm [Dolzmann and Ullnch, 1966], 16 ppm [Kato et al , 1974], 7 ppm
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[Anderson and Mansfield, 1979], or 3 5 ppm [Yu et al ,1988]) In pea, spmach, radIsh,

dock, jimson weed, and two specIes of tobacco (Anderson and Mansfield, 1979), as well as

WIth rose and rape (Zahn, 1975), the mCIdence or seventy of fohar mJury was greater wIth

exposures m the dark than wIth exposures m the hght Nevertheless, the dIfference m

sensitIvity between hght and dark was not so great m barley (Zahn, 1975), and the senSItiVIty

of wIld tobacco was greater m the hght than m the dark (Anderson and Mansfield, 1979)

In sugar beet, the concentration of N02 requIred to mduce fohar illJUry was about 10-fold

greater ill darkness than ill hght (Czech and Nothdurft, 1952) WIth tomato mamtamed at

1,000 ppm CO2, foliar illJury decreased ill seventy WIth an illcrease ill photon flux denSIty

(30, 95, 175, or 250 p,mollm2/s) dunng exposure to 1 5 ppm NOx (20% N02 + 80% NO)

for 25 days (Mortensen, 1986) In sunflower, mtrogen-deficient plants were more

susceptible in the dark, but those supphed WIth mtrogen as mtnte or ammomum were more

susceptible in the hght (Yoneyama et al , 1979a)

LIght is probably the predomillate envlfonmental factor known to affect the uptake of

NOx, and the rate of uptake of NOx generally follows the same form of hght-saturatIOn curve

as do photosynthetic CO2 uptake and transprratIOn (Rogers et al , 1979b, Hill, 1971)

However, the effects of hght on fohar senSItiVIty to illJury as well as other hnes of eVIdence

indicate that hght illtensity can also affect mesophyll reSIstance to N02 and that thts could be

related to the occurrence of N02-illduced leSIons One of these IS a dIscrepancy between

changes in the rate of transprratIOn and uptake of NOx, whtch could mdicate that stomatal

resistance increases whIle mesophyll reSIstance decreases dunng exposure A stable uptake

of N02 over a 5-h penod was accompamed by an 11 % decrease ill rate of transprratIon for

com and soybean (Rogers et al , 1979b), ill potato, uptake was not entIrely explamed by a

first-order rate constant for N02 (Smn et al ,1984) Uptake of N02 was related hnearly to

photosynthetic flux denSIty and doubled over the range of 02 to 420 p,E/m2/s ill a tomato

mutant (jlacca) that does not have stomatal closure ill the dark (Murray, 1984)

The presence of hght can mfluence not only sensItivIty, but also the form and

development of fohar leSIOns In bean, chlorOSIS occurred only WIth exposures m the hght,

whereas exposure ill the dark produced wIltmg and the occurrence of water-soaked areas,

whtch then became necrotIc but remamed green Transferral to the hght after exposure m

the dark accelerated the rate of development of leSIons and produced bleached necrotic areas
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(Yu et al ,1988) In very young leaves of pea, alfalfa, vetch, and clover (but not of other

legumes), an mtervemal Chl010SIS was produced only by exposure m hght and not m

darkness or when exposure m the dark was followed by a penod of hght Nevertheless, the

leaves became green agam m the postexposure penod u subjected to hght of sufficIently mgh

mtensity Exposures m the dark or of older leaves produced only necrotic leSIOns (Anderson

and Mansfield, 1979) There was no effect of hght mtensity after exposure on the

development of NOTmduced symptoms m lettuce (Czech and Nothdurft, 1952)

BeSIdes the mtensity or presence of hght, penodlc vanatIOns m sensItIVIty withm the

qUOtidIan cycle may also contnbute to duferences m response between mght and day

exposures Alfalfa was more sensitIvite to N02-mduced fohar mJury m the mormng than m

the afternoon (Zahn, 1975) When subjected to 2-h e),posures to N02 m controlled

enVIronment chambers, oat seedhngs showed a peak m senSItiVIty about 12 to 16 h after the

begmmng of the hght period, rye seedhngs showed the same behaVIOr m the hght and

another peak m senSItivIty, mgher than that m the hght, m the dark about 2 to 4 h after the

end of the hght penod (FIgure 9-17) (Van Haut and Stratmann, 1967, Van Haut, 1975)

There IS also some eVIdence from exposures of bean and sunflower to N02 at 4 ppm m hght

and darkness that a quotidIan cycle could be a compo11lent of temporal changes observed m

the fohar levels of mtnte and Nl.R. (Yoneyama et al ,JL979a) The degree to wmch hght

entrams the phase or frequency of these cycles of fohar senSItiVIty to NOx IS unknown

The eVIdence IS too sparse and contradIctory to support any general conclUSIOn as to

whether NOx IS more effective m dark or m hght WIth respect to Its mh1bItIOn or promotIOn

of growth except that such effects may be determmed by speCIes of plant In tomato grown

WIth CO2 ennchment (at 1,000 ppm), exposure to 1 5 ppm NOx (20% N02 + 80% NO) for

25 days decreased mass of shoots at all photon flux denSIties (30, 95, 175, or

250 p,mollm2/s), but decreased number of leaves and length of stem only at the two lower

levels of hght mtensity (Mortensen, 1986) Daytnne exposures to N02 at 03 ppm, 10 h/day

for 2 weeks had no effect on the growth of com, sunflower, or bean seedhngs, but mghttlme

exposures produced the followmg a decreased growth of leaves (but not roots) of com, an

mcreased growth of leaf and stem (but not root) m sunflower, and an mcreased growth of

stem and root (but not leaf) m bean In cucumber under the same regImes, both daytIme and
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Source Van Haut and Stratmann (1967)

nighttime exposures increased. the masses of leaf, stem, and root, but the mcreases were

relauvely greater with daytime exposures (Yoneyama et al ,1980c) Growth of roots, but

not of stem or leaves, appeared. to be greater WIth a mghttIme than WIth a daytime exposure

during the week followmg a I-h exposure to N02 at 2 ppm m 2-week-old sunflower

seedlmgs, no effects were apparent m 4-week-old sunflower or m 2- or 4-week-old corn

seedlings (Yoneyama et al , 1980d)

Exposure of European whIte brrch to N02 at 0 04 ppm for 9 weeks had no effect on

growth under a photoenvrronment WIth a photopenod of 16 h and photon flux denSIty of

280 p.mol/m2/s; however, N02 mcreased. the masses of stem and leaves as well as leaf area,

stem heIght, and length of mternodes WIth a photopenod of 12 h and a photon flux denSIty of

100 p.mol/m2/s, whIch was close to the photosynthetic compensation pomt (Freer-SmIth,

1985) The influence of hght mtensity IS not separable from that of photopenod or

tempernture on seasonal changes m the effect N02 on the growth of grasses (WhItmore,
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1985), broadleaved trees (Freer-SmIth, 1984), or corufers (Freer-SmIth and Mansfield,

1987)

Temperature

The mhlbitOry effect of NOz on photosynthetic COz uptake In bean leaves was greatest

(around 30%) at the optImum temperature for photosynthesIs (around 30°C), and lesser

degrees of mhlbitlOn occurred above (about 22 % at 35°C) or below (about 14% at 15 °C)

tills pomt The mhlbitOry effect of NOz on dark resprratlOn mcreased WIth an mcrease m

temperature (from 39% at 15°C to 51 % at 35 °C) Uptake of NOz at 3 ppm by bean leaves

mcreased WIth mcreases In temperature over the range of 15 to 35°C (about a twofold

duference between the lowest and illghest temperatures) m the hght, however, uptake

mcreased about 75% from 15 to 25°C, but not above 25 °C, m the dark The mhlbitIon of

transprratlOn m the hght by NOz was 7 % at 15°C and 15 % at 35 °C (Snvastava et al ,

1975b)

The effect of temperature was not dIstmgmshable from that of several other factors that

could have affected the development and response of grasses (Willtmore and Mansfield,

1983, Lane and Bell, 1984b) or trees (Freer-SmIth, 1984) to NOz The unpositIon of low

temperatures (less than 0 °C) durmg a senes of exposures to NOz could be regarded as a test

for changes m cold-tolerance rather than an effect of tlemperature on the plant's response to

NOz (Freer-SmIth and Mansfield, 1987)

WIth arr temperatures m the range of -6 to 3°C, there was no measurable uptake of

NO or NOz by spruce or pme, and the deposItion rate was estunated to be less than 4% of

that durmg the day WIth ambIent summer temperatures (Granat and Johansson, 1983)

Mzst and Relatzve Humldzty

The mIstmg of plants durmg exposure was WIthout apparent effect on bean, but tended

to mcrease the rate of development of fohar leslOns on spmach and young plants of barley

and rye (Czech and Nothdurft, 1952), It also mcreased the seventy of NOz-mduced fohar

mJury m Kentucky bluegrass (ElkIey and Ormrod, 1981a) Although NOz at 0 15 ppm m

contmuous lO-day exposures had no effect on growth (fohar area) of Kentucky bluegrass

when mIst was present, NOz mcreased growth m the absence of mIst, dependmg upon
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culuvar and whether plants were grown wIth adequate or deficIent levels of sulfur or mtrogen

in the soil (Elkiey and Ormrod, 1981a) In the earher study, mIst was apphed (total

deposItion of 0 67 mm) throughout a I-h exposure (Czech and Nothdurft, 1952) In the

latter mvestlgation, mIst was apphed for two 5-mm penods, 4 h apart, each day dunng the

photoperiod, and stoma~ aperture mcreased for 2 to 3 h after each apphcatIOn (E1kJ.ey and

Ormrod, 1981b). MIst may be VIewed as effectively actmg as an mcrease m humIdIty and

thereby mcreasing or delaymg a decrease m stomatal conductance

Uptake of N02 at 3 ppm by bean leaves was 47% greater at 80 % RH than at 45 or

20% RH after 2 h of exposure and about 19% greater after 5 h of exposure The mhIbitIon

of photosynthesIs of bean leaves by N02 at 3 ppm tended to be greater at 80 and 45 % RH

(22 and 33%, respectively) than at 20% RH (16%), and mhIbitIon of tranSpIratIOn by N02

was greater at 45 or 80% RH (7 and 6%, respectively) than at at 20% RH (1 %) at 25°C

(Srivastava et al , 1975b).

CarbOIl Dioxide

The jomt action of carbon dIOXide and NOx has receIved attention for the practical

reason tllat both gases are generated m the combustIOn of fossil fuels, partIcularly m the

greenhouse culture of plants when burners are used to ennch the atmosphere WIth carbon

dIOXide and NOx specIes anse as byproducts

In general, it appears that when NOx mhIbited growth at normal levels of CO2, an

increase ill the level of CO2 resulted m a net mcrease m growth, although there was still an

mhibitory effect of NOx In tomato, exposure to 0 35 ppm NO for 35 days at normal levels

of CO2 resulted ill decreases m leaf area, mass of plant and shoot, and relative growth rate,

with CO2 at 1,000 ppm, NO mcreased leaf area and was WIthout effect on the other vanates

(Anderson and Mansfield, 1979)

The same general pattern also occurred WIth the effect of NOx on apparent

photosynthesIs (uptake of CO2 m the hght) an mcrease m the level of CO2 resulted m a net

increase in uptake, although there was stIll an mhIbitOry effect of NOx In bean plants, N02

at 3 ppm decreased apparent photosynthesIs by a constant amount at concentrations of CO2

from 100 to 600 ppm and at 2,000 ppm Because apparent photosynthesIs mcreased WIth an

increase ill CO2 concentration, the relatIve effect of N02 decreased WIth an mcrease m CO2
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(Snvastava et al ,1975b) PhotosynthesIs was decreased by NO at 1 ppm, but the inlnbitOry

effect of NO at 1,000 ppm CO2 was greater than, equal to, or less than that at normal CO2

levels, dependmg on the specIes of plant (Saxe, 1986a)

Ammonia

Atmosphenc NH3 reduced the seventy of fohar symptoms produced by N02, but thIs

effect depended on hght mtensity and specIes of plant In the dark, NH3 m the range of 2 to

7 ppm reduced fohar mJury from a I-h exposure to N02 at 6 4 to 9 0 ppm in pea, wild

tobacco, celery, and bean (concentratIOns were dIfferent for each specIes) In the hght, the

same kmd of effect occurred m pea, but not m wild tobacco The actIOn of NH3 was

attnbuted to Its neutrahzatIOn of the HN02 or HN03 produced m the fohar tissue by N02

(Zeevaart, 1976) (see Sections 9 3 2 5 and 9 3 42)

9.5.2.2 Edaphic Factors

EdaphIc factors act on the plant dIrectly from the soil, and those affectmg the plant's

response to NOx mclude soil mOIsture tenSIOn (and sahmty) and mmeral nutntIOn (level and

form of sources of mtrogen or sulfur) These may also be vIewed as mampulated vanables

m managed systems, through rrngatIOn or fertIhzatIOn Although temporal vanatIOns may

occur m edaphIc factors, theIr rates of change will be less rapId than WIth the chmatIc factors

or concentratIOn of NOx Nevertheless, theIr spatial vanatIons may be assocIated WIth the

pattern of dIspersIOn of NOx m a locahty

Sozl MOIsture and Salinzty

The senSItIvIty of plants to NOx decreases as watt~r becomes less avaIlable m the soil

The seventy of NOTmduced fohar leSIOns m 10 speCIes of weeds exposed to 20 or 50 ppm

for 4 h was greater for plants m soil at about field capacIty than for those near mCIpient

wIltmg (BenedIct and Breen, 1955) Although stomatal conductance was not measured, It

can be presumed that thIs was decreased by water stress and resulted m a decreased uptake

ofN02

Increases m the salmIty of solutIOn bathmg the roots of bean seedhngs (by the addition

of sodium chlonde to gIVe concentratIOns of 20 to 80 mM) resulted m decreases m stomatal

9-109



conductance, uptake of N02, and level of mtnte m fohage exposed to N02 at 0 31 ppm for

2 h (Fuhrer and Ensmann, 1980)

SOll Sulfur

A level of sulfur m soil, wInch was low enough to produce fohar symptoms of

deficiency, decreased the seventy of N02-mduced fohar symptoms m Kentucky bluegrass

(N02 at 0.15 ppm in 10-day exposures) Sulfur-deficIency also altered the effect of N02 on

growth (fohar area), dependmg upon culuvar m one cultlVar, N02 mcreased the growth of

plants gIVen complete nutnent, but not that of sulfur-deficIent plants, m another, N02 had no

effect on plants gIven complete nutnent, but decreased the growth of sulfur-deficIent plants

(ElkIey and Ormrod, 1981a)

SOlI Nitrogen

The avaIlability of morgamc mtrogen m soil appears to affect the plant's response to

NOx in several ways, such as the margmal value of NOx as an addluonal source of mtrogen,

the capacIty of the fohar ussue to reduce and aSSImilate NOx, and other changes m the

phySIological state of the plant that can mfluence ItS response to NOx These effects of

nitrogen m the soil depend on concentratIOn of NOx, speCIes of plant, effect measured,

degree of mtrogen defiCIency mduced, and form of morgamc mtrogen supphed The

incidence or seventy of NOx-mduced fohar mJury can be affected by the level of mtrogen m

the soil or nutnent solutIon supphed to the roots, but the eVIdence IS contradIctory as to the

effect of nitrogen defiCIency on the senSItIVIty of the plant to NOx

Some data show that NOx-mduced fohar mJury zncreases WIth an mcrease m mtrogen

deficiency (1) a doublmg of the level of mtrogen m soil decreased the seventy of fohar

injury in rape and barley exposed to N02, and further mcreases m mtrogen (above that

adequate for normal growth) decreased mJury m rape but not m barley (Zahn, 1975),

(2) foliar mJury m sunflower exposed to N02 at 2 ppm dId not occur WIth mtrate supphed at

15 or 5 mM, but dId when mtrate was absent (Okano and Totsuka, 1986), (3) WIth exposures

to N02 at 4 ppm for 3 h, mJury occurred m sunflower (m the dark) WIthout mtrate, but not

when mtrate was proVIded at 10 or 100 ppm, and mJury occurred m bean (older leaves m the

light) prOVIded WIth mtrate at 10 ppm, but not at 100 ppm (Yoneyama et al , 1979a),
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(4) seventy of N02-illduced fohar illJury decreased wIth illcreases of mtrate from 0 to 2 and

5 mM and dId not occur at 10, 25, or 50 mM ill bean exposed to 3 ppm for 5 h (Snvastava

et al , 1975c), (5) ill short-term (3-h) exposures to N02 at 2 ppm, illJUry that developed

dunng the postexposure penod of 2 days became less severe wIth illcreasing levels of mtrate

(Snvastava and Ormrod, 1984), and (6) fohar illJUry wa.s more severe ill bean grown wIth

deficIent mtrogen under acute exposure to 17 2 ppm for 1 h (Kato et al , 1974)

Other data show that NOx-illduced fohar illJUry decreases wIth an illcrease ill mtrogen

defiCIency (1) two out of three cultIvars of Kentucky bluegrass had less severe fohar illJUry

when grown under mtrogen-deficient condItions and eXJPosed to N02 at 0 15 ppm

contilluously for 10 days (Elktey and Ormrod, 1981a), (2) fohar illJUry of bean was more

apparent when mtrate was supplIed at 10 mM dunng exposure to N02 at 0 5 ppm for 24 h ill

plants prevIously grown under defiCIent condItions (Snvastava and Ormrod, 1989), (3) fohar

illJUry of bean occurred when mtrate was supphed at 20 mM, but not at lower

concentratIOns, dunng exposmre to N02 at 0 5 ppm for 5 days ill plants prevIously grown

under defiCIent condItIons (Snvastava and Ormrod, 1984), and (4) fohar illJury occurred

mfrequently ill bean exposed to N02 for 6 h/day over 14 days, and It tended to be greater ill

illcidence ill plants grown ill 10 or 20 mM mtrate but not ill 0, 1, or 5 mM ill Hoagland's

solutIOn (Snvastava and Ormrod, 1986)

It should be noted that the form of mtrogen can also be tmportant (1) ill cucumber

subjected to acute exposure to N02, illJury dId not occur wIth mtrate, but dId wIth

ammomum salts as the source of mtrogen (Kato et al , 1974), and (2) illJUry developed ill

sunflower supphed wIth ammomum or mtnte, but not ill defiCIent plants or those supphed

wIth mtrate (Yoneyama et al , 1979a)

Although NOx can be a supplemental source of rutrogen for plants ill mtrogen-deficient

soils, the boundary between mhIbitIon and promotIOn of growth by NOx IS obscured by many

factors, but tends to occur at levels of soil mtrogen that are substanttally hmitillg to growth

The illteractIve effects of NOx and soil mtrogen on growth have been studIed most

extensIvely ill the followillg groups of plants

Grasses In Kentucky bluegrass, the effect of mtrogen defiCIency on growth (fohar area)
depended on cultivar N02 illcreased growth ill plants grown on complete
nutnent, but had no effect on mtrogen-deficient plants ill one cultIvar, whereas
N02 illcreased growth ill mtrogen-deficient plants, but had no effect ill complete
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nutnent ill two other cultIvars (ElkIey and Onnrod, 1981a) WIth perenmal
ryegrass, there was no signIficant illteractIon of N02 at 0 2 ppm for 11 weeks
with level of mtrate on growth of shoots and roots, although N02 reduced
senescence and mass of dead shoots at the hIgher level of mtrate more effectIvely
ill one populatIon than ill another (Taylor and Bell, 1988)

Cereals: WIth com, N02 at 0 3 ppm for 2 weeks illcreased the dry mass of roots by 46 %
at a medIUm level of SOll mtrogen and decreased root mass by 29 % at low SOll
nitrogen wIth a 5 % or less effect on the mass of shoots (Matsumaru et al ,
1979) With barley, N02 at 03 ppm for 9 days illcreased root mass wIth no
mtrate and illcreased shoot mass at 10 roM mtrate, wIth no signIficant effects at
higher levels of mtrate (Rowland et al , 1987)

Sunflower The illcreased growth produced by N02 ill mtrogen-deficlent plants occurred
predommantly ill the youngest leaves, WIth about a 180% illcrease ill mass,
whereas other tIssues of the shoot were illcreased about 25 % (Faller, 1972)
At 0.3 ppm ill 7-day exposures, N02 partIally reversed depressed growth of
leaves and stems, WIth no effect on roots, and symptoms of mtrogen defiCIency
in sunflower grown on artIfiCIal SOll reCelYillg nutnent solutIon contammg 0, 5,
or 15 roM potassIUm mtrate WIth other nutnents at full strength (Okano and
Totsuka, 1986) In exposures for 2 weeks, 0 3 ppm N02 reduced the masses of
leaves, stem, and roots by 11 to 17% at hIgh levels of SOll mtrogen, produced a
shghtly greater mhIbitIon of leaves and stem, but a 45 % reductIOn ill root mass
at medIUm SOll mtrogen, and had neghglble effects on roots or stem, but
illcreased shoot mass by 17% at low SOll mtrogen (Matsumaru et al , 1979)

Tomato' Exposures to NOx at about 2 ppm (ill a CO2-ennched atmosphere) had neghglb1e
effects (less than 5 %) on fruIt productIOn (over 4 mo) ill plants supphed WIth
33 or 85 ppm mtrogen ill SOll but reduced productIon by 13 % ill plants supphed
WIth 170 ppm mtrogen (Law and Mansfield, 1982) Exposure to N02 at 0 25 or
0.39 ppm dId not affect growth (mass of leaves or stem) WIth a mtrate level of
28 mg/L ill solutIOn supphed to the roots (whIch produced stunted plants), but
growth was illcreased by N02 WIth a fivefold illcrease ill the level of mtrate
(Troiano and Leone, 1977) On the other hand, the mass of tomato shoots and
roots was decreased ill SOllS of hIgh fertility by exposures to NO at 0 2, 04, or
o8 ppm, but illcreased and then decreased WIth illcreasillg concentratIon of NO
in SOllS with medIUm or low levels of fertility (Anderson and Mansfield, 1979)
These effects on tomato WIth N02 (TroIano and Leone, 1977) or NO (Anderson
and Mansfield, 1979) could be VIewed as changes ill SIZe as there were no
differential effects on growth of leaves, stem, or roots Nevertheless, exposure
to N02 at 0 3 ppm for two weeks at three levels of sOll-mtrogen produced no
effect on mass of roots, but a decreased mass of stem and leaves of about 20 % at
the lowest level, a decreased mass of leaves of 18 %, stem of 24 %, and roots of
31 % at the medIUm level, and a shght effect on leaves, but decreased mass of
stem or roots of 15 to 20% at the hIghest level (Matsumaru et al , 1979)
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Bean The compleXIty of the mteractIOn of concentratIOn of N02, level of mtrate
supphed, and nature of effect IS illustrated m FIgure 9-18 for bean seedhngs
grown at five levels of mtrate (0, 1, 5, 10, or 20 mM) and exposed to four levels
of N02 (0, 002, °1, or 05 ppm) When exposed to N02 for 6 h1day over a
penod of 14 days, mcreases m concentratIOn of N02 produced decreases m the
mass of shoot wIth relatively shght decreases m mass of roots at the three lower
levels of mtrate and relatIvely greater decreases m mass of roots and then
decreases m mass of shoot at the two hIgher levels of mtrate (Snvastava and
Onnrod, 1986) When exposed to N02 contmuously for 5 days, mcreases m the
concentratIOn of N02 produced an mcrease and then a decrease m stem length
wIth no effect on fohar mass wIth no addedl mtrate and decreases m fohar mass
wIth shght effects on stem length at the three hIgher levels of mtrate (Snvastava
and Ormrod, 1984)

9.6 EFFECTS OF POLLUTANT MIXTURES

A pubhcatIOn by Menser and Heggestad (1966) proVIded the ImtIalImpetus for

extensIve research mto the effects of pollutant combmatIOns on plants They showed that

tobacco (Bel W3) exposed to low concentratIOns of eIther 03 or S02 was unmJured, but

substantial fohar mJury occurred when the plants were exposed to both pollutants

SImultaneously The authors called thIs response a synergIstIC effect Subsequent studIes

have confirmed thIs report and extended the observatIOns to show that pollutant combmatIOns

can mfluence not only fohar mJury responses, but othel plant processes as well

TYPICally It IS assumed that the major effect of NOx at ambIent concentratIOns on plants

IS through ItS partICIpatIOn m the photochemIcal formatIOn of OXIdants such as

°3, recogmzmg that the phytOtOXICIty of NOx IS qUIte low relatIve to 03 GIven the broad

vanety of pollutant sources m the Umted States, It IS pOSSIble that NOx could co-occur WIth

other compounds, on eIther a local or a regIOnal scale Consequently, m a natural

envIronment, plants may be exposed to varymg combmatIOns and concentrations of NOx ,

03' and S02 OXIdes of mtrogen m combmatIOn WIth compounds other than these IS also

pOSSIble, but will not be conSIdered here due to a lack of studIes addressmg these

combmatIOns

The exposure regIme IS an Important conSIderatIOn m evaluatmg studIes m whIch plants

are exposed to mIXtures The evaluatIOn must conSIder not only the reported bIOlogICal

Impact, but also must determme If the pollutant concentratIOns and theIr mdIvidual and Jomt
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occurrences were reasonable m relation to concentrations and frequency of occurrence

momtored m the ambIent aIr Analyses of amblent-arr momtonng data have studIed the

frequency of pollutant (N02/S02 and N02/03) co-occurrence (Lefohn and Tmgey, 1984,

Lane and Bell, 1984a, Jacobson and McManus, 1985, Lefohn et al ,1987a) In general, the

studIes have concluded that (1) the co-occurrence of two-pollutant mIXtures lasted only a few

hours per epIsode, (2) the tIme between epIsodes IS generally large (weeks, sometimes

months), and (3) the penods of co-occurrence represent a very small portIOn of the potential

plant growmg penod At thIs tIme, It appears that most of the expenments have used longer

exposure duratIOns and hIgher frequencIes at co-occurreltlces than are tYPICally measured m

the ambIent aIr

When studymg the potential Impact of pollutant combmatIOns on vegetatIOn, the

Important question IS does the presence of a second pollutant cause a greater Impact on

vegetatIOn than the presence of the mdIvIdual pollutants'l If a second pollutant mcreases the

Impact on vegetation, then thIs fact must be conSIdered ill estabhshmg cntena to protect

plants, m theIr vanous functions, from pollutant effects

9.6.1 Mode of Action

9.6.1.1 Mode of Action of Pollutant Mixtures

Underlymg bIochemIcal changes that may explam some of the detnmental effects on

plant growth caused by combmatIOns of S02 and N02 (see Section 9 3 3) have been studIed

(see also Roberts et al ,1983) No changes m the m VItro rates of photosynthetic electron

flow were detected m chloroplasts Isolated from grasses (LoILUm, Dactylzs, Phleum, and Poa)

treated WIth low levels of S02 or N02 (0 068 ppm each for 140 days) smgly or m

combmatIOns of S02 + N02 (Wellbum et al ,1981) By contrast, ratios of

NAD(P)H/NAD(P) + and rates of ATP formation were much reduced by S02 and

S02 + N02 fumIgations Furthermore, levels of certaIn enzymes such as GDH (but not GS)

were stImulated m a more than addItIve manner m S02-sensItIve perenmal rye grass (Lollum

perenne L) (cv Aberystwyth S23) and m mutant matenal that was denved from S23 known

to be tolerant of S02 (S23 Bell reSIstant) when fumIgated WIth S02 + N02 However, no

effects were detected m another Lolzum clone (Helmshme) collected from a hIghly polluted

area around Manchester, UK
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Ammoma formed by the concerted actiOn of the enzymes NaR and NtR IS normally

assimilated mto amino aCIds by the GS/GOGAT pathway withm plastIds, whereas GDH IS

probably involved m the breakdown of ammo aCIds (see Section 9 3 3) Why low level

fumigation with either S02 alone or S02 + N02 should sIgmficantly enhance GDH aCtiVIty

but not affect GS aCtiVIty IS not known HIgh levels of GDH actiVIties may be mdicatIve of

secondary metabohc events, related to the removal of ammo aCIds such as glutamate, whIch

occur in plant tissues as a consequence of exposure to mIXtures of pollutants

The pOSSIbility of changes m the levels of NtR actIVIty due to S02, N02, or

S02 + N02 have also been mvestIgated usmg plastid preparations from fumIgated tillers of

the S02-sensitIve perenmal rye grass (Lolwm perenne L cv Aberystwyth S23) 0Nellbum

et al., 1981) Sulfur diOXide has no drrect effect upon the levels of NtR actiVIty, even at a

relatively hIgh concentration (1 ppm), but N02 alone mduces a sIgmficant mcrease m NtR

after 9 days at 0 25 ppm or after 7 days at 0 5 ppm ThIs feature was also shown by the

S02-resistant Helmshore clone after 13 days of fumIgatiOn Most Important of all are the

combmed effects of S02 + N02 In such clIcumstances, the presence of S02 completely

prevents the rise m NtR actIVIty normally mduced by N02 alone

InhIbition of a potential means of detoXIficatiOn of the products of N02 m plants was

also shown by all clones of Lolwm and other grass specIes 0Nellbum et al ,1981) After

20 weeks of fumigation, levels of NtR actIVIty m plants grown m NOTpolluted alI

(0.068 ppm) were apprOXImately double those m plants growmg mclean arr By contrast,

the S02 + N02 treatment failed to mcrease the levels of NtR normally found m treatments

WIth N02 m all grasses Indeed, WIth the exception of the S23 Bell S02-resistant Lolium

clone, all levels of NtR aCtiVIty were sIgmficantly depressed below clean-arr control levels

The additional presence of S02, therefore, prevents the mductiOn of additiOnal NtR activity

normally associated WIth N02 fumIgation Consequently, these plants are then open to

damage by the products of both pollutants (sulfite and mtnte) m a number of ways at the

sanle time

Until recently, httle progress has been made With exposures to mIXtures contammg

0 3 + N02 or S02 + 03 + N02 at the biOchemIcal level In a prehmmary expenment,

which unfortunately did not mclude slIDultaneous exposures of 4-year-old Norway spruce

(Pzcea abzes L) clones to N02 alone, Klumpp et al (1989b) showed that NaR actiVIties were
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enhanced by 03 + N02 and S02 + 03 + N02 treatmemts m current-year needles, but were

reduced m 1-year-old needles However, responses to lthe fumIgatIOn mIXtures were hIghly

dependent upon the avaIlability of calcIUm (Ca) and magnesIUm (Mg) to the seedlmgs For

example, mhlbitIon of NaR actIVItIes by mIXtures of S02 + N02 m current-year needles only

occurred when Ca and Mg levels were very low In the same senes of experiments,

treatments wIth S02 + N02, 03 + N02, or S02 + 03 + N02 mcreased superoXIde

dismutase actIVItIes m younger needles, but peroXidase levels only rose m treatments

contammg S02 (Klumpp et al ,1989a) ThIs tIme, levels of both enzymes were enhanced by

defiCIenCIes m the supply of Ca and Mg to the plants, whIch mdicates that both pollutant

mIXtures and mmeral defiCIenCIes ehcIt free-radical-mduced mJury

Symptoms of mJury caused by mIXtures of S~ and N02 often resemble those due to

03 alone (Remert et al ,1975) For thIs reason, eVIdence for more fundamental damage

mduced by free radIcals, as well as changes m levels of enzyme aCtiVIty aSSOCIated WIth free

radIcal scavengmg, has been sought Generally, 03 damage IS charactenzed by

membrane-associated mJury and, as a consequence, gradIents of protons or other Ions are not

mamtamed (Mudd, 1982) An effectIve and senSItive probe of proton gradients across

membranes IS obtamed by followmg changes m the hght-dependent fluorescence quenchIng of

an added amme hke 9-AA ThIs can be apphed to a number of systems, mc1udmg the

generatIOn of a pH gradIent across Isolated thylakmd membranes, whIch IS generated by

photosynthetIc electron flow and then harnessed by couphng factors to form ATP

Changes m hght-mduced quenchmg of 9-AA flUOl escence by detached thylakOld

membranes obtamed from lysed oat (Avena satlva L cv Pmto) chloroplasts have been

studIed m the presence of vanous concentrations of 03' sulfite, sulfate, nitnte, and/or mtrate

(Robinson and Wellbum, 1983) The ability of the photosynthetIc membranes to create and

mamtam effectIve proton gradients m these different conditIons was then determmed

RelatIvely hIgh concentratIOns of sulfate, mtrate, sulfite, or mtnte were requITed to affect the

redIstnbutIon of the 9-AA probe m the hght Pulses of 03' by contrast, were hIghly

effectIve m creatmg sIgmficant reductIOns m the hght-mduced quenchmg of 9-AA

fluorescence, even at very low levels (5 nmol 03) ThlS damage by 03 to the effectIveness

of thylakOlds to generate proton gradIents was aggravated by hght However, a few seconds

later, an addItIonal reparr mechamsm was also detected, but thIs appeared to occur only m
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the dark. Similarly, mixtures of sulfite and mtnte were also found to be a htghly dIsruptIve

-detnmental effects bemg detected at concentrations as low as 0 1 mM of each Thts type

of membrane damage could explam the known senSItiVIty of plant growth to 0 3 alone or to

S02 + N02 mIXed funugatIOns (see Section 9 3 5) Moreover, the destructive mfluence of

combinations of sulfite and mtnte mdIcate that, under certam condItions, the two together are

capable of minatmg free-radical reactions Withm membranes (SImilar to those of 03 alone),

which cause a breakdown ill the mechamsms illvolved ill the creatIon of proton gradIents

across thylakoid membranes Nash (1979), dunng chemIcal studIes of mIXtures of S02 and

N02, concluded that together, these gases ill solution produce sulfite radIcals that eXist long

enough to seek out senSItive dIsulfide bonds ill protems Related events may also occur on

other membranes, such as the mner envelope membranes of mitochondna or plastIds, or the

plasma membrane, whIch are all illvolved ill SImilar proton-dependent activines

Many mvestIgations have shown that mIXtures of arr pollutants can have a detnmental

effect on growth (Bennett and Hill, 1975, Mansfield and Freer-SmIth, 1981), but not many

have hoked interaction between pollutants to changes ill phySIOlogICal processes Bull and

Mansfield (1974) showed sigmficant depreSSIOns of net photosynthesIs m peas (cv Feltham

First) due to S02 + N02 at levels of 0 05 to 0 25 ppm, but detected no mteractIon between

the two gases By contrast, WhIte et al (1974) were able to fmd a more than addItive effect

of the two gases on net photosynthesIs m alfalfa (cv Ranger) at concentranons around

0.15 ppm of each, but not at htgher levels Later work from the same laboratory (Hou

et al , 1977) confrrmed thts result and demonstrated that doublmg the CO2 concentratIOn

reduced the mhIbitIOn of net photosynthesIs by the mIXture Thts effect was attnbuted to

stomatal closure m response to the htgh CO2 levels MIXtures of N02 (2 0 ppm) + 0 3

(0.3 ppm) mhIbited photosynthesIs and altered the translocatIOn of aSSImilates m kidney bean

to a greater degree than expected from responses to N02 or 03 alone (Okano et al , 1985a)

Root and lower stem of plants exposed to 03 + N02 receIved far less photoassImIlate

relatIve to control plants Ozone IS well known for reducmg photosynthesIs, the authors

speculate that the reductIOn of mtnte was mhIbited by 03 and amphfied by the presence of

N02, leading to the photosynthesIs and translocatIOn effects

MIXtures of S02 and N02 can also reduce stomatal conductance and tranSpIratIOn

(DarraH, 1989) For example, more than addItive reductIOns m stomatal conductance of
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three soybean vanetIes (Hark, Beeson and Amsoy) due to S02 (2 ppm) + N02 (05 ppm)

were detected m less than 5 h (Amundson and Wemstem, 1981) In tIns case, N02 alone

had no effect Levels of over 1 ppm NO or 2 ppm N02 are usually requIred for tIns to

occur (Darrall, 1989, Saxe and Murah, 1989) Carlson (1983), workmg m the short term

(2 to 24 h) wIth soybean (Glycme max L) and up to 0 6 ppm of SCh, N02, or of both,

however, found reductions m stomatal conductance for both gases separately and m

combmatIOn He also observed reductIOns m net photosynthesIs and reSIdual conductance as

a result of the S02 and the S02 + N02 treatments

Rates of mlnbitIon of net photosynthesIs m sunflowers (Helwnthus annuus L cv

RUSSIan Mammoth) mduced by N02 + 03 mIXtures dIffer from those mduced by S02 +
N02 or S02 + N02 + 03 mIXtures (Furukawa and Totsuka, 1979) MIXtures of N02
(1 ppm) + 03 (0 2 ppm) decreased rates of net photosynthesis steadily throughout the

exposure penod (2 h), whereas mIXtures wIth S02 mduced an abrupt change to lower steady

levels Withm 30 mm Only m the S02 + N02 treatment IS the extent of the mlnbitIon

determmed by the levels of N02

Stomatal conductances can also mcrease at low levels « 0 1 ppm) of S02 (Darrall,

1989) and enhance tranSpIratIOn rates Levels of eIther S02 or N02 (both 0 1 ppm), for

example, cause short-term mcreases m tranSpIratIOn by beans (cv CanadIan Wonder) durmg

the f'Irst 3 days of exposure (Ashenden, 1979a) By contrast, exposures to S02 + N02 cause

a short-term decrease m transpIration, but over the longer term, tIns effect may be reversed

Exposure of clonal bIrch (Betula pendula Roth) to S02, N02, or S02 + N02 (0 02 to

o06 ppm each) for 20 to 30 days resulted m sIgmficant rates of water loss from the leaves

(NeIghbour et al , 1988) due to all gaseous treatments

Rates of dark respIration and net photoreSpIratIOTIl m the expenments of Carlson (1983)

on soybean were also reduced by mIXtures of S02 + N02, as well as by N02 Effects of

NOx alone on dark respIration have been dISCUSSed els(~where (SectIOn 9 3 4 1), but vanous

combmatIons of S02 + N02 + 03 can also stImulate dark respIratIon of current year

needles of Norway spruce (Klumpp and Gudenan, 1989) Usmg 11 dIfferent provenances of

Norway spruce, Saxe and Murah (1989) have shown that both mght transpIratIon and dark

respIration are sImulated by vanous mIXtures of NO + N02 (2 5 to 9 ppm of each)

However, the most senSItIve populatIOn (Westerhot) showed 6 6 tImes less net photosynthesIs

9-119



and 5.5 times more transprratIOn than tolerant "Rachovo" spruce However, at lower levels

of N02 (1 to 1.15 ppm), no effects on net photosynthesIs or transprratIOn were detected

There are no reports of any changes m carbohydrate allocatIOn m response to

fumigations wIth N02 alone at concentratIOns between 0 04 and 0 4 ppm (Darrall, 1989)

Nevertheless, adverse interactIons between S02 and N02 on root shoot ratIos (81 % of

controls) have been detected m barley (Hordeum vulgare L cv Patty) fumIgated for 20 days

with 0 1 ppm of each (pande and Mansfield, 1985) In radIshes (Raphanus satlvus L cv

Cherry Belle), however, Remert and Gray (1981) could only detect addItIve effects of S0.2,

N02, or 03 (0 4 ppm each for 7 days) Darrall (1989) has summanzed the detaIls of other

mIXed fumIgations m the hterature that are known to cause changes m root shoot ratIos The

mechanisms by which mIXtures of pollutants brmg about fundamental changes m the

apportIonment of matenal between roots and shoots are not known, but cntIcal changes m

phloem loading and transport could be responsIble

9.6.2 Exposure Response Data for Pollutant Mixtures

9.6.2.1 Description of Foliar Injury

Of the three major atmosphenc pollutants (03, N02, and S02), N02 IS the least lIkely

to cause VISIble mJury because of both ItS relatIvely low phytotOXiCIty and ItS low ambIent

concentratIOn In combmatlOn WIth other pollutants, however, N02 has the potentIal to

modify the illJUry aSSOCIated WIth the other gases Most of the descnptIOns of illJury arIse

from controlled enVIronment studIes Because of the generally greater senSItIVIty of plants to

pollutant exposure under controlled enVIronment conditIons, It IS pOSSIble that the exposure

condItions that led to the mJury symptoms ill these studIes would not result ill SImIlar illJUry

under field conditIons Several key early studIes clearly descnbed the illJury symptoms from

NOx mIXtures and estabhshed the potentIal for enhancement of NOx illJUry by S02

A survey of the senSItIVIty of SIX specIes to S02/N02 mIXtures ill 4-h exposures found that

neither 2.0 ppm N02 nor 05 ppm S02 alone caused fohar illJUry (Tillgey et al , 1971)

However, a mIXture of 0 10 ppm N02 and 0 10 ppm S02 admInlstered for 4 h caused fohar

injury to pinto bean, radIsh, soybean, tomato, oat, and tobacco Exposure to 0 15 ppm N02

in combillation with 0 1 ppm S02 for 4 h caused greater fohar illJury than dId lower

concentratIons Traces of fohar illJury were observed at 0 05 ppm N02 and 0 05 ppm S02,
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no sIngle gas exposures were perfonned In these specIes, upper leaf surface Injury most

often occurred as dIscrete InterveInal necrotic fleckIng, except for pInto bean and soybean,

winch developed a dark, reddIsh-brown pIgment In thE: cells on the upper leaf surface

(TIngey et al ,1971) The authors noted that WIth those exceptions, upper leaf surface Injury

was SImilar to that caused by 03 In most specIes Lower leaf Injury In the two bean specIes

was SImilar to the upper leaf surface InJury, whereas In radIsh and tobacco, lower surface

Injury was noted as sIlvermg of the InterveInal areas (Table 9-8) FUjIWara et al (1973)

found greater-than-additIve effects when peas were exposed to 0 1 ppm N02 In cOmbInatIOn

WIth 0 1 ppm S02 When N02 and S02 (0 2 ppm of each gas) were used, the effect was

only addItive (data not In Table 9-8)

The effect of all three gases (N02, S02, 03) on VISIble Injury of shore Jumper

(JUnlperus confena) was assessed after a SIngle 4-h exposure to 03 (03 ppm), S02

(0 15 ppm), and N02 (0 15 ppm), the effects on VisIblle Injury were addItive (Fravel et al ,

1984) The Injury resembled small, elongated, tan fobar leSIOns In response to 03 and N02,

and was SImilar In appearance to the Injury noted after 03 alone (Table 9-8)

Bennett et al (1975) StudIed the effects of N02 ~md S02 mIXtures on radIsh, SWISS

chard, oat, and pea Treatments consIsted of 1- and 3-h fumIgatIOns WIth the pollutants

separately and WIth S02 and N02 (1 1) mIXtures In concentratIOns rangIng from 0 125 to

1 0 ppm No VISIble Injury occurred on expenmental plants treated WIth N02 alone or from

exposures to S02 concentrations of less than or equal to 0 5 ppm The mInlffium exposure

doses that caused VISIble Injury to radIsh leaves were l-h exposures to a mIXture of N02 and

S02 (0 5 ppm of each gas) or to 0 75 ppm of S02 alone The data IndIcated that S02 and

N02 In combInation may enhance the phytOtOXiCIty of these pollutants, but relatIvely Ingh

doses were requITed to cause Injury The remammg studIes descnbed In Table 9-8 do not

detaIl the appearance of VISIble InJury, but rather concentrate on whether or not ItS

occurrence was enhanced by S02 and/or 03 These s1udIes, winch mamly focused on

NOx/S02 mIXtures, mostly demonstrated that the lIkelIhood of VISIble Injury response to

NOx Increases WIth concentration of the other gas, and WIth the addItIOn of 0 3

Very few studIes have addressed the occurrence of NOx mIXture Injury In field-SItuated

plants (Table 9-9) A broad survey of native U S speCIes' senSItiVIty to S02/N02 IndICated
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TABLE 9-8. VISIBLE INJURY IN CONTROLLED
EXPOSURES TO NITROGEN OXIDE MIXTURESa

Species Gas Mixture Exposure Effectb Reference

Tobacco N02 + S02 Low episode 0 Tmgey et al (1971)
MedIUm episode
High episode

Be.'Ul N02 + S02 Low episode 0 Tmgey et al (1971)
MedIUm episode 0/-
High episode 0/-

Tomato N02 + S02 Low epIsode 0 Tmgey et al (1971)
MedIUm epIsode 0/-
High episode 0

Radish N02 + S02 Low episode 0 Tmgey et al (1971)
MedIUm episode 0/-
HIgh episode

Oat N02 + S02 Low epIsode 0 Tmgey et al (1971)
MedIUm epIsode 0/-
HIgh epIsode 0/-

Soybean N02 + S02 Low epIsode 0/- Tmgey et al (1971)
MedIUm epIsode 0/-
HIgh epIsode 0/-

Radish N02 + S02 MedIUm epIsode Sanders and Remert (1982b)
N02 + 03 MedIUm epIsode
N02 + S02 + 03 MedIUm epIsode

N02 + S02 MedIUm seasonal Remert and Sanders (1982)
N02 + 03 MedIUm seasonal
N02 + S02 + 03 MedIUm seasonal

Mangold N02 + S02 MedIUm epIsode ? Sanders and Remert (1982b)
N02 + 03 MedIUm epIsode
N02 + S02 + 03 MedIUm epIsode

N02 + S02 MedIUm seasonal Remert and Sanders (1982)
N02 + 03 MedIUm seasonal
N02 + S02 + 03 MedIUm seasonal

Rhododendron N02 + S02 MedIUm seasonal 0 Sanders and Remert (1982a)
N02 + 03 MedIUm seasonal
N02 + S02 + 03 MedIUm seasonal

Potato N02 + S02 Low seasonal Petltte and Ormrod
(1984, 1988)

Kidney bean N02 + S02 HIgh espisode 0/- Ito et al (1984a)
Carolma N02 + S02 HIgh espisode Eastham and Ormrod (1986)

poplar MedIUm epIsode 0
Black poplar HIgh epIsode

Oat N02 + S02 MedIUm episode 0 Bennett et al (1975)
Beet 0
Radish
Pen 0

Shore N02 + S02 Low epIsode 0 Fravel et al (1984)
Jumper N02 + S02 + 03 MedIUm epIsode

MedIUm epIsode
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TABLE 9-8 (cont'd). VISmLE INJURY IN CONTROLLED
EXPOSURES TO NITROGEN OXIDE MIXTURES3

Gas Mixture Exposure

N02 + S02 Low episode
NOZ + 03 Low episode
NOZ + SOZ + 03 Low episode

NOZ + SOZ Low seasonal

? ?

NOZ + SOZ Low seasonal

NOz + SOZ MediUm seasonal

N02 + SOZ Low seasonal

Species

WhJ.te pme

European
bIrch

Downy
birch

Sitka spruce

Radish

Black
poplar

Little-leaf
lmden

Apple
European

bIrch
Speckled

alder

Loblolly
pme

Pitch pme
Scrub pme
Sweet-gum
WhJ.te ash
Red ash
Willow oak

Loblolly
pme

Kidney
bean

N02 + 03
NOz + SOz + 03

NOz + 03

Low seasonal

Low seasonal

High episode

?

01-

o

o

o
o

Reference

Yang et al (1982)

Neighbour et al (1988)

?

Freer-Stnlth and Mansfield
(1987)

GodZlk: et al (1985)

Freer-Stnlth (1984)

Kress and Skelly (1982)

Kress et al (1982b)

Okano et al (1985a)

aNOz = Nitrogen diOXide
S02 = Sulfur diOXide
03 = Ozone

bThe followmg codes are used to mdicate the exposure effect
+ = Less effect of tnlxture than smgle gases
o = No different effect of tnlxture than smgle gases
- = Greater effect of tnlxture than smgle gases
? = Not recorded
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TABLE 9-9. VISmLE INJURY IN FIELD CHAMBER AND
FIELD EXPOSURES TO NITROGEN OXIDE :MIXTURESa

Species Gas Mixture Exposure Effectb Reference

Desert N02 + 802 Htgh episode 0 HIll et al (1974)
ecosystems

Creosote N02 + S02 MedIUm seasonal Thompson et al (1980)
bush

Burro weed High seasonal

flNOz = Nitrogen dioXide

b~~ ~l~~:~~~od~::re used to mdlcate the exposure effect
+ = Less effect of mIxture than smgle gases
o = No different effect of mIxture than smgle gases
- "'" Greater effect of mIxture than smgle gases

that the adchtIon of N02 to S02 (m a 1 0 0 28 proportiOn) chd not cause more mJury than dId

the S02 alone (Hill et al ,1974) In addItIon, the mJury from the mIXtures resembled that

from S02 alone-varymg WIth specIes, appeared as regiOns of chscolored (tan, grey-brown,

yellow-brown, rusty brown) patches of mtervemal necrotIc tIssue

The studIes descnbed m tills sectIon make several pomts The :fITst IS that N02 m

combination with other pollutant gases frequently can result m more mJury than IS associated

with the individual gases, particularly as exposure concentratiOn mcreases or 03 IS added

However, the occurrence of mJury anses only from ffilXture concentratiOns that are much

higher than those observed m the ambIent envIronment The second IS that the adchtiOn of

N02 to other gases does not result m umque mJury symptoms-the combmatiOn usually

causes symptoms that resemble those resultIng from the other pollutant, or may resemble

those from a pollutant not mc1uded m the mIX For example, shore Jumper mJury from

N02/03 resembled 03 mJury and desert natIve speCIes mJury from N02/S02 resembled S02

injury, so that if NOx mIXture mJury chd occur m plants, It would be duficult to pOSItIvely

identJfy the causal agents

9.6.3 Losses in Growth and Yield

When evaluatmg the available hterature to determme the nsk to vegetatIon from

pollutant mixtures, It IS Important to conSIder the expenmental exposure regIme used to
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mduce the response For example, were the pollutant concentrations and durations smular to

what would be expected to occur m the ambIent envIronment? Was the frequency of

exposure SImIlar to what OCCUlfS m the field?

An analysIs of ambIent arr quahty data from the Umted States showed that the

frequency of pollutant co-occurrence (at concentratIOns equal to or greater than 0 05 ppm for

both pollutants) was low, WIth most SItes expenencmg fewer than 10 h of pollutant

co-occurrence dunng the growmg season (Lefohn and 'Tmgey, 1984) The report also

mdIcated that the frequency of pollutant co-occurrence used ill most expenmental studIes of

vegetatIon effects was much greater than the frequency of occurrence m the ambIent arr

A recent study ill an area of the OhIO RIver Valley (Umted States), contammg several

coal-fIred power plants, found that the SImultaneous occurrence of N02 and S02 was rare

(Jacobson and McManus, 1985) Usmg milllffium concentrations of 003 and 0 05 ppm for

N02 and S02' respectively, the authors showed that these gaseous concentratIOns co-occurred

for less than 1% of the total hours momtored AIr momtonng data from central London,

England, also support the conclusIOn that the Joint occurrence of N02 and S02 IS small (Lane

and Bell, 1984a) The authors charactenzed 3 mo (January through March) and found that

the Jomt occurrence of the two gases accounted for less than 1% of the momtonng tIme,

usmg milllffium concentratIOns of 0 05 ppm for each g,lS

Lefohn et al (1987a) conducted addItional analyses of pollutant co-occurrence In the

study, co-occurrence was defmed as elevated concentratIOns (usmg a threshold concentratIOn

of ;;:::003 ppm) for at least 1 h any tIme dunng the day (24 h) The pollutant momtonng

data (based on 110 SIte-years of data for N02 and S02 and 71 SIte-years for N02 and 03)

were obtamed from comomtonng SItes located m both urban and rural areas The analyses

found that the co-occurrences at most rural SItes (5-mo summer penod) were Infrequent, less

than 12 % of the days The Infrequent co-occurrence IS not surpnsmg because most SItes

expenenced only a few hours per year when the concentrations of N02 or S02 were

;;:::003 ppm

To conduct expenments that are relevant to field condItions, It IS Important that the

pollutant exposure regImes utilize concentratIOn dIstnb1lltIOns and temporal sequences of

exposure that reflect the area for whIch Inferences are bemg made Unless thIs IS done, It IS

dIfficult to extrapolate to field condItIOns usmg data from more mtense expenmental
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exposures. For example, m a study on the effects of power plant emISSIons (N02 and S02)

on native desert plants, the authors quahfied therr results wIth the statement that the pollutant

concentratIOns, exposure duratIon, and frequency of exposures were much hIgher than would

be expected to occur around power plants m the area of mterest (Thompson et al , 1980)

In a study on the effects of arr pollutants, smgly and m combmatIon, on poplars, MoO!

(1984) attempted to slffiulate the long-term mean concentratIOns of 03' N02, and S02 that

occurred m Holland Lane and Bell (1984a) analyzed 3 mo (January through March) of arr

quality data from central London to deSIgn expeflffiental plant exposures that slffiulated the

dIstrIbutIons of S02 and N02 Lefohn et al (l987b) have developed a procedure to

construct exposure reglIDes that slffiulate pollutant co-occurrence AddItIonal studIes that

simulate ambIent arr qualIty, mcludmg the Jomt frequency dIstnbutlOns of the gases, will

provide much-needed mformatlOn to properly assess the potentIal envrronmentallffipact from

pollutant mixtures on plants and ecosystems

9.6.3.1 Laboratory and Greenhouse Studies-Sequential Exposures

Several newer studIes are lffiportant because they assess plant response to N02 m

combinatIOn WIth other pollutants m temporal patterns of exposure that are more slffil1ar to

those observed under ambIent condItIons Although they may not reproduce actual exposure

regimes, they explore modIficatIon of plant response to NOx by pre- or postexposure to other

gases (Table 9-10) TIns concept was explored much earher by Matsushlma (1971), who

observed more leaf mJury on several plant speCIes from a mIXture of N02 and S02 than that

caused by each pollutant alone He also tested dIfferent sequences of exposure When

N02 exposure preceded S02, the degree of mJury was slffil1ar to that resultmg from

individual exposures to eIther gas But when S02 exposure was followed by N02, the

degree of leaf mjury mcreased as would be typICal of slffiultaneous exposures to both

pollutants.

Spmach was exposed to S02 and/or N02 m vanous concurrent or sequentIal patterns

withm a 24-h penod (Hogsett et al ,1984) Dunng the day, plants were exposed to 0 8 ppm

of each gas SImultaneously for 2 h, or sequentIally to S02 followed by N02 (each for 2 h) or

N02 followed by S02 (each for 2 h), or, dunng the mght, plants were exposed to eIther both

gases at 0 8 or 1 5 ppm concurrently for 2 h Each of the five treatments was repeated
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TABLE 9-10. GROWTH/YIELD IN CONTROLLED
EXPOSURES TO NITROGEN OXIDE :MIXTURESa

SpecIes Gas MIxture Exposure Effectb Reference

RadIsh N02 + S02 MedIUm epIsode 0 Sanders and Remert (1982b)
N02 + 03 MedIUm epIsode
N02 + S02 + 03 MedIUm epIsode

N02 + S02 MedIUm seasonal 0 Remert and Sanders (1982)
N02 + 03 MedIUm seasonal
N02 + S02 + 03 MedIUm seasonal

Mangold N02 + S02 MedIUm epIsode 0 Sanders and Remert (1982b)
N02 + 03 MedIUm epIsode 0
N02 + S02 + 03 MedIUm epIsode 0

N02 + S02 MedIUm seasonal 0 Remert and Sanders (1982)
N02 + 03 MedIUm seasonal 0
N02 + S02 + 03 MedIUm seasonal 0

Rhododendron N02 + S02 MedIUm seasonal 0 Sanders and Remert (1982a)
N02 + 03 MedIUm seasonal 0
N02 + S02 + 03 MedIUm seasonal 0

Tomato N02 + S02 Low seasonal 0/- Mane and Ormrod (1984)

Potato N02 + S02 Low seasonal Pebtte and Ormrod (1988)

Tobacco N02 + S02 Low seasonal 0 ElkIey et al (1988)
Com
Kidney bean 0
Pea 0
Potato

Tobacco N02 + S02 Low epIsode 0/- ElkIey et al (1988)
Kidney bean 0/-

Tomato N02 + 03 MedIUm epIsode 0/- Goodyear and Ormrod (1988)

Kidney N02 + 03 HIgh seasonal Ito et al (1984a)
bean

Carolma N02 + S02 MedIUm epIsode 0 Eastham and Ormrod (1986)
poplar HIgh epIsode 0

Black poplar MedIUm epIsode
HIgh epIsode 0

Wlute pme N02 + 03 Low seasonal Yang et al (1982)
N02 + S02 Low seasonal
N02 + S02 + 03 Low seasonal

European N02 + S02 Low seasonal Wnght (1987)
bIrch

Downy
bIrch

European N02 + S02 Low seasonal 0/- Freer-SlDlth (1985)
bIrch
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TABLE 9-10 (cont'd). GROWTH/YIELD IN CONTROLLED
EXPOSURES TO NITROGEN OXIDE MIXTURESa

Species Gas MIxture Exposure Effectb Reference

Kentucky N02 + S02 Low seasonal WhItmore and Mansfield
bluegrass (1983)

Perenmal rye 0
grass

TImothy 0
Orchard grass 0

SItka spruce N02 + S02 Low seasonal Freer-SlDlth and Mansfield
(1987)

Radish N02 + S02 MedIUm seasonal Godztk et al (1985)

Black N02 + S02 Low seasonal Freer-SlDlth (1984)
poplar

LIttle-leaf
bnden

Apple
European

birch
Speckled

adler

Loblolly N02 + 03 Low seasonal 0 Kress and Skelly (1982)
pme

PItch pine 0
Scrub pine 0
Sweetgum
Wluteash
Red ash
Wtllowoak 0

Amencan N02 + 03 Low seasonal + Kress et al (1982a)
plane tree

Loblolly 0
pme

Amencan N02 + 03 + S02 Low seasonal Kress et al (1982a)
plane tree

Loblolly + Kress et al (1982b)
pme

Kidney N02 + 03 HIgh epIsode Okano et al (1985a)
bean

aN02 = NItrogen diOXide
S02 = Sulfur diOXide
03 = Ozone

bThe followmg codes are used to mdicate the exposure effect
+ = Less effect of lDlxture than smgle gases
o = No different effect of lDlxture than smgle gases
- == Greater effect of lDlxture than smgle gases
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weekly for 5 weeks Two plants from each treatment were harvested each week dunng the

exposure penod Concurrent exposure dunng the day 1esulted m a shghtly depressed growth

rate at the begmnmg of the exposure penod (Days 14 to 28), but by the end of the exposure

penod, market yIeld parameters were unchanged from Gontrol values SequentIal daytIme

exposures had no effect on plant growth The mghttIme concurrent exposures dId reduce

plant growth, startmg wIth the :fIrst exposures By the end of the exposure penod, both

concurrent exposures had reduced total, leaf, and root dry weIghts m companson to control

plants, and 1 5 ppm had reduced leaf area and fresh weIght A lack of phySIOlogICal or

metabohc data make It dIffIcult to speculate on the mechamsm by whIch thIs effect takes

place However, thIs study suggested that concurrent exposure to S02 and N02 hke1y has

more potentIaJI. for reductIOn of plant growth than sequentIal exposure, and that plants

exposed to darkness are less able to detoxIfy or repaIr N02/S02 stress

A SImilar study of tomato response to N02 and 03 contrasted daytIme sequentIal versus

concurrent exposures, and day/mght sequentIal versus day or mght exposures (Goodyear and

Ormrod, 1988) In the first expenment, plants at the 4-to-6 or 9-to-ll1eaf stage were

exposed once for 1 h to 0 08 ppm 03 and 021 ppm N02 Leaf and stem fresh weIghts of

4-to-6 leaf plants were smaller after exposure to the concurrent gases than m control plants

In the second expenment, plants at the 4-to-6 leaf stage were exposed once to 0 08 ppm

03 and 0 21 ppm N02 eIther concurrently for 1 h or ill eIther sequence, each gas for 1 h

N02 then 03' or 03 then N02 In contrast to the fIrst expenment, concurrent exposure no

longer reduced plant growth, but 03 followed by N02 lesulted in plants that were generally

smaller (suggestmg reductIon m VIgour) than those from eIther control, concurrent, or N02

followed by 0 3 treatments The lack of conSIstency m the effect of N02 plus 03 between

expenments was hypotheslZed to be due to the dIfferen.c:e m the tIme of day at whIch

exposure to the gases took place, the suggested mechamsm was that stomatal conductance

vanes dunng the daY'~1eadmg to dIfferences m mtemaJI. dose of the gases The exposure of

plants to N02 at mght followed by 0 3 dunng the day had no effect on growth

These two studIes (Goodyear and Ormrod, 1988, Hogsett et al , 1984) clearly mdIcate

that N02 has httle potentIal for reductIOn of plant growlth when It occurs as a smgle gas m a

sequentIal exposure Because thIs type of exposure IS more common m the ambIent
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environment (see mtroductIOn), N02 mIXtures wIth other ambIent pollutants such as 802 or

0 3 are likely to cause httle plant mjury

9.6.3.2 Laboratory and Greenhouse Studies-Concurrent Exposure

A large number of studIes on the mteractIOn between N02 and 802 have been carned

out using plants grown under artrficIaI condItions and exposed to concurrent pollutant

regimes that are less bkely to occur under most ambIent sItuations, but that may occur m the

vIcinIty of a source, such as 802/N02 near a power plant These studIes may be useful m

estabhshing relatIve specIes senSItivIties, or IdentIfymg modIfymg factors of plant/pollutant

interaction (Table 9-10)

Ten specIes native to the MOjave/Eastern MOjave-Colorado desert were exposed to

hIgh, medIUm, or low concentrations of 802 and N02 for 25 h/week for a penod of 9 to

32 weeks, depending on the specIes and year of expenmentatlon (Thompson et al , 1980)

In the fIrst year of the study, only the hIghest concentratIOn mIXture (1 0 ppm N02 plus

2.0 ppm 800 reduced growth and/or dry weIght of some perenmal speCIes (Larrea

diverzcata, ChllopSlS lmeans, Ambrosza dumosa, and Atnplex canescens) The most extreme

response was a 60 % reduction m growth of L dlvencata These results were farrly

consistent wIth the second year of expenmentatIon, except that the growth of some of the

species (L dlvencata, A dumosa) was reduced by medIUm (0 33 ppm N02 and 0 67 ppm

802) and low (0 11 ppm N02 and 0 22 ppm 802) concentratIOn gas mIXtures In contrast,

growth of Encelza fannosa was mcreased by hIgh and medIUm concentratIOn mIXtures

(101 % and 51 %, respectively) Of great Importance was the observatIOn that seed and

flower production of two perenmals (A dumosa and E fannosa) were severely mhIbited by

all mIXtures of the gases Because these two speCIes contrast m theIr growth response to the

gas mixture, reduction of flowermg m Ambrosza may have resulted from generally depressed

plant vigor, whereas flowermg m Encelza may have been drrectly mhIbited by the gas,

mixture, allowmg more photoassImI1ate to be partItioned to shoot growth-perhaps N02 was

acting as a fertIhzmg source of mtrogen ThIs suggests that the survIVal of perenmals, of

either the same plant from season to season or the germmatIOn of new mdlvlduals, may be

threatened by mixtures of 802 and N02, but only If the ambIent seasonal exposure mcreases

significantly m companson to current levels Like the perenmals, the growth of several
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annual specIes was mlubited by the hIgh or medIUm concentratIOn mIXtures (Balleya

plenzradlata, Phacelza crenulata, Plantago lnsulans, and Erodlum clcutanum) between

40 and 80% compared to control The flowenng success of several of these speCieS was also

reduced by the mIXtures of S02 and N02 ThIs study dlemonstrated that a hIgh concentratIOn

mIXture caused VISIble mJury m a sIgmficant number of speCIes It also demonstrated that

response to the mIXtures IS speCIes specIfic response to the low concentratIOn mIXture

stimulated growth m several speCIes It IS hkely that thIS study optimIZed plant SenSItiVIty to

gases, as soil water was mamtamed at nonstress levels, and RH was hIgh, ensunng that the

rate of gas exchange was hIgh The authors noted that S02 dId not change plant response to

N02, so that the mIXture posed no greater threat than that from eIther of the smgle gases

The exposure of tomato to contmuous S02 and N02 reduces growth (Mane and

Ormrod, 1984) After 14 days m 0 11 ppm S02 plus 0 11 ppm N02, tomato (cv FIreball)

leaf area and fresh weIght were about 50% of control plants After 28 days, root growth

(fresh weIght) was reduced by 65 % An exammatIOn of the data mdicates that root SIZe was

decreased SImilarly at 7 and 14 days, but thIs decrease was not statistically sIgmficant

(p > 0 05) The same growth trends were seen m plants exposed for the same penods to

S02 and N02 at 0 05 ppm, however, these drrferences were also not stansncally sIgmficant

(p > 005)

Potato (Solanum tuberosum) growth IS reduced by exposure to concurrent S02 and N02

at 0 11 ppm After 7 days, root fresh weIght m Kennebec and shoot and root fresh weIghts

m Russet Burbank were reduced to about 60% of control values (PetItte and Ormrod, 1988)

After 14 days, the growth reduction mcluded stems Although both shoot and root SIZe of

Russet Burbank were reduced by pollutant exposure, roots were more severely Impacted than

stems or leaves, as mdIcated by the mcrease m leaf/root dry weIght ratio and the decrease m

leaf/stem dry weIght rano at 7 and 14 days Stems of tins culnvar seemed to be the strongest

smk for photoassImilates A SImilar study of four potato culnvars exposed to S02 and N02

at 0 11 ppm for 7 or 14 days mdicated that cultIvars wIth a late matunty classIfication

(Russet Burbank and Kennebec) tended to be more senslltIve than those of an earher matunty

classIficatIOn (Supenor and NorchIp) (PetItte and Ormrod, 1984) The growth reduction of

the two cultIvars was SImilar to that reported m Petltte and Ormrod (1988) These three
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studIes indicate that plant growth may be mlnbited by combmed exposures of N02 + S02

that have concentratIons of N02 that are nonmJunous by themselves

The exposure of potato, com, pea, tobacco, and pmto bean to S02 (0 15 ppm) and N02

(0.10 ppm) continuously for 15 days resulted m httle effect on growth (Ellaey et al , 1988)

Only potato (cv Kennebec) had smaller shoot fresh and dry weIghts m companson to

control Tobacco and bean were then exposed to vanous combmatIOns of the two gases,

every day for 15 days, and the growth responses were mIXed Tobacco leaf area was

reduced by 0 11 ppm of both gases when dehvered contInuously, or when 0 11 ppm N02

was combined with 034 ppm S02 for 1 h/day Bean leaf area was also reduced by exposure

to continuous regIme, as well as by 0 05 ppm S02 combmed wIth 0 1 ppm N02 on a

continuous basis. Bean shoot dry weIght was reduced by exposure to 0 11 ppm N02

continuously combmed wIth 0 34 ppm S02 for 1 h Kidney bean (cv Shm-edogawa) was

exposed to N02 (2 0 or 4 0 ppm) and 03 (0 1, 0 2, or 0 4 ppm) contmuously for 2, 4, or

7 days (Ito et al., 1984a). In general, mIXture effects were SImIlar to effects of 03 alone,

indicatmg that N02 dId not mcrease mJury from other pollutants After 4 and 7 days, plant

dry weight from the gas mIXture was smaller than control, and after 7 days, the root/shoot

ratio m plants exposed to the gas mIXture appeared to be smaller ThIs change m relatIve

mass of the roots was hkely due to alteration m photoassImIlate transport from the shoot to

the root, as the reduction ill root mass was accompanIed by apparently lower concentratIons

of soluble sugars (see "Mode of Action", Section 9 6 1 for further dIScussIon)

Exposure of Kentucky Blue Grass to S02 and N02, both at eIther 0 4, 0 7, or 1 0 ppm,

contInuously for 20, 34, or 38 days resulted m a decrease m growth at 38 days that appeared

to be hnearly related to concentratIOn of the parr of gases (WhItmore, 1985) The treatments

were not rephcated, but polynomIal regreSSIOn would have been a vahd approach to analysIs,

and it seems hkely that the hnear component would have been sIgmficant In a second,

replicated expenment, the dose (parts per millIon-days) was related to growth as percent of

control, the dose-response relationshIp mdicated growth stImulation at low concentratIons,

followed by growth mlnbitIon that related less to dose as dose mcreased Because smgle-gas

treatments were not mcluded, It IS dIfficult to comment on the effect of N02 on the

phytotoxiCIty of the other gases As well, parts per mIlhon-day as a umt of dose IS not m

widespread use, makIng It dIfficult to compare thIs study WIth others The senSItIVIty of
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grasses to S02/N02 mIXtures IS of partIcular Importance ill Great Bntam where these gases

may co-occur, albeIt at relatIvely low concentratIons A. number of studIes have examined

growth responses of vanous grass specIes to long term exposure to S~/N02 mIXtures

(Ashenden and Mansfield, 1978, Ashenden, 1979b, Asihenden and WIlliams, 1980)

Although each of the studIes IS nonrephcated, they are very sImuar ill methodology, and will

be consIdered together Each of these studIes exposed vanous pasture grasses (Poa, Phleum,

Dactylzs, and Lollum) to 0 11 ppm S02 and/or N02, 5 days/week for 20 weeks All three

studIes reported reduced growth of shoot portIOns of the plants ill response to the gas

mIXture, and the degree of reductIOn was greater than that expected from the response of the

plants to the smgle gases

The response of Populus mgra to a smgle 1-h exposure to 0 5 ppm S02 was modIfied

by the presence of 05 ppm N02 (Eastham and Ormroet, 1986) Leaf and stem mass tended

to be greater than the control ill the presence of N02, and mtermedIate m the presence of

both gases For leaf area, leaf fresh and dry weIghts, and stem dry weIght, the two gases at

o5 ppm were antagomstlC ill therr effect, ill that the presence of one gas reduced the effect

of the other However, when the concentration of each gas was mcreased to 1 0 ppm, there

was no mam effect of the pollutants on growth, and no illteractIon between the gases for

eIther P mgra or Populus canadensls. However, all of the P mgra and some of the

P canadensls plants were VISIbly mJured by the gas mlxture The latter pollutant regIme

may have been too severe for a posItIve effect on leaf area and stem mass (ill contrast to the

frrst regIme), but not severe enough for a negatIve effect on growth

The mteractIOn of 03' N02, and S02 has been illvestIgated less frequently than two-gas

mteractIOns, probably due to the large number of treatments requrred to expose plants to all

pOSSIble combmations of the three gases NItrogen dIOXide dId not modIfy plant response to

S02 and 03 for radIsh (Raphanus sattvus) and mangold (Tagetes patula) when plants were

exposed to 0 3 ppm of all gases three tImes for 3 or 6 h, respectIvely (Sanders and Remert,

1982b) NItrogen dIOXide also dId not modIfy response to S02 or 03 except for a reductIOn

ill root and total plant dry weIghts of mangold exposed to S02 A sImuar study of radIsh

and mangold exposed to 0 3 ppm for 3 or 6 h, respectlvely, nme tIDIes Withm 3 weeks

mdIcated that VIsIble mJury on radIsh appeared to be less than addItIve compared to the

smgle pollutants for N02/03 and N02/03/S02, whereas N02/S02 appeared to be greater
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than adchtlve (Remert and Sanders, 1982) The effect of N02/S02 and N02/S02/03 on

marigold was less than adchtlve, but the effect of N02/03 was greater than addltlve

Mangold root dry weight m response to N02/S02 was smaller than control Thts study

demonstrates that the presence of other gases can mcrease or reduce the effect of NOx on

root growth, dependmg on the plant species and the Identlty of the other gas

A slmuar study exposmg 16-day-old radish (Raphanus satzvus) to all three gases at

0.1,0.2, or OAppm once for 3 h resulted m no mteractlOn among the three gases, and an

NOz X 0 3 mteractlon only resulted m a reductlOn of root fresh and dry weight (Remert

et al., 1982). Increasmg S02 concentratlon to 1 6 ppm m a second experlment resulted m an

interactlon between NOz and SOz m reducmg root fresh and dry weights

A study of azalea (Rhododendron spp ) mwcated that there was no mteractlon among

the pollutants, although NOz combmed wIth SOz caused mJury on some of the cultlvars

(Sanders and Remert, 1982a) The plants were exposed to all combmatlOns of the three

gases at 0 25 ppm SIX tlmes durmg a 4-week penod

Growth stuwes of yellow poplar (Lmodendron tulzpljera) m response to vanous

combmations of 03 (007 ppm), SOz (0 06 ppm), and NOz (0 01 ppm) for 6 h/day for

35 consecutive days mwcated that the treatments dIfferentiate after 2 weeks of exposure

(Iv.fahoney et al ,1984) At thIs tlme, the smgle-gas treatments (SOz or 03) had no effect m

comparison to control, and the plants grew taller than those exposed to SOz + NOz, S02 +
03' or 03 + SOz + NOz (there was no difference among these mIXture treatments)

Although NOz alone was not one of the treatments, It IS clear that the additlOn of NOz dId

not further decrease growth m response to SOz + 03' but Its adchtlOn dId decrease growth m

response to SOz alone A parr of studies on the effects of SOziNOzI03 mIXtures on a vanety

of tree specIes demonstrated that the adchtlon of NOz to 03 + SOz could suppress growth m

sycamore (Kress et al , 1982a) or shghtly stimulate growth m loblolly pme (Kress et al ,

1982b).

9.6.4 Field Chamber and Field Studies

Long-term field study of the lmpact of SOz on the effect of N02 on plant prodUCtiVIty

is a less common approach to gas mIXture studIes, hkely due to the SignIficant effort reqUIred

to conduct such a large study (Table 9-11) Soybean (Glyczne max L cv Northrup KIng,
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TABLE 9-11. GROWTH/YIELD IN FIELD CHAMBER AND
FIELD EXPOSURES TO NITROGEN OXIDE MIXTURESa

SpeCies Gas Mixture Exposure Effectb Reference

Creosote bush N02 + S02 High seasonal Thompson et al (1980)
MediUm seasonal
Low seasonal 0

Desert willow N02 + S02 High seasonal 0 Thompson et al (1980)
MediUm seasonal 0
Low seasonal 0

Bnttle bush N02 + S02 High seasonal 0 Thompson et al (1980)
MediUm seasonal 0
Low seasonal 0

Burro weed N02 + S02 High seasonal + Thompson et al (1980)
MediUm seasonal +
Low seasonal 0

Four-wmg saltbush N02 + S02 High seasonal 0 Thompson et al (1980)
MediUm seasonal 0
Low seasonal 0

Desert mangold N02 + 802 High seasonal Thompson et al (1980)
MediUm seasonal 0
Low seasonal 0

Plantago lnsulans N02 + S02 High seasonal 0 Thompson et al (1980)
MediUm seasonal 0
Low seasonal 0

Phacelza crenulata N02 + S02 High seasonal Thompson et al (1980)
MediUm seasonal
Low seasonal 0

Alfilarza N02 + 802 High seasonal Thompson et al (1980)
MediUm seasonal
Low seasonal 0

Crunch-weed N02 + S02 High seasonal Thompson et al (1980)
MediUm seasonal
Low seasonal

Wlnte pme Arsenal ellllssions Lifetime Stone and Skelly (1974)

Yellow poplar N02 + S02 Low seasonal Ashenden and WilballlS (1980)

Italian ryegrass

Orchard grass N02 + 802 Low seasonal Ashenden and Mansfield (1978)
Italian ryegrass
Tlillonthy
Kenmcky bluegrass 0/-

Orchard grass N02 + S02 Low seasonal 0/- Ashenden (1979b)
Kentucky bluegrass 0/-

Soybean N02 + S02 Low seasonal Irvmg et al (1982)

aN02 = Nitrogen diOXide
S02 = Sulfur diOXide

bThe followmg codes are used to mdicate the exposure effect
+ = Less effect of llllxture than smgle gases
o = No different effect of illlXture than smgle gases
- = Greater effect of llllxmre than smgle gases
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1492) was exposed to N02 and S02 m the presence of ambient 03 m a field situatIOn

eqUipped with a Zonal Air Pollutant (dehvery) System (Irvmg et al ,1982) In both years

(replicatIOns), the plants received 10 fumigahons, the concentrahons of the mdividual gases

ranged from 0 13 to 0 42 ppm for S02 and 0 06 to 0 40 ppm for N02 Nitrogen dIOXide

exposures had no effect on seed yield m either year, whereas S02 had no effect the first year

and reduced yield by 6 % the second The combmed pollutant exposures reduced yield 9 to

25 %, dependIng on the speclfic concentratIOns of pollutants Premature leaf senescence was

observed both years m the plots exposed to both pollutants The authors concluded that

soybean exposed to miXtures of S02 and N02, at concentratIOns that do not exceed the

NAAQS, may d1splay reduced growth and marketable yield Although the frequency of

pollutant exposure (10 events/60 days) was not unusually hlgh, the average concentrahons

and their frequency of occurrence, however, was much hlgher than typically measured m the

ambient arr at most rural Sites The reduced yield may have been related to the measured

decrease in chlorophyll m the concurrent plots (13 to 44%) versus the control plots This

reduction in chlorophyll content can be md1cahve of a premature senescence of the plants,

leading to incomplete yield expreSSIOn

The sensihvity of eastern whlte pme (Pmus strobus L) to SOb 03' and N02 at either

0.05 or 0 1 ppm for 4 h/day, for 35 consecuhve days was clone speclfic (Yang et al , 1982)

Pollutant combmations that mcluded 03 were more mJunous than S02 + N02, although

some clones were msensihve (as measured by reduchon m needle dry weight) to all

combmatIOns. The sensihvity of the clones (as measured by reductIOn m needle length) was

dependent on the gas combmahon and the concentratIOn (only one clone was sensihve to

0.05 ppm). A companson of needle dry weight and length response to the pollutants

indicated that needle dry weight was a more sensihve mdicator of pollutant stress m one of

the clones

9.6.5 Factors Affecting Response

Although the modlficatIOn of plant response to arr pollutants by vanous biOlogical,

chemical, and phySical factors has been qUite Widely exammed for smgle-gas exposures, the

sanle modtfying factors have not been extensively exammed for gas miXtures Many of the
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studIes that address modIfication of gas-mIXture response by external factors have not

mcluded smgle-gas treatments, makIng It dIfficult to conclude whether the N02 IS more

harmful m combmatIOn than alone

9.6.5.1 Physical Factors

LIght and temperature are the most common phYSICal factors exammed for theIr role m

modIfication of plant response to gas mIXtures In the fumIgatIOn of Betula pendula

contmuously for up to 12 weeks WIth 0 04 or 0 05 ppm each of N02 and S02 m low and

medIUm hght mtensitIes, leaf area from trees exposed to the gas mIXture at the hIgher hght

mtenslty was SImIlar to that from S02 alone (Freer-SmIth, 1984) At the lower hght

mtenslty, leaf area response to the gas mIXture was lower than that observed m the S02

treatment

The response of grass specIes to S02/N02 mIXtures as modrfied by hght demonstrates

that, as m bIrch, condItIons that are optImal for growth tend to reduce the effect of the gas

mIXture on plant growth A 46-day exposure of Poa pratensls to 0 40 ppm S02 and N02

under hght and temperature regImes that promoted eIther fast or slow growth mdIcated that

plant growth was reduced by the pollutant mIXture more under slow-growth condItIOns than

under fast-growth condItions (WhItmore, 1985) A 4-week contmuous exposure of wmter

wheat (Tntlcum aeStlvum) to 80 to 100 ppb S02 and N02 at dIfferent hght mtensitIes

suggested that the mIXture caused an mcrease m the shoot-root ratIO as compared to the

control, and that lower hght mtenslty further mcreasedl the shoot-root ratIO (Gould and

Mansfield, 1988)

Although these studIes as mdlvlduals are poorly Jrephcated, they demonstrate a clear

trend when conSIdered as a group lower hght mtenslty enhances the reductIOn of growth by

S02/N02 mIXtures The mechamsm for thIs modrfica1tlon may relate to the role of hght m

detoxrficatIon of eIther gas, or reduction m VIgour (and consequent energy for repair) of the

plants
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9.7 DISCUSSION AND SUMMARY

9.7.1 Introduction

In tIns chapter, the blochelllistry and phYSIOlogy of mdividual plants and agncultural

crops have been dIscussed m relatIOn to the types of mJury mduced by exposures to NOx and

m relation to protectlon of the plant m part, eIther by exclUSIOn or detoxrficatlon of NOx

The dIScussIon m tills sectlon IS orgamzed to follow movement of gases from the

atmosphere into the SItes of actlon Withm the leaf Plant response at the actIOn SItes

determines the amount and type of mJury mduced by the exposure Metabohc mcorporatIOn

of nitrogen from the atmosphere mcreases the amount of mtrogen present m the plant pnor to

exposure The amount of gaseous mtrogen entenng the plant IS determmed by the

concentratlon and duratlon of the exposure The capability of plants to handle the added

nitrogen determmes whether the exposure results m an mcrease or decrease m growth or only

folIar inJury. Cbmatic and edapillc factors also mfluence plant response A model can be

constructed that summanzes and explams the matenal presented m the chapter A portion of

that model is shown in FIgure 9-19 Seven major processes will be dIscussed m sequence,

leadmg from entry of atmosphenc gases mto the plant to plant mJury

Process 1. Gaseous dIffuSIOn through the boundary layer, stomate, and substomal
caVIty

Process 2 Reactlons of the gases at the cell's surface upon passmg mto a water phase
Withm the wall regIOn of the cell

Process 3. Movement of reactIOn product(s) mto the cell
Process 4. Enzymatlc or chelllical transformatIOns Withm the cell
Process 5 DIsturbance of normal metabohsm Withm the cells
Process 6 TransformatIon of bIOchemIcal and phySIOlogICal dIsruptIOn mto loss of

plant prodUCtlVIty
Process 7. TransformatIon of mtrogen m the chloroplast

Processes 1 and 2 are, for the most part, dependent upon phySIcal and chemIcal

interactions and reactIOns between gases and surfaces The concentratIOn and speCIes of

gases WIthin the atmosphere are cntlcal for these events Processes 3 and 4 are normal

physiologIcal processes and can be mvestlgated by standard bIOchemIcal methods Much that

is descnbed here IS denved from a fundamental understandmg of the bIochemIstry and

phySIOlogy of normal events Withm the plant and from baSIC research Processes 5 and 6 are
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Figure 9-19. A schematic of the movement of gaseolLlS oxides of nitrogen into the
mesophyll cells of plant leaves. The dilagram has been copied from an
electron micrograph and gives approximately the correct relationships.
The actual dimensions are very dependent upon the species and growing
conditions of the plant. The numbers represent the processes listed in the
text.

pathologIcal processes that dISrupt nonnal cell homeost.asIS, or metabohc balance

HomeostasIs IS largely governed by the genetlc makeup of the plant and the enVlfonment m

wmch the plant IS located Process 6 IS the culmmatlon of precedmg events, wmch tend to

lower plant produCtlvity geneJt'a1ly by mterfermg wIth orderly energy or carbon

transfonnatIOns or by lowermg the effiCIency of those transfonnatIOns

Several new fmdmgs emerge from the recent data compared wIth the data summanzed

m the last cntena document (D S Envlfonmental ProtectIOn Agency, 1982) One IS that NO

and N02 mteract dIfferently wIthIn the plant Thus, the effects of NOx must be categonzed

accordmg to NOx speCIes NItrogen dlOXIde IS water soluble and can be mcorporated mto
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nonnal plant mtrogen metabohsm, up to a certaIn concentration NItnc OXIde IS a water

insoluble compound and mduces free-radIcal reactIOns Although the exact sequence of

reactions is still unknown, It IS clear that NO behaves dIfferently than N02 The thrrd

category contams the remamder of NOx specIes, whtch are not well defmed and whose

reactlons are poorly understood For certaIn gases, some processes function slIDuarly,

whereas for others, these processes function qUIte dIfferently Some of these dIfferences will

become better defmed as the two major components of NOx (NO and N02) are dIscussed

Another new finding IS that the cell can mcorporate N02 mto nonnal metabohsm, after

N02 is hydrated to HN03 and HN02 that eXIst m Iomc fonn m the aqueous milieu of the

cell. Despite the fact that N02- and N03- are nonna! amons m the plant, too much mtrogen

can be toxic The converSIOn of the bIochemIcal specIes can overwhelm the stepped

metabolic process so that the concentratIOn can nse to detnmenta1levels

The rest of thts dIscussion will be orgamzed mto five subsectIOns (1) atmosphenc

concentrations and composItIOn of NOx, (2) entry and exclUSIOn of gases, (3) lIDtIal cellular

sites of biological mteractIons and pools of mtrogen compounds, (4) regulatory mamtenance

of reduced nitrogen compounds and pOSSIble detoXIficatIOn, and (5) tOXIC reactions WIthm the

tissues.

9.7.2 Atmospheric Concentrations and Composition

As summanzed m Chapter 3, there are many dIfferent speCIes of NOx WIth dIfferent

OXIdations states (Table 9-12) AmbIent arr concentratIOns trends and exposure patterns are

dIscussed in Chapter 7 Although the concentratIOns and reactIOns of many of them have

been investigated, httle IS known about pOSSIble reactIOns WIth bIOlogICal orgamsms for many

of these compounds For plants the two major OXIdIzed specIes (NO and N02) WIth theIr

hydrated aCIdIC speCIes (HON02 and HONO) have been reasonably well mvestIgated

Research on the effects of other specIes of NOx on plants, mcludmg the htgher homologues

such as N20 4, IS rare Yet It IS necessary to be aware of these other specIes and pOSSIble

reactions with other oXIdIzmg agents m order to understand the reactions that mIght occur

within the plant under smgle or multiple exposures For example, hydrogen peroXIde IS

present not only withm the aunosphere, but also WIthIn the cell wall (but outSIde the

membrane) and WIthin the cell Itself, even If at low levels The pOSSIbility eXIsts for many
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TABLE 9-12. TYPES OF OXIDES OF NITROGEN IN THE GASEOUS PHASE OF
AN ATMOSPHERE a

Fonnula

N02
NO
HON02
N20s
HONO
N20 4
N03

N20~
NO

Name

NItrogen dIOXide
Nltnc oXide
NltnC aCId
D1ll1trogen pentoXIde
NItroUS aCId
D1ll1trogen tetroXide
NItrate radIcal
D1ll1trogen tnoXIde
NitrosonlUm Ion

OXidatIOn State

(+4)
(+2)
(+5)
(+5)
(+3)
(+4)
(+5)
(+3)
(+3)

aSpecIes are arranged from the hIghest to lowest concentratIOns ill general urban atmospheres (see Chapter 3)

further reactIOns of NOx specIes WIth thIs compound llll the atmosphere and m the cell Also,

compounds such as 03 will gIve nse to other OXidatIve compounds, such as 02- and HO·,

when dIssolved m water These multiple products and reactIons set the stage for an even

more complex senes of reactIons under pollutant exposures mvolvmg several types of

pollutants (e g , S02 and 03 WIth NOx)

A dynamIc eqUllIbnum will-be establIshed betwee'n 03' N02, and NO m the presence

of sunlIght (see Chapters 3 through 5) Further reactIOns and transfonnatIOns that affect NOx

will occur m the atmosphere The amount of each compound m ambIent arr IS not constant

durmg the day, but each will be present m varymg concentratIons and must be mdlvldually

metabobzed by the plant As the components enter the plant tissue through the stomates,

they will dissolve Wlthm the extracellular water and, to a rough approXImation, theIr

solutIOn concentratIOns will be governed by theIr solubility, as calculated by Henry's Law

For example, at 0 1 ppm of each gas, the concentratIons of NO and N02 Wlthm the cell will

be 20 x 10-10 M and 1 2 X 10-9 M, respectIvely (The solubility of NO can be easily

measured because It IS unreactive WIth water [Schwartz and WhIte, 1981] at 1 93 x

10-3 M/atm The solubility of the other NOx speCIes are more dIfficult to measure because

they react WIth water On the baSIS of equilibnum arguments, Schwartz and WhIte [1981]

have gIven the followmg solubility coeffiCIents N02-, 1 2 X 10-2 M/atm, HN03, 25 X

lOS M/atm, HN02, 1 x lOS M/atm) Although these concentrations are small by metabolIc
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standards, they could be qUIte phytotoXic at a protem level On the other hand, although the

gaseous aCIds (HN02 and HN03) Withm the atmosphere are low m concentratIOn, the

solubility coefficIents of these aCIds are so hIgh that the correspondmg concentratIons of each

aCId in the cell can become relatIvely large (e g , the concentratIons of HN02 and HN03 can

be as high as 2 to 5 mM)

For the pUll'0ses of thIs summary, It IS assumed that N02 and NO can form HN03 and

HN02, which are able to Ioruze to form mtrate and mtnte A few of the pOSSIble reactIons

and therr kInetIc constants are gIVen m Table 9-13 (from TrOIano and Leone, 1977, Schwartz

and WhIte, 1981, SectIon 9 3) There are many more pOSSIble reactIOns but therr rate

constants are unknown because mdIvidual concentratIons of all reactants are not known It IS

also not clear whIch of these reactIons can occur Withm a leaf, few measurements have been

made under bIOlogical conditIons

TABLE 9-13. POSSmLE REACTIONS BETWEEN NITROGEN DIOXIDE AND
NITRIC OXIDE, AND WATER

ReactIOn

1. 2N02(g) = 2H+JCa) + N02-(a) + N03-(a)

2. NO(g) + N02(g) = 2H+(a) + 2N02-(a)

3. 3N02(g) = 2H+(a) + 2N03-(a) + NO(g)

244 X 102

328 X 10-5

1 81 X 10-9

The reactIons are shown as those that operate m a IDlxed, aqueous (a)/gaseous (g) phase (Pfafflm and ZIegler,
1981) EquIllbnum constants at 25°C taken from Schwartz and WhIte (1981) Umts are m molar and
atmospheres for the lIqUid and gaseous species respectIvely

9.7.2.1 Foreign Compounds in Plants

Plants can deal WIth foreIgn chemIcals by several methods Gaseous compounds can be

excluded from the tIssues or cells eIther because stomatal closure prevents entry mto the leaf

or the impermeability of the membrane prevents entry from the cell spaces When not

excluded, the plant can eIther tolerate (to a certam level) or detoXIfy the compounds

Tolerance can occur by storage m a different tIssue or organelle DetoXIficatIOn can occur

through chemical modIficatIon followed by movement of the newly formed compound out of

the cell, or through converSIOn mto a compound that can enter the normal metabohc

pathways For NOx, several of these methods could operate
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ExclusIOn A compound such as NO does not easily penetrate the cell because Its

solubility m water IS low Yet ItS free radIcal nature seems to be too reactive to eXIst for a

long enough tIme to move through a membrane (howe\!er, see later sectIOns)

Tolerance NItrogen dIOXIde seems to be hydrated rapIdly and ItS hydrated aCId forms

move easily through water Once m the aqueous phase, ItS products can enter the usual

metabohc pathways A reductIve form of NOx , mtnte, however, can build up to hIgher than

normal levels withm the cell and so ultImately becomes toXIC

In order to understand the level at whIch these compounds become toXIC, the entrance

of mtrate and mtnte mto the cells and theIr cellular meltabohsm must be understood, as must

be the bIochemIcal events that are ImtIated when concelntratIOns of those compounds become

too hIgh for the cell to tolerate The remamder of thIs section will be devoted to these

processes

9.7.3 Entry and Exclusion of Gases

In order to trace the ultImate fates of gaseous speCIes and to determme the levels that

can overwhelm the plant's mechamsms for utIhzmg or detoxrfymg a gas, It IS necessary to

understand two major phYSIOlogICal processes the penetratIon of the gas mto the leaf and

the solubIhzatIOn of the gas Withm the leaf

The general movement of gases mto a leaf IS along a well defmed path (Farquhar and

Sharkey, 1982), whIch gIves nse to a hnear flux law of

(9-19)

where the flux (J) mto the mternal space of a leaf (m umts of moles per square meter per

second) IS hnearly related to the gradIent of concentratIons from the outSIde (Co) mwards (to

Cz) (m umts of moles per CUbIC meter) by a proportIOnalIty constant called the conductance

(g) ThIs conductance IS a measure of what resIstances eXIst to gas flow, g IS mversely

proportIonal to that resIstance

Yet two pomts must be noted Not all gases follow the same path Water evaporates

on surfaces near the stomates so that the epIdermal and only some mesophyll cells lose water
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to the transpirational stream Carbon dioXide, on the other hand, moves to where CO2

fixation occurs, generally m the mesophyll cells In add1tIon, Cowan and Farquhar (1977)

have redefmed the parameters of Equation 9-9 such that g is measured m moles per square

meter per second and C/Ct are measured as partial pressures of the gas Although this may

be useful for water vapor, it does not follow the general defimtiOns of flux and permeability

(Troshm, 1966) Also we can speak of an mternal concentration fractiOn of the external

concentration (I = Ct ICo) EquatiOn 9-19 then becomes} = g Co (l-:f)

9.7.3.1 Internal Concentration of the Gases

As descnbed above for a given external concentratiOn and a fiXed conductance, the rate

of movement of NOx will be dependent on the mternal concentratiOn Furthermore, the

internal concentration is cntical for reactions that will occur at the cell surfaces, reactions

that depend upon the local concentratiOn and the rate at which the gas is dehvered to the Site

Many of the calculations regarding the amount of NOx that enters the leaf are based on an

internal concentration of NOx of zero, the sunplest assumptiOn upon which to base the

calculations. Thus, the flux of mtrogen mto the plant from N02 is given as the stomatal

conductance (for water vapor but corrected for the dIffuSiOn coeffiCient of N02 relative to

water) times the external concentratiOn In water, however, the real hmitatiOn for N02

entering the cell seems to be the rate of itS solubilizatiOn m water (see later and Lee and

Schwartz, 1981; Lee and Tang, 1988) Although the reactiVity of N02 With cell components

may reduce its concentration m water, one should not assume that the mternal concentratiOn

of N02 is zero If it is not zero, the use of a zero value for the mternal concentratiOn of

N02 will give the maXImum rate of flux through the stomates, but not the true rate

Obviously, one method for determmmg the flux would be to drrectly measure the

accumulation of mtrogen from N02 Some measurements have been made, but mtrogen

accumulatiOn from the arr cannot easily be d1stingUished from the mtrogen accumulatiOn

derived from soil fertilizers (e g ,mtrate) As an illustratiOn of how expenments can

ehminate this ambigUity, Okano et al (1986, 1988) have used a stable isotope of mtrogen to

mvestIgate the mteractions of these two sources of mtrogen Furthermore, therr data (from

sunflowers) allow the calculation of the mternal concentration of N02 Therr calculations

show that the mternal concentration of N02 is about 68 and 83 % of the external
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concentratIOn at 0 3 and 2 ppm N02 (7 days, 24 h/day), respectively, under all soil mtrate

conditions reported The mternal N02 (based on a percentage) is lower at the lower

concentration of external N02 than that at the higher concentration, mdicatmg a rate-hmitmg

reactIOn at the cell surface at the higher concentratIOn It should be noted that, not

sUlpnsmgly, 2 ppm N02 lowered conductances and leaves of exposed plants showed some

visible mJury (Okano et al , 1988)

The reactions that are cntical for the cell surface are (1) diffusion and adsorption of

N02 mto the water phase, (2) converSIOn of N02 mto mtrate and mtnte (see EquatIOn 1 m

Table 9-13), and (3) the diffusIOn to and reaction with therr enzymes to convert them mto

needed bIOchemicals (NaR and NiR) The rates for dIffusIOn and converSIOn are lffipOrtant

because the ability of the reductases to convert the OXides to reduced ammoma is stnctly

llmited Unfortunately, no informatIOn regardmg reducltase activities was giVen m these

expenments by Okano et al (1986, 1988).

In a later paper, Okano et al. (1988) showed clearly that the amount of mtrogen

accumulated from atmospheric N02 was drrectly proportional to stomatal conductance for

several plant species, low conductance led to low accumulatIOn The highest conductances

led to visible mJury m radish and sunflower Some N02 accumulatIOn occurred when the

conductance was zero, but the authors suggested that tills could be due to entry of adsorbed
I

N02 through the cuticle Other data (Wellburn, 1990) mdicate that this is not possible (but

see Rowland-Bamford and Drew, 1988, for a counter-example) Also, N02 entermg the soil

might contnbute to the apparent mtrogen absorptIOn by the roots, thus yieldmg a false

accumulatIOn However, the measurements of Okano e1 al (1988) suggested that this

partiCular pathway was very small Two lffipOrtant pomts must be made here (1) as m the

case of all gaseous pollutants, If the stomates are closed, no gas can enter and no reactIOns

are possible, and (2) dependmg upon the chemical species mvolved' penetratIOn of pollutants

through the nearly lffipermeable cuticle is always possibLe, but the rate will be small and will

lead to contradictory eVidence

The solubilizatIOn of N02 m water is a cntical factor m determmmg the rate at which

N02 can enter the cell, but present data on that process are not very useful due to

uncertainties m how additIOns to the water affect the solubilizatIOn Lee and Tang (1988)

found that the mlXlllg of gaseous N02 mto an aqueous solution depended on the average
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speed of the molecules m the gas phase and an accommodatiOn coefficIent, whIch was the

fraction of gas molecules colhdmg WIth the water surface that dIssolved Withm the aqueous

phase. That accommodatiOn coefficIent was dependent on the chemIcal addItiOns to water

and ranged from 10-7 for pure water to 6 3 X 10-4 for water contammg qumone The hIgh

value can be translated mto an effectIve "conductance" of 00585 m/s at normal

temperatures Under these somewhat specialIzed condItIons, the mternal concentratIon of

N02 ([N0ill) can be then calculated when the flux through the stomates IS balanced by

the accommodation "flux" ThIs balance occurs when the accommodatIon coeffiCIent (Ra)

times [N02]z tImes the average speed of the molecules (whIch depends on the gas

temperature) equals the real gas conductance (g) tImes the dIfference between the external

and internal gas concentration If the mternal concentratIon IS defmed as f x [N02] where

[N02] is the external concentratIon, thenf = g/(Ra + g) For a stomatal conductance of

0.4 cm/s, the mternal concentratIon fractIon of the external concentratiOn (f) IS only 7%

ThIs value of mternal concentratIon IS SImIlar to values calculated from the data of

Omasa et al. (1980a,b), showmg mternal concentratiOns that were 11 and 16% of external

On the other hand, Saxe (1986b) studIed eIght dIfferent specIes as to therr ability to remove

N02 from an atmosphere WIth therr transpIratIon rate and calculated that the mternal

concentration fraction was very near zero The uncertamty of how much N02 was removed

from the atmosphere by the soIl, pots and folIage (surface reactiOns only) made It dIfficulty

to be more precise, yet Saxe's data suggest thatfwas extremely low

Rowland-Bamford and Drew (1988) also attempted to determmed the mternallevel of

N02• Therr experIments on barley at low lIght levels (20 to 25 % of the level of full

sunlight) indicated that the level of mternal N02 was, at best, only about 5 to 10 % that of

the external level (at 03 ppm) That level was lowest m the mornmg and rose SIgnIficantly

in the afternoon Interestmgly, at the lowest lIght mtensIty, the net flux rate (per umt of

lIght) was qUIte low, whereas at hIgher lIght levels, the flux rate became nearly a

thousandfold hIgher InCIdent lIght can stImulate total N02 mcorporatiOn and so reduce the

internal level of N02• As will be dISCUSSed later, thIs dependence of N02 mcorporatIon on

light IS due to NtR activIty, whIch IS dependent upon photosynthetic electron transport

Light energy buIlds reducmg power, whIch causes a more rapId converSIon of the aCIdIC

forms of hydrated N02 mto NH4+
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The rate of entry of the N02 mto the leaf IS only one step m the process of mtrogen

accumulatIOn The rate at whIch ItS hydrated products ean be mcorporated mto the normal

metabolIsm of the leaf also plays an Important role m determmmg possIble lImItatIOns to the

use of the mtrogen of N02 m the cell These mterrelatLonshIps can determme how fast N02

can enter the plant tIssue and mcrease the total mtrogen load upon the plant

9.7.3.2 Interfacial Movement of the Gases into the Water Phase

The movement of NO mto the leaf IS an entIrely dlIfferent questIon due prmcipally to ItS

chemical structure Although some authors belIeve that NO can be converted mto soluble

compounds, chemIcal mvestIgatIons (Wellbum, 1990, EquatIon 2 of Table 9-13) suggest that

NO IS relatively msoluble and, by Itself, nonreactive With water Thus only a small amount

of NO will enter the water phase unless It encounters a reactive aqueous species (usually a

free radical, Wellbum, 1990) Because unbounded free radIcals are relatIvely rare m

bIOlogical systems, the path of chffusIOn will be long and the rate of reactIOn will be slow

Therefore, the mternal concentratIOn of NO should be SImilar to the external concentratIon,

and the stomates will exert only a small effect on the rate of NO reactIOns

On the other hand, It IS clear from the eqUllIbnum relatIOns that NO and N02 together

can be reactIve (see EquatIons 2 and 3 m Table 9-13) At concentratIons of 0 I ppm, the

amount of N02- that can be formed from both NO and N02 would be 23 x lO-s/[H+] M,

where the [H+] IS the local concentratIOn If the combmed reactIon between NO and N02

occurred withm the aCIdIC cell wall ([H+] = 3 X 10-4 N), then the concentratIon of

N02- formed Withm the wall could be nearly 100 p,M at eqUllIbnum It IS doubtful that,

under natural condItIons, NO can occur WIthout some N02 bemg present (Lefohn et al ,

1991) Unfortunately, measurements m the field and ll1l the laboratory have rarely measured

each speCIes mdependently, makIng It dIfficult to fmd whIch mtrogen speCIes places the

plants at nsk

The calculated mternal concentratIOns are slIghtly dIfferent, If one assumes that N02

occurs alone and that the level of mtemal N02 (equal to f x [N02]o' where f < 1) IS lower

than the external value The assumptIOn must be made that these reactIOns are m eqUllIbnum

WIth the aqueous enVIronment of the cell wall (at a pH of 43) The amounts of mtrate and

mtnte m eqUllIbnum WIth that mtemal N02 level (as ppm), IS gIven as
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(9-20)

For [N02] = 0 1 ppm, tIns becomes

(9-21)

As will be seen later, a reasonable guess for the cellular concentratIon of mtrate and mtnte,

based upon enzyme activIty, would be 4 5 roM and 100 p,M, respectively Thus,

[N021[N031 = 10-4 x 5 X 10-3 = 5 X 10-7 M2 Thus eItherf IS equal to 2 to 3 % and the

level of mternal N02 IS very much reduced, as suggested earher, or the level of both mtnte

and nitrate will be much larger than the above reasonable guesses

9.7.4 Initial Cellular Sites of Biological Interaction and Pools of Nitrogen
Compound

9.7.4.1 Role of Oxides of Nitrogen in Metabolism

The hydratIon products as N02 IS converted mto N02- and N03- through mteractIon

WIth water are nonnal amons wIthm the plant, and as such, can be mcorporated mto nonnal

metabohc pathways, up to certam maxunum rates, dependent on mtrogen supply from the

roots and on type of plant Where both NO and N02 are present, NO seems also to be

converted mto nitnte and mtrate Metabohc mcorporatIon leads to detoXIficatIOn of most of

the species of NOx, makIng the potentIally toXIC compounds not only harmless to the plant,

but mlportant to ItS nonnal growth Naturally the mcorporatIon alters the mtrogen level

within the plant and so alters the "nonnal" state of the plant, where nonnalls defmed as that

state before ItS fumIgatIOn by N02 In addItIon, under Ingh levels of N02 flux mto the plant,

incorporatIon could overwhelm the mtrogen metabohsm and cause the plant to deVIate so far

from its nonnally balanced state that the plant IS unable to return to ItS prevIOUS homeostatIc

state after funngatIon

In order to dISCUSS these concepts more completely, two areas must be well defmed

(1) what types of metabohc pathways are available to NOx compounds and (2) what IS meant

by the nonnal state and how far can plants deViate from that state WIthout pennanent mJury

to the plant?
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9.7.4.2 Metabolic Pathways

Plants reqUIre reduced mtrogen compounds to fonn protems, nucleIc aCIds, and many

secondary products m order to survIve and grow Under most cIrcumstances, mtrogen enters

the plant through the roots m three modes (1) absorptIOn of NH3 (and ammomum),

(2) absorptIOn of mtrate (and mtnte), and (3) mtrogen fIXatIon by symbIOtIC orgamsms

Thus, any pollutant that can be converted chemIcally or bIOlogICally mto mtrate, mtnte, or

NH3 can be used by the plant NItrogen oXides that fall upon the soIl have the potentIal of

bemg easIly converted by mIcrobIal or chemIcal actIOn and, therefore, can be readIly

adsorbed by the roots Ground-deposIted NOx can enter the metabohc pathway readIly

through the soIl/root mterface, however, depOSItIOn can overload the soIl/plant systems (see

Chapter 10) Gaseous NOx that enters through the leaf can hkewise be converted through

enzyme systems that can handle the denved compounds

The chemIcal speCIes that will be dealt WIth m the followmg sectIOns are HN02,

NH4+, and HN02 The fIrst two are a weak aCId and weak base, respectIvely (see

EquatIOns 9-9 and 9-10 below), and, therefore, theIr actual chemIcal forms are dependent on

pH These forms govern the manner m whIch these chemIcals can move throughout the

plant At normal bIOlogICal pH, both speCIes (aCId and salt) of each compound can eXist

withm an organelle or tIssue On the other hand, HN03 IS such a strong aCId that It eXIsts

predommantly as N03- a mtrate Ion under all bIOlogICal condItIons

+ +NH4 = = H + NH3 (pK = 9 2)

HN03 == H+ + N03- (pK = -13)

(9-9)

(9-10)

(9-11)

Although plants can use both ammomum and mtrate, mtrate seems to be less tOXiC,

even m high concentratIons, for the plant and, thus, IS dassed as a "relatIvely InnOCUOUS"

compound (MIflm, 1980) Nltnte and ammomum seem to be compounds whose

concentratIons are highly regulated and mamtamed at low levels wlthm the plant The
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biological protocol to prevent hIgh NH3 levels IS to convert, as rapIdly as possIble,

ammOIllum to amino groups

NItrate IS converted fIrst to Illtnte VIa the enzyme NaR wIth the resuItmg Illtnte bemg

converted to NH3 by another enzyme, NIR The full converSIOn of Illtrate mto NH3 requIres

eIght electrons, or the eqUIvalent of four molecules of NAD(P)H per molecule of N0:3

Because each NAD(p)H has a free energy content of about 28 kcal/mole, convertmg one

mole of N03- to Nl4+ requIres about 115 kcal of energy, or about the eqUIvalent of 18 % of

a glucose molecule (see Schubert and Wolk, 1982) Another manner m whIch to express the

energy requirement for Illtrogen converSIOn IS to express It as carbon lost per Illtrogen

gained Thus, one nItrogen converted as above IS eqUIvalent to a millilllum carbon loss of

1.1 (mole/mole) Yet Amthor (1989) states that If growth and mamtenance reSpIratIOn dId

not change dunng measurements, the value of carbon respIred to nItrogen aSSImilated was as

high as 2 to 3.5 For the most part, energy as reducmg eqUIvalents come from carbohydrate

or organIc aCIds oXldanon (glycolySIS, tncarboxyhc aCId cycle, or photosyntheSIS) Thus,

NH3 fertilizer is energencally "cheaper" for the plant to use but can be more toXIC, If not

well regulated NItrate requIres more energy, thus, It would appear that there IS less for the

total plant producnvIty Yet It IS hard to demonstrate the lowenng of plant producnvIty by

concurrent nItrogen reducnon (Robmson, 1988)

More recently, detailed flux and pool balance sheets m nItrogen metabohsm have been

prepared For example, Magalhaes et al (1990) have shown that NH4+ can move mto corn

roots at a rate of 1 75 j.tmole N/g FW/h and then move mto the shoots at a rate of

1.25 j.tmole N/g FW/h The NH4+ pools were 3 85 and 0 45 j.tmole/g FW for the root and

shoot, respectIvely (correspondmg approXlIDately to 4 and 0 5 mM for a SOll NH4+ level of

50 mM). On the other hand, cow pea cultured cells will mamtam an mternal NH4+ level of

only 0.1 j.tmole/g FW WIth an external NH4+ level of 88 mM (Mayer et al ,1990) Rates of

NaR have been measured to be 4 to 6 and 2 to 3 j.tmole/g FW/h for barley and corn roots,

respectively (SIddIqI et al ,1990) Wellburn (1984) measured NaR and NIR acnVInes m

tomato (reSIstant to N02 exposures) as 3 6 and 5 4 j.tmole/g FW/h, respectIvely Woodm

et aI. (1985) measured NaR as 0 4 j.tmole/g FW/h, yet upon N03- fertIhzatIOn, that value

rose fIvefold in less than a day to 2 j.tmole/g FW/h Thus, It seems that the rate of nItrogen
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reductIOn can range from 0 4 to 5 ",mole/g FW/h, dep{~nd1Og on the specIes and sou fertJ.hzer

concentration

Although the emphasIs of tms chapter IS on how the movement of gaseous NOx affects

plant growth, It IS lffiportant to understand total mtrogen metabohsm at the root level The

two mtrogen sources can strongly 10teract wIth each other FITst, NOx and dry deposIted

mtrogen (acIds of mtrogen compounds) can fall upon the ground and be 1Ocorporated 1Oto the

sou, where they can be absorbed by the roots WIth cultivated crops, th1s IS tnvIaI because

much more mtrogen IS added by the grower as fertJ.hzer In natural regIOns (e g , rangelands

and forests), sou mtrogen levels are much lower, generally too low to support VIgorous

growth Second, sou mtrogen can drrectly alter the amount of mtrogen metabohsm Wlthm

the shoot and leaves

The absorptIOn of mtrogen from the sou IS not stnctly proportIOnal to the amount of

mtrogen present The rate of absorptIOn IS hyperbohc WIth amount (FIgure 9-7), also see

Penmng de Vnes, 1982) More mtrogen 10 the SOUlS not mrrrored drrectly by more mtrogen

uptake, except at low levels (see also Chapter 10) Transport, 10 general, IS by carners or IS

actIve, and so ItS rate can be saturated (see Glass et al , 1990, SIddIqI et al ,1990) Space

does not permIt a complete mscussIOn, however, detaIled reports are gIven 10 Durzan and

Steward (1983), Haynes (1986), and Goh and Haynes (1986) Many of the past expenments

performed on the competitIOn of sou mtrogen and NOJC-denved mtrogen have not made full

use of these facts The sou level IS often much too mgh and the added NOx causes only

small changes ill growth or total mtrogen For example, few changes were obtamed ill bean

growth expenments WIth sou mtrate levels of 10 to 20 mM (Snvastava and Ormrod, 1986)

9.7.4.3 Transport of Nitrogen Species

Weak aCIds move 1Oto cells or organelles by amon transporters or by dlifusmn of the

uncharged aCId form through the membrane Weak bases move by the same general

mechamsms, us10g catIOn transporters or d1ffusmn of the uncharged base form (FIgure 9-8)

The carner/transporters use energy to move the Ions by eIther us10g the Iomc gradIents of the

same-charge specIes (counter-transport) or the reverse-charge specIes (cotransport), or us10g

the energy contamed 10 a mgh-energy phosphate bond (e g , Via H+-specIfic ATPase, see
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Figure 9-7. The relationship between applied nitrogen, soil nitrogen, and biomass
production for a C4 grass. Nu is the nitrogen absorbed from the
unfertilized soil and r is the recovery fraction of the fertilizer nitrogen.

Source Penmng de Vnes (1982)
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+ + I
NHs H+ NH4+NH 4 - H + NHs --- + ----

I
H+ H+ +N02 - + - HN02 --- HN02 - N02 ----

side 1 side 2

Figure 9-8. Schematic of the distribution of a weak base or acid across a biological
membrane. The two sides are indicated across the membrane, represented
as a vertical line. The concentration of the uncharged species is the same
on both sides. In other words, the diffusion of uncharged species is fast
enough to maintain a chemical potential equilibrium.

Source Walker and Crofts (1970)

Briskm et a1 ,1987) Uncharged speCIes dIffusIon IS generally less rapId than an

energy-dnven transport process Under certaIn pH gradIents, however, or If the transporter

IS lackmg, It can be very effective, for example, the uncouphng of chloroplast

photophosphorylation by NH3 (Walker and Crofts, 1970)

The fonnulation of how pH will affect the accumulation of the specIes has been

preVIOusly gIven (Heath and Leech, 1978), but will be repeated here ill abbreVIated form

For the weak aCId HN02, the eqUlhbnum condItion, Ka = [H+][N02-] I [HN02], eXIsts on

both SIdes of the membrane (SIdes 1 and 2) The concentratIOn of HN02 IS the same on both

SIdes because It IS uncharged and can dIffuse rapIdly through the membrane Thus,

eqUlhbnum means

(9-12)

For the weak base NH3 , the eqUlhbnum condItion of Kb = [H+] [NH3] I [NH4+]

hkewlse holds on both SIdes of the membrane Here the concentratIOn of NH3 IS the same on

both SIdes because It IS uncharged and can dIffuse rapIdly (Crofts, 1967) The eqUlhbnum

condItion then gIves nse to
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(9-13)

For example, the plasma membrane separates a wall regIOn, wInch IS estImated to be at

a pH of about 43, from the cytoplasm, wInch IS mamtamed at a pH of about 7 From the

above formulas, we can estImate that tf the total concentratIon of HN02 + N02- Wlthm the

wall is 1 mM, the concentratIOn of HN02 IS 91 jtM In the cytoplasm, the concentratIOn of

HN02 is still only 91 jtM (the same as m the wall regIOn) However, m the cytoplasm, the

concentratIOn of mtnte will be about 46 mM (500 tImes larger) due to the unequal pH The

total concentratIOn of mtnte will thus be Ingh, even m the absence of a mtnte carner

The same argument can be used for a weak base, however, between the wall/cytoplasm

membrane there IS no accumulatIOn, but rather an exclUSIon, of the base Because the Ka for

NH3 is very baSIC, httle NH3 eXIsts m the wall regIOn (actually about 5 nM) WIth the same

1 mM total ammomum specIes outSIde m the wall, the concentratIOn of NH4+ Wlthm the

cytoplasm becomes only 5 jtM, and so the total IS shghtly above 5 jtM (compared WIth

1 mM outSIde) However, as the total ammomum mSlde nses, the ammomum outSIde would

rise even more rapIdly (for 0 5 mM mSlde, the outSIde would be nearly 0 5 M), leadmg to a

path for rapId loss of ammomum from the cells

There seems to eXIst m the roots a transporter for NH3 that ensures a steady supply of

NH4+ internally so that uncharged-specIes dtffuslon plays only a small role TIns IS not the

case for chloroplasts, where the NH3 can easily be accumulated m the grana space, wInch IS

qUIte aCIdIC relatIve to the stroma space, there, the Ingh concentratIOn of NH3 can functIOn as

an uncoupler (Walker and Crofts, 1970)

9.7.4.4 Role of Cellular Hydrogen Ion Concentration

The above arguments are cntIcal for understandmg how mtrogen speCIes can move

through biolOgIcal orgamsms Ammomum can accumulate m spaces of low pH and mtnte

can accumulate m spaces of Ingh pH (compared WIth nelghbonng spaces) TIns IS not true

for strong aCIds such as HN03 , wInch IS completely d1ssocmted to mtrate m bIOlogIcal

orgamsms Both mtrogen compounds are aCIds, and therr formatIOn can dIStOrt normal

mternal pH tf they are present m Ingh concentratIons (see Raven, 1988) The actual change
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m pH depends on theIr concentrauon and the buffenng capacIty of the organelle or ussue

space

For example, NOx could form about 0 05 N H+ upon Its converSIOn to mtrate and

mtnte at an annosphenc concentratIOn of 0 1 ppm (see above) In a wall of about 0 5 p.m

thIckness, thIs would be 2 5 x 10-9 equ/cm2 wall Morvan et al (1979) measured only

about 7 5 x 1010 equ/cm2 wall H+-buffenng SItes These unbuffered, accumulated aCIds

would then lower the pH of the wall regIon ThIs aCIdIficatIOn would tend to loosen the wall

and allow the cell to expand m a manner not controlled by the cell (TaIZ, 1984, Luethen

et al ,1990) Once these aCIds are mSIde the cell, therr metabohsm and converSIOn to NH4+

seems to be a dIfferent story

A largely unproven hypotheSIS IS that the accumulatIOn of N02 from the atmosphere

WIth a concurrent converSIOn mto HN02 and HN03 would change the aCIdIty of the leaf

Raven (1988) has theoreucally exammed the accumulallon of mtrogen from several sources,

mcludmg ammomum and mtrate from the roots, and ammomum mtrate (dry deposluon) and

NOx from the atmosphere mto the leaves He concluded that pH balance by the cell IS

dIfficult under many condluons, but that NOx accumulatIOn leads to an excess of H+ of only

o22 moVmol mtrogen He argues that uptake of phosphate and sulfur WIth converSIOn of

NH3 mto ammo aCIds mteract to keep thIs number small ThIs IS not true for NH3 uptake,

whIch IS able to produce a large number of excess H+

Okano and Totsuka (1986) have shown that at 2 ppm N02, the amount of

mtrogen accumulated from N02 m sunflowers IS roughly 7 2 x 10-10 mol mtrogenlg FW/s

Usmg Raven's number from above, there IS about 24 x 10-7 N H+ produced per second

due to the uptake of N02 The concentratIon of organic aCIds Withm the vacuole IS about

250 mM (Lm et al , 1977), WIth a buffer capacIty of about 140 (change m salt concentratIon

per change m pH [Bull, 1964]) Withm the vacuole at pH 4, the rate of H+ produced due to

the above uptake of N02 would have to be mamtamed constantly for over 1 5 h m order to

lower the pH by only 0 3 pH umts ThIs IS such a shght dIsturbance because the mtrogen

source IS so weak More research needs to be done WIth mtrogen-deficient SOllS and plants

to measure more precIsely these pH effects It remams true, however, that any shIft m pH

m the cytoplasm could alter the rate of formatIOn of several metabohtes because many

enzymatIc reactIons are hIghly senSItIve to pH
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9.7.4.5 Reductases

Once fonned, nitrate will feed mto the general mtrate pool m the leaf, whtch IS denved

from the root by transport VIa the xylem water stream ThIs xylem water stream, m tum, IS

driven largely by transpIratIon through the stomata and, therefore, the stomatal apertures can

partIally control the movement of mtrate NItrate from the xylem IS contamed Withm the

wall and must move mto the cytoplasm to be converted to N02- by NaR ThIs enzyme can

be rapidly mduced to htgh actIvIty upon exposure to mtrate (Woodm et al ,1985) TypIcal

enzymatic parameters of thts reductase are hsted m Table 9-3 The reductIon of mtrate to

nitrite within the cytoplasm IS dnven by NADH from reSpIratIOn (and glycolYSIS) Thus,

rapid nitrate reductIon would be expected to mduce htgher respIratIon rates, whIch are

measured under some CIrcumstances (Aslam et al , 1987, Bloom et al , 1989)

Both atmosphere-denved mtnte and mtnte from the roots add to the cytoplasmIc pool,

from which mtnte moves mto the chloroplast by a presumed carner molecule Nitnte would

not be expected to move paSSIvely moo the chloroplast because the mtemal pH of the

chloroplast stroma IS htgher than that of the cytoplasm (at about pH 8 to 8 5 when the leaf IS

illuminated, see arguments above) Nonnally, mtnte IS reduced by a SIX-electron process VIa

photosynthesIs Although the eVIdence IS somewhat contramctory (see Robmson, 1988,

Kaiser and Foerster, 1989), the demand for these electrons does not seem to mhIbit or slow

CO2 fIXation except at htgh levels of hght or low CO2 levels, where the CO2 fIXatIOn process

is nearly saturated (pace et al ,1990) TYPICal enzymatIc parameters of thts reductase are

also listed in Table 9-3 In darkness, mtnte cannot be reduced and so ItS concentratIon can

rise to htgh levels If the rate of mtrate reduction IS mamtamed Taylor (1973) suggested that

this was the reason for the productIon of large amounts of VISIble mJury by NOx m low hght

or darkness

NItrite seems to be regulated to remam at a low level Withm cells At htgh levels,

nitrite is toXiC and could alter the photosynthetic process by altenng the pH of the stroma of

the chloroplast and so mhIbItmg nonnal CO2 fIXatIOn (BrunSWIck and Cresswell, 1988a,b)

High concentratIOns of NH3 are also toXiC Ammoma acts as an uncoupler of

photophosphorylatIOn Thus, a cntIcal hmtt m concentration must eXist for both molecules

for nonnal cells Although Table 9-3 can gIVe an estImate of what that hmit may be by

using the Km of each enzyme system, more expenmentatIon on actual concentrations IS
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TABLE 9-3. ENZYME PARAMETERS FOR CRITICAL ENZYMATIC STEPS
IN PLANT USE OF NITROGEN COMPOUNDS

Km and Vmax are the Michaehs-Menten parameters for each enzyme system, even though
some enzyme systems hsted here do not stnctly behave accordmg to these kmetics

A. Nitrate Transporter in Root Membranes. KinetIc parameters of the enzyme located on
the plasma membrane of root cells to transport mtrate ions (N03-) mward (Siddiqi et al ,
1990)

Vmax 0 3 to 3 J.tmol/g FW/h
Km 60 to 100 J.tM

B. Nitrate Reductase Molybdenum protem associated with electron transport cham
(Hageman and Hucklesby, 1971)

N03- + NAD(P)H = N02 + H20 + NAD(P)

Vmax 3 to 5 J.tmol/g FW/h

N0
3



NADPH
NADH

Glutamate
NH3
ATP

C. Nitrite Reductase. Enzyme associated wIth ferredoxm (Fd) Withm the photosynthetic
electron transport cham (Losada and Paneque, 1971, Wellburn, 1990)

N02- + (Fd)red = NH4+ + (Fd)mad

Vmax 3 to 5 J.tmol/g FW/h

D. Glutamine Synthetase Enzyme withm plant tissue (Durzan and Steward, 1983)

I Glutamate + NH3 + ATP = G1utamme + ADP + Pi
----=-----------

Vmax 5 4 to 9 9 J.tIDOl/g FW/h

Km(J.tM)

3,000-12,000
10-20

100-1,000
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Glutamme
Oxoglutarate
NAD(p)H

TABLE 9-3 (cont'd). ENZYME PARAMETERS FOR CRITICAL ENZYMATIC
STEPS IN PLANT USE OF NITROGEN COMPOUNDS

E. Glutamate Synthetase. MItochondnal enzyme (Durzan and Steward, 1983)

Glutamine = Oxoglutanc ACId + NAD(p)H = 2 Glutamate = NAD(P) +

Vmax' 1 8 to 3 6 /tmol/g FW/h

Km(/tM)

300-1,500
40-600

7-30

F. Amino Transferase. Enzyme system occumng m several organelles of the cell

Oxaloacetate + Glutamate = Oxoglutarate = Asparate

Km (aCIds) = 1 to 40 mM

G. Asparagine Synthetase.

Asparate + Glutamme/NH3 + ATP = Asparagme + Glutamate + ATP + P-P/H20

Asparate
Glutamine
(NH3)

Km(mM)
o7-2
o1-1
2 0-9

H. Chloroplast Amino Acid/Organic Acid Transporter. Enzyme located on cWoroplast
envelope to exchange ammo aCIds and orgamc aCIds (Woo et al , 1987)

Vmax 80 to 100 /tmole/g FW/h

needed. For example, the declme m both growth and photosynthesIs (nearly 50 %) m radIsh

occurs when the level of ammomum withm the plant nses above a certaIn amount upon the

use of NH3 as a fertilizer (2,000 ppm, 02% of the dry weIght, Goyal et al , 1982) NItrate

fertilizer does not cause such a nse m NH3 (200 ppm), nor does It cause a declme m

photosynthesIs and growth, metabohtes denved from mtrate seem to be well regulated under

most circumstances
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If mtrate IS added to the NH3 fertilizer (at 10% of ammomum), the level of NH3 WIthIn

the plant remams low (200 to 600 ppm), agam, mtrate metabohtes aid m the regulatIOn of

NH3 levels (Goyal et al ,1982) Under these condItIons, the mtemal concentratIon of mtrate

remams low-at about 500 ppm-for NH3 fertthzer However, the mtemal concentratIOn

nses to 14,500 ppm wIth mtrate ferttltzer alone These numbers reflect the level of mtrate

and ammomum WIthIn the radIsh plants best defmed as "normal" The mtemal mtrate level

can nse wIthout problems If the ammonium concentratIOn IS held low, whereas a nse of the

ammomum level mduces toXIC effects, such as a dechne m photosynthesIs These

mteractIons may help to hnk the apparent toXIC effects caused by NOx exposure to excess

accumulatIon of partially reduced forms of NOx (see later sectIons)

9.7.4.6 Amine Metabolism

The metabohc pathway of mtrogen m the chloroplast IS summanzed m FIgure 9-9

Three major sectIOns of the metabohsm are apparent (1) reductIOn of the OXIdIZed forms of

NOx to ammomum (prevIOusly dtscussed), (2) converSIOn of free ammomum mto an ammo

group of an ammo aCId, and (3) movement of that ammo aCId mto protems or the mtrogen

groups of other metabohtes (such as polyammes)

The photosynthetIc process generates NH3 that IS, as has been noted, closely regulated

by the cell (Rhodes et al ,1976) The converSIon of ammomum mto an ammo group keeps

the concentratIon of NH3 low and IS carned out by the glutamate cycle Couphng the

equatIons shown under D and E m Table 9-3 yIelds

NH4 + + glutamate + oxoglutarate + ATP + NADPH =

2 glutamate + ADP + PI -I- NADP+ (9-14)

The reducmg power comes from photosynthetIcally prodluced NADPH The amme mtrogen

on glutamate of tills system can be coupled to the converSIOn of pyruvate to alanme and

glycoxylate to glycme (Chapman and Leech, 1979) These ammo aCIds and orgamc aCIds

can be transported mto and out of the chloroplast by spe,crfic transporters located on the

chloroplast envelope (Woo et al ,1987) The rate of transport seems to be fast enough to

move the carbon and mtrogen metabohtes mto and out of the cytoplasm WIth httle problem,

9-159



ex- Oxo - OAAGil, /
TCAcycle

TRIOSE®~- ~;Q..~ TRIOSE ®

RG\~iADPH
CO --H-.CO~ 7c:p+~-~-

NO- -+NH+ GWTAMA~jo-Oxo - Glut
2 4 Ala~ +tt 76AA Glut- NH2

+ Asp
H + NH 3 ex - OXO _ FdRed

Glut

PEP
~Pyr

Figure 9-9. A generalized pathway of amino acid biosynthesis involving the chloroplast
within the leaf.

AbbrevIations
RuBP = Ribulose 1,5-bisphosphate
PGA = 3-Phosphoglycenc aCId
Fd = FerredoXIn
a-Oxo-Glut = a-Oxo-glutarate
Glut-NH2 = GlutamIne
Ala = Alamne
Asp = AspartIC acid
OAA = OxalacetIc aCId
PEP = PhosphopyruVIC aCId
Pyr = PyruVIC acid
Tnose-P = Tnose phosphate (eIther dIhydroxyacetone phosphate or glyceraldehyde 3-phosphate)
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but IS Imnted m ItS absolute speed Once m the cytoplasm, the ammo group can be used m

many ways to form other secondary products and protems and will not be further dIscUSSed

(see Pate, 1983, Durzan and Steward, 1983)

For the most part, these amme mterconverSlOns Cfable 9-3) can move the amme group

rapIdly between the metabohtes There IS the posSIbility, however, of the formatIOn of

"bottlenecks" m that movement If the system becomes overloaded wIth mtrogen (Ito et al ,

1984b) The concentratIOns of metabohtes due to any overload should mdicate at what pomt

the concentratIOn of external NOx would become toXiC to the plant Under those condItions,

the excess mtrogen supphed by NOx cannot be mcorporated mto metabohsm wIthout

bIOChemIcal dIsruptions

9.7.5 Regulatory Maintenance of Reduced Nitrogen Compounds
(Detoxification)
-

As summanzed above, NOx exposure can overload the mtrogen metabohsm pathways,

as seen m FIgure 9-19, m whIch key features m the ch~mges m normal plant growth

occurnng upon exposure to NOx are noted Unfortuna1ely, most of the studIes made on

plants exposed to NOx have not traced the mhIbitIon or stimulation of these pathways, but

rather have looked for VIsIble mJury or change m gross prodUCtiVIty (measured by several

pOSSIble methods) A summary of such mvestIgations was made m the prevIOUS NOx cntena

document (U S EnvITonmental Protection Agency, 1982) and is reproduced m FIgure 9-20

The curves m the figure represent envelopes of the studIes where eIther (A) metabohc and

growth effects or (B) VIsIble mJury patterns (threshold for fohar leSIOns) were noted for a

gIven duratIOn of N02 exposmre (abSCIssa) at a gIven concentratIOn (ordmate) The lowest

curve on the plot mdlCates where ma.Jor alteratIOns m plant metabohsm occur (largely

unde:fmed, but most studIes used an mhIbitIon of photm:ynthesis as the marker) The regIOn

of the figure below thIs curve IS where N02 does not affect plant metabohsm A second

regIOn m the figure eXists between thIs curve and the next hIgher curve, m whIch

dIsturbances m metabohsm and growth occur (the plant IS not normal) but tissue death IS not

observed Exposures at levels and duration m a thrrd regIOn above thIs curve ("threshold

for fohar leSIOn") results m cell or tissue death (fohar leSIOns) At very short duratIOns and

very hIgh exposure concentratIOn, plant death occurs Although not shown on thIs curve,
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Figure 9-20. The relationship between the onset of either foliar lesions or metabolic and
growth effects and the effective dose of nitrogen dioxide. The curves
contain data points of plant exposures above which effects were observed.

Source us EnvIronmental Protection Agency (1982), Heck and Tmgey (1979)

there is a poorly-defmed regIon where growth stimulation can occur wIth N02 exposure for

some plants under some condItions (see next sectIOn) It IS Important to note that the N02

concentratIon necessary to mduce any changes IS nonhnearly dependent on the duration of

exposure

Under some stresses, such as radiatIOn, the exposure (concentratIOn multIphed by tIme)

defmes mJury levels For a gIven exposure (htgh concentration for a short tIme or a low

concentration for a long tlme), the mJury IS the same On FIgure 9-20 that curve would be a
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straIght hue of umty slope on the graph Clearly, thts exposure concept IS not useful here

The boundaries between the regIOns are curved No explanatIon for these curved boundaries

IS known Understandmg of the metabohc events sUIToundmg NOx converSIOn mto

metabohcally actIve ammes may help m discovermg an explanatIon

9.7.5.1 Nitrogen Oxides Incorporation with Nontmric Effects

If the flow of mtrate from the roots IS mmtmg Imllally (and hence the plant's growth

rate was low), then the mtrate from NOx will be beneficIal That mtrate mtrogen will

stnnulate both NH4+ and ammo aCId productIOn (Koch et al ,1988) HIgher levels of ammo

aCIds will stnnulate protem formatIOn and thus growth However, If the level of mtrate from

the roots IS adequate at the begmmng, the added NOx will shIft normal relatIOnshtps away

from the optImum In eIther case, the normal state of the plant will have been dIsturbed

(Van Keulen et al., 1989)

It IS useful to return to FIgure 9-20 to examme m more detaIl the relatIOnshtps between

concentratIOn and duratIon of exposure and the formatIOn of toXIC effects such as altered

metabohsm and fohar mJury The curves can easily be broken mto two sectIOns m whtch the

relatIOn between duratIOn and concentratIOn IS nearly mlear Only the curve that marks the

begmmng of threshold fohar mJury will be exammed The first sectIon (SectIOn A) extends

from about 0 13 to 0 78 h (8 to 47 mm) and has a very steep slope The second sectIOn

(SectIon B) extends from about 3 h to 14 days and has .!l. relatIvely shallow slope

Followmg the dIScussIon m the mam body of the chapter, these two sectIons can be

separately fitted to a power-law relatIonshtp such as

en X T = Do (9-22)

where C IS the external concentratIon m parts per mI1h(m, n IS a constant, T IS the tnne m

hours, and Do IS a constant Thts formula IS fitted to the curves, and the followmg values

for each sectIon for the constants are found
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Section

A

B

Tune RegIOn

15 to 50 mIn

3 h to 14 days

n (power)

030

290

-.120
1 6

554

Section A represents very hIgh levels of N02, whIch occur mfrequently m nature

Although it may be mterestmg to dIscuss that sec1:I.on, such an endeavor will not foster an

understanding of the problems that occur under natural levels of N02 At very hIgh levels of

N02, the rate at whIch the N02 can enter the 1:I.ssue water and be converted mto

mtrate/mtrite IS very lunIted In SectIOn A, then, the concentra1:I.on of mternal NOx would be

expected to be very near that of the outsIde In other words, the stomates are probably not

limitmg the reac1:I.on rates unless they are closed However, for both sec1:I.ons of the curve,

the flux rate and the amount of mtrogen that enters the plant could be determmed wIth proper

measurements

For the longer 1:I.me penods at concentratIOns that may occur Withm the enVlfonment

(SectIon B), the flow of NOx mto the cells IS hIgh enough to lower the mternal NOx

concentratIOns (relatIve to the external value) Under these condItIOns, the external levels

would not match the observed reactIons well, the mternallevels may be very low and

stomatal aperture would mfluence reactions greatly The ability of the plant to utIltze the

nitrite and NH3 formed would be the govemmg mechamsm of detmafica1:I.on withm thIs tune

scale of days to weeks

For tune penods of an hour or greater, the flow through the stomate and pools of

metabolites should have stabIltzed to a nearly steady-state level, and also the ac1:I.vIty of

indUCible reductase enzymes should have begun to nse The major questIOn then becomes

whether the plant can handle the total mcreased flow of mtrogen CalculatIons of eXIstmg

data show that the flow of mtrogen from NOx IS near that of the hIghest flow of mtrogen that

can be used by the plant, especIally If It has a source of mtrogen from the roots One of the

more critIcal steps is the flow rate of mtrogen mto and out of the NH3 pool If the flow of

nitrogen into that pool exceeds the flow out, many metabohtes, mcludmg NH3 , will mcrease

and so force the cell to near ItS toXiC pomt
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For much lower exposures and longer duratIons, however, the questIon of htmtatIOns

becomes whether the plant can rmd some method to use the accumulated mtrogen

(now converted to ammo aCIds and protems) That problem reduces to how fast the plant

can grow A typICal value of mtrogen WIthIn a plant IS about 1 % of the dry weIght (levels of

2 to 3 % are at the hIgh end of the scale) Therefore, 1lt1Jury at low levels of NOx over many

days of exposure would be predIcted to be observed only when the plant SImply cannot grow

fast enough to use all of the excess accumulated mtrogen (Van Keulen et al , 1989)

The above arguments gIVe a ratIOnale for the shape of the curve m FIgure 9-20

However, the exact shape will depend greatly upon the specIes, growmg condItIOns, gas

exchange, and enzymologlCal parameters The above hypothesIs should aid m understandmg

cntIcal SItes WIthIn the plant for study and for settmg standards Different parts of the

plant's growth cycle are Important through these different exposure tIme scales The plant

should be able to tolerate different concentratIOns and flow rates at different developmental

tImes

9.7.6 Toxic Reactions in the Tissues

The most ObVIOUS SIgn that NOx exposure IS exceedmg the ability of the plant to

aSSImIlate the extra rntrogen IS the appearance of VIsIble mJury on the leaf surface

Unfortunately, each arr pollutant does not mduce a spec-mc, charactenstIc, VIsIble SIgnature

For the most part, VISIble illJUry patterns conSIst of locahzed chlorotIc spots, whIch ill the

presence of hght and wIth tIme, develop illtO a necrotIc sectIOn between the vems TIp and

margm mJury IS more extensIve than illJUry across the leaf These illJured regIOns are where

the maxImum arr flow occurs and the boundary layer resIstance to flow IS much smaller

HIgher arr exchange would mcrease the pollutant dose The tIssue next to the larger vems

remams apparently untouched untIl much of the leaf IS destroyed, perhaps due to the plant's

ability to export the excess mtrogen through the veillS to other portions Other eVIdence of

illJUry IS early senescence or leaf drop, as If the agmg processes withm the leaf have been

accelerated LIttle IS known about these processes Under condItIOns where mtrogen IS

hmItmg to the plant, the lIDtIal coloratIOn pattern may be Just the OpposIte-an illcrease m

greenmg In monocotyledonous plants, the blade possesses different developmental ages

along ItS length, but the transport vessels extend longitudmally Thus, specmc regIOns of
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injury along the blade would not be uncommon IT the export of mtrogen near an mdividual

transport vessel is made cntIcal Also, cells that have Just completed theIr development are

most sensItIve; agam, these are the cells m whIch mtrogen metabohsm IS most stramed

Excess nitrogen could push the cells mto mtrogen tOXICIty through an excess of mtnte or

NH3•

9.7.6.1 Concept of Exposure Index

Data presented preVIously (m FIgure 9-20) clearly show that the concept of dose

(concentration X exposure tIme) IS not vahd, as the effects of N02 are decIdedly nonlmear

Most of the exposure data presented m Table 9-4 have been d1scussed m SectIOn 9 4

It would be useful to update the data m FIgure 9-20 usmg all of the observatIOns from

Table 9-4. Yet, there IS so much narratIve m the table that to summanze the effects easuy IS

difficult. The maJonty of the observed effects, however, fall mto three categones (1) no

change or effect, (2) shght mcrease m mass of the plant or portIOns of the plant, and

(3) decrease m mass of the plant or portIOns of the plant Those plants for whIch no effects

are noted must be tolerant of the excess mtrogen from NOx or must be able to exclude NOx

Those plants that increase m mass are often those that are suffermg from a mtrogen

defiCiency and so, not surpnsmgly, they grow better under condItIons closer to theIr mtrogen

optImum The more Important category IS that m whIch prodUCtIVIty IS lowered

Productivity loss IS generally due to a loss of carbon fixatIon IT the other nutnents are present

in correct abundances (SImI and Pell, 1984) There IS httle eVIdence that NOx exposure

causes nutnent shIfts for other than mtrogen, however, few mvestIgatIOns have addressed that

issue. NItrogen tOXICity has been hnked to calcIUm- and potaSSIUm-IOn Imbalances (Goh and

Haynes, 1986, Tourame et al ,1988) Future research should be focused upon that area

A slIDphstic, but useful, approach to determme what type of exposure mdex

(a combinatIon of duratIon and concentratIOn) could be used IS to transform the narratIve m

Table 9-4 (SectIon 9.4 1 2) mto a gross quantItatIve measure of (1) no effect, (2) decrease,

or (3) mcrease in some measure of prodUCtiVIty, WIthout regard to the actual type of

measurement. SImuarly, the duration can be classed as number of days of exposure, WIthout

regard to the fme details of hours per day or number of days per week Naturally, thIs

approach loses mformatlon, but It has the benefit of allowmg a tabulatIOn of effects to
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detennme whether there are defImte levels of exposure that will lead to toXIC mJury It must

be noted that even If the detaIls are exammed m the table, there are too many vanables

mentioned or detennmed, such as humIdIty, hght mtensIty, sou water potentIal, and tissue or

sou mtrogen, to allow a coherent detaIled understandmg of the condItions leadmg to tOXICIty.

Furthennore, an exammatIon of the data will mdIcate that some plants were exposed under

hIgher than nonnallevels of CO2 Agam, these parameters will alter the production of tOXIC

symptoms, but the attempt to obtam a broader pIcture of exposure ehmmates any focus on

the detaIls

DIagrams of such tabulatIOns are presented m FIgure 9-21, along the hoes of

FIgure 9-20, as log (concentration) versus log (duratIOn). The data mdIcatmg a dechoe m

some measures of productiVIty are shown m FIgure 9-21A, as a "scattergram" There are

several pomts of mterest The data seem to mdIcate that as the duratIOn of exposure

lengthens, the concentratIon requITed to cause some decrease m prodUCtiVIty dechoes

Hence, exposure for a day to 1 ppm IS somewhat eqUllvalent to 0 1 ppm for a month The

fIgure also shows a hoear fIt to the data WIth a slope of 1 7 + 02, agam, md1catmg a

nonhnear dependence of dose (time x concentration) Furthennore, the hoe below the aXIS

label shows the lowest measured concentration WIthm the vaned time mtervals for whIch a

dechoe m productiVIty was noted For duratIOns of a day or longer a dechoe IS noted for

concentrations of 0 02 to 0 1 ppm

Data for whIch no observed effect was noted are gIven in FIgure 9-21B and show less

dependence on concentratIon Agam, the data can be fitted to a hoe WIth a slope of

2 7 + 0 6 Here, the maXImum concentratIon for whIch there was no effect IS shown below

the X-aXIS For duratIons of exposure above a day, concentrations as hIgh as 2 1 ppm have

been used WIthout an effect bemg observed

Data for whIch a stimulatIOn of some measure of productIVIty eXIst are presented m

FIgure 9-21C There are fewer examples from the hterature, but fIttmg the data to a hoe

gIves a slope above umty of 2 1 ± 0 4 The mimmum values here indIcate that exposures to

o 1 ppm NOx for 1 day to 2 weeks can cause an mcrease, whereas for longer exposures

(greater than 1 mo), mcreases can be mduced by as low as 0 024 ppm

9-167



(A) ~ In ProduclMly
-.01'""""':::::---.,.----------,

• D

•• IlI'hq,p,jl'm D

D

o
D 0 a IJ a

D D D

D D

No Change In Pnlduc:dvtty

-u o.t UlloA 1.1 U

LogId&YaI
• me.. -0IIc.

(B) ....
44

....
I~
J .....

7..

70A

7.1
1 .0.1

D

••
D 0

o 0 DO oW ED ED 0 PXJ 0

o 0 0 0

Dog 0 0
0

0
0

g i III •
o 0 0 DO

11r

.7.0

.a.o
.,~---'---:0!:---'---:1f----'---:2!<-----l

Log[daya)
G mea&. _ e-Ic..

2_'_

·7.1i

...0 •

I ".I
J

OAppn Cl.Ol!""", 01""", 002""",

(e) 040 .....-_-----,,_____IncreMe--kl-ProdudIvIty-------,

7JJ

7,A

D /TllWI

7.11 .~,-~~D;--~--;;----2,-----~---l1l

Log (d«ya1_oaIc.

Figure 9-21. Diagram of studies of nitrogen oxides effects on plant productivity. This
figure is similar to Figure 9-20; however, separate experiments are shown
by individual symbols as a function of log (concentration of nitrogen
dioxide) and log (duration of exposure). The data are from Table 9-4. All
the data in each subfigure were fitted to a linear curve by least squares.
Numbers below the curve are minimum values of concentrations reported
in the indicated time interval. The three separate fi~res are for
(A) decline in productivity (exponent = 2.7 ± 0.2, r = 0.200, n = 87),
(l3) no observed effect upon productivity (exponent = 1.7 ± 0.2,
r2 = 0.200, n = 87), and (C) increase in productivity
(exponent = 2.1 ± 0.4, r 2 = 0.200, n = 87). The measure of productivity
ranged from leaf and root growth and early senescence to flower/seed
production.

Unfortunately, there are still no clear conclUSIOns avaJ.1able from the data regardIng

exposure indices. There are, however, a few tentatIve concepts that can be stated from these

data sets.
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(1) Although there are no absolute hmItS, for lthe most part, a lower concentratIon

wIll cause some sluft m productIVIty (hIgher or lower) wIth longer penods of

exposure

(2) The concept of a stnct dose (concentratIOn x tIme) does not work The effects

are decIdedly nonlmear, the slopes of the Figures 9-20 and 9-21 suggest that It

may be a power of 2 to 3 (see EquatIOn 9-22)

(3) Under vaned crrcumstances WIthm the range of N02 exposure gIven m

FIgure 9-21, a giVen speCIes will be eIther affected or not affected by N02

Not enough IS known to determme preciselly when a plant will be altered by the

exposure

(4) The maJonty of the data m FIgure 9-21A ~md 9-21B suggest that concentratIOns

below 0 1 ppm for days to a month have bttle effect on produCtIvIty The data

are less clear for very long exposures, It may be that very low concentrations

over a year of exposure may be enough to cause ecologIcal problems The lack

of data make any conclUSIOn premature

9.7.6.2 Inhibited Processes

As prevIously stated, excess mtrate causes httle ll1Jury to the plant, however, excess

mtnte and NH3 can alter photosynthesIs Therefore, one area of tOXICIty may be m the

buildup of these compounds and therr mhIbitIOn of photosynthetic processes NItrate IS

routmely used to pOlson the H+-ATPase on the tonoplast, but at a level of about 40 mM

(O'Neill et al , 1983, ~ = 10 mM), whereas NH3 m a concentratIon of tens of micromolar

can uncouple photophosphorylation (Walker and Crofts., 1970) Although mtrate can build to

hIgh levels, thIs may be an mdIcation of the hmitation on mtrate metabohsm

Nitnte also appears to alter the ability for a pH gradIent to develop properly Withm the

chloroplast (Via hght-dnven electron transport, Heath and Leech, 1978), and WIthout the pH

gradient, the ATP productIOn and normal carbon fiXation are severely hmited, thus mhIbItmg

photosynthesIs Under hIgh hght or saturatmg CO2, IUtnte can mtercept electrons and so
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inhIbit NADPH used for CO2 fIxatIon Under most condItIOns some beheve that mtrogen

reduction does not dIrectly compete for reducmg eqUivalences and so would not slow CO2

fIxatIon One of the best hypotheses for mtnte-mduced mJury IS the alteratIon of normal pH

within vaned organelles of the cell, however, thIs area has not receIved much study,

although the hypotheSIS seems to be a reasonable one

Excess NH3 IS mJunous to hvmg cells, and plants attempt to regulate ItS level

metabolically When regulatIon faIls, tIssue "bum" IS common and may also be traced to pH

imbalance. Here, agam, the hnkage between tIssue NH3 and NOx exposure has not been

established by research

Nitrogen diOXide appears not to cause mJury directly because of ItS converSIon mto the

salts of OXIdIZed mtrogen There IS httle mformatIon regardmg the actual speed of these

reactions in water solutIons and how bIOchemIcal IOns and compounds could alter that speed

Furthermore, these reactIons most probably are occurnng Withm the cell wall area and,

therefore, surface effects that are largely unknown at the present tIme are expected to playa

major role. Most of the chemIcal studies that mdIcate that N02 can react WIth double bonds

of fatty aCIds are done m orgamc or nonpolar SolutIons The maJonty of these hIghly

reactive compounds behave differently m polar solvents

NItric OXide IS an even more emgmatIc speCIes Its solubility mdicates that It does not

react rapidly WIth water to form mtnte There IS apparently no good measurement of

internal NO, but It is presumed to be nearly that of the external value Most of the chemIcal

studies of NO that indIcate that It reacts rapIdly WIth free radIcals have been conducted m

nonpolar solvents and are, therefore, suspect To be sure, there are many bIochemIcal

reactions that occur VIa free radicals and so NO could easIly react WIth free radIcals and alter

nomlal metabohsm Yet under most conditIons, these cntIcal free radIcal reactIons are

heavIly protected or tightly bound Withm enzymes It may be that only at hIgh levels IS there

enough free NO present to lilltIate these damagmg reactIons It IS hard to calculate what the

level of NO would have to be m the atmosphere to buIld reactIve condItIons of NO withm

the cell water because there are so many unknowns

LIke mtnte, NO can alter photosyntheSIS The mhIbitIon of photosynthesIs by NO

seems to require tune to buIld In one study (Bruggmk et al , 1988), no effect of NO on

photosynthesIs was observed untIl after 2 days of exposure for 8 h/day at 1 ppm NO
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Interestmgly, the mhtbitIOn was only seen m the afternoon at fIrst, when levels of sugars are

hIgh and the level of photosynthesIs m the control was dechnmg Also of mterest IS the

apparent mcrease m stomatal conductance mduced 1ll1tI.llly by NO (1 ppm mcreases the

conductance by about 15 to 30%) Because the mternal NO level IS estImated to be hIgh,

thIs small amount of mcrease would not greatly change the mtnte Withm the tissues

However, the dechne m photosynthesIs IS not hnked to lower conductance A nse m

conductance IS sometImes observed WIth S02 exposure and has been hnked to altered guard

cell metabohsm, pOSSIbly through a reactIon WIth the membranes, whIch m tum would alter

the normal relatIOnshIp between the guard and epIdermal cells (MansfIeld and McCune,

1988) Yet an mcrease m transpIratIon IS not commonly observed WIth NOx fumIgatIOns

An mcrease m tranSpIratIOn may be only tranSItory, and under most cases, NOx alters the

lOmc relatIonshIps between the epIdermIs and guard cells to the extent that the stomate

closes Certamly, at hIgh levels of NOx exposure, tranSpIratIOn dechnes

It has been argued that only low concentratIOns of NOx should be used m arr quahty

research Unfortunately, under thIs scenano, the mechamsms of tOXICIty cannot be well

illvestIgated and so exactly what may be happenmg at other levels of NOx IS dIffIcult to

understand Past studIes mdicate that the sugar levels withm leaf tIssues are bemg altered

(Ito et al ,1985a) In some cases, the levels dechne, mdicatmg that photosynthesIs has been

mhtbited In the cases where the sugar levels nse, translocatIOn to other portIOns of the plant

may have been mhtbited to a greater degree than photosynthesIs, leadmg to a buildup of the

soluble sugar pools Once translocatIon mto the root IS hmited, the growth of the root IS

mhtbited ThIs uneven allocatIon of nutnents, m tum, alters root/shoot ratIOS It has been

observed that a lowered level of sugar Withm the root leads to a demIse of mtrogen-fIXIng

nodules (Snvastava and Ormrod, 1986)

ChemIcal eVIdence favors hpid damage by NOx If dIrect hpid alteratIon occurred

Withm the membranes, the membrane functIon would drastIcally dechne Ions and

metabohtes would leak out and metabohsm would be altered detnmentally Changes ill the

osmotIC relatIon between the vaned cell types may be a consequence of these reactIons

LIttle dIrect eVIdence has been observed for NOx , however, hpid synthesIs has been observed

to be mhtbited by hIgh levels of NOx (Malhotra and Khan, 1984) ThIs may be, however,

due to lowered metabohsm m general
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Histologtcally, cells exposed to large amounts of NOx exhtblt disruptIOn of organelles

that appears to be IOmcally or osmotically mduced If the pH of these organelles IS greatly

altered by N02- or NH3, Ion pumpmg will be changed and the balance of these Ions will be

greatly altered Certamly there IS no real eVIdence that disruptIOn of some lomc

concentrations occurs (Wellburn, 1985), but further understandIng of the IOmc balances IS

needed.

In general, most of the observatIons can be explamed by a buildup of mtnte or NH3

beyond nonnallevels The weak aCid and base could then alter the nonnal pH Wlthm each

organelle, leadIng to an mhIbltIon of the metabohsm of that organelle Under thIs concept,

photosynthesis IS mhIblted by the loss of the pH gradient and the ability to produce ATP

In addItIon, havmg the wrong stomatal pH lowers the enzymIc rate of carbon and thus

mhibits CO2 fIXatIon If translocatIon IS mhIbited to a larger degree by the altered pH, the

levels of soluble sugars could declme If translocatIon IS mhIbited more than photosynthesIs,

the levels of sugars rise because they cannot be exported WIth a declme m avaIlable export

carbohydrates, growth and fruIt and seed productIvIty declme and root metabohsm IS

lowered If energy becomes a problem Wlthm the roots, IOn transport IS mhIblted and so

nutrients could also be ultImately hmIted (Tourame et al , 1988)

9.7.6.3 Pollutants in Combination

The data collected for pollutants m combmatIOn do not gIve a coherent pIcture The

experiments have been conducted under a very WIde range of condItIons, usmg relatIvely

high concentratIons for the most part MechamstIcally, It IS dIfficult to understand what IS

happening There are two major sources of mteractIOns that are poorly understood (1) the

gaseous phase m whIch the pollutants can chemIcally alter one another to the extent that new

combmatIons are made and (2) the metabohc pathways m whIch actIvity m one particular

pathway can lower the carbon and energy abilities for another The gas-phase chemistry

must take mto account the hUmIdity both externally and Wlthm the leaf, especially at the wall

surface LIttle is known of the pOSSIble mteractIOns there

The metabohc pathways can mteract m ways that depend on the nature of the pollutant

and its mteractIOn WIth the nonnal phySIOlogy For example, 03 IS known to alter membrane

penneability, whIch m tum lowers the net metabohsm of the cell (Heath, 1980, 1988) The
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loss of Ions and energy alters the abIlIty of the cell to respond to changes m pH due to

mtrogen transformations and reduced mtrogen forms through NADH/NADPH processes

MetabolIsm of sulfur from S02 requIres both energy and carbon skeletons The processmg

of sulfur mto ammo aCIds IS lInked drrectly to the formatIOn of those compounds from

mtrogen One expects mteractIons, but how they will develop IS dIfficult to predict presently

because the mterrelatIOnshIps are many and are currently dIfficult to model

In any event, studIes of co-occurrence of N02/S02 and N02/03 (Lefohn and Tmgey,

1984, Lane and Bell, 1984a, Jacobson and McManus, 1985, Lefohn et al , 1987a) concluded

that (1) the co-occurrence of two-pollutant mIXtures lasted only a few hours per epIsode,

(2) the time between epIsodes IS generally large (weeks, sometimes months), and (3) the

penods of co-occurrence represent a very small portIon of the potential plant growmg penod
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TABLE 9A. SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common Namea

Herbaceous Species:
Vegetable Crops
Omon

Leek

Tampala

Celenac

Beet

Swiss chard

Kale

Broccoli

Cabbage

Kohlrabi

Turntp

Green pepper

Cluck pea

Endive

Taro

Cucumber

Squash

Carrot

Strawbeny

Woodland strawbeny

Sweet potato

Garden lettuce

Tomato

Currant tomato

ParsniP

Parsley

SCientific Name

Alllum cepa L

Album ampeloprasum L

Amaranthus tncolor L

ApLUm graveolens L var rapaceum (Mill)
Gaud -Beaupr

Beta vulgans L

Beta vulgans L

Brasslca oleraceae L var acephala DC

BrassLCa oleraceae L var bOtrytlS L

BraSSlca oleraceae L var capltata

Brasslca oleraceae L var gongylodes

Brasslca rapa L

CapSlcum annuum L var annuum

Clcer anetmum L

Clchonum endlVla L

Colocasla esculenta (L) Schott var antlquorum (Schott)
F J Hubb and Rehd

CucumlS satlvus L

Cucurblta maxlma Duch

Daucus carota L var satlvus Hoffm

Fragarla chlloensls (L ) Duchesne

Fragana vesca L

Ipomea batatas (L ) Lam

Lactuca satlva L

Lycoperslcon lycopersLCum (L ) Karst ex Farw

Lycoperslcon plmpmellljobum (Jusl ) Mill

Pastmaca satlva L

Petroselmum cnspum (Mill) Nyman ex A W Hill
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF O}l:IDES OF NITROGEN

Common Namea

Green bean

Garden pea

RadIsh

Rhubarb

Black SalSIfy

Eggplant

Potato

Spmach

Broad bean

Watermelon

Field crops
Oats

Sugar beet

Rape

Buckwheat

Soybean

Upland cotton

Common sunflower

Barley

Tobacco

Paddy nce

Castor bean

Common rye

Sesame

Sorghum

Common wheat

Durum wheat

Matze

Forage, Pasture, Turf
Bentgrass

SCIentific Name

Phaseolus vulgans L

Plsum satlVum L

Raphanus ~,atlvus L

Rheum rhabarbarum L

Scorzonera hlspamca L

Solanum melongena L

Solanum tuberosum L

SplnaCta oleracea L

Vlctafaba L

Gltrullus lanatus (Thunb ) Matsum and Nakat

Avena satllla L

Beta vulgarls L

Brasslca 1UZpUS L

Fagopyrum esculentum Moench

Glycme max (L ) Memll

Gossyplum hlrsutum L

Heltanthus annuus L

Hordeum l-ulgare L

Nlcottana Jabacum L

Oryza satlva L

Rlcmus commums L

Secale cereale L

Sesamum mdlcum L

Sorghum bzcolor (L ) Moench

Tntlcum aestlvum L

Tntlcum tu'rgtdum L

Zea mays L

AgrostLS cGIJnllarLS L
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common NameR

Redtop

CreepIng bentgrass

Colomal bentgrass

Smooth brome

Orchard grass

Red fescue

Itahan ryegrass

Perenmal ryegrass

Alfalfa

Mat-grass

Common timothy

Annual bluegrass

Kentucky bluegrass

Red clover

Crimson clover

Spring vetch

Hedge vetch

Floncultural
Flossflower

Common snapdragon

Sprenger asparagus

Begoma

Hollyhock begoma

Begoma

KIng begoma

Chtna aster

Oxeye daisy

Flonst's chrysanthemum

PaInted leaf

Ldy-of-the-valley

Dahba

SCIentIfic Name

Agrostzs gzgantea Roth

Agrostzs stolonifera L var palustrzs (Huds ) Farw

Agrostls tenuzs Slbth

Bromus znermzs Leyss

Dactylzs glomerata L

Festuca rubra L

Lolzum multiflorum Lam

Lolzum perenne L

Medzcago sattva L

Nardus strzcta L

Phleum pratense L

Poa annua L

Poa pratenszs L

Trifolzum pratense L

Trifolzum zncarnatum L

Vzcza satzva L

Vzcza sepzum

Ageratum houstonzanum Mdt

Antzrrhznum maJus L

Asparagus densiflorus (Knuth) Jessop Cv Sprengerz

Begonza sp

Begonza graczlzs HBK

Begonza multiflora Benth

Begonza rex Putz

Callzstephus chznenszs (L) Nees

Chrysanthemum leucanthemum L

Chrysanthemum X morifolzum Ramat

Coleus shzrenszs Gurke

Convalarza maJalzs L

Dahlza pznnata Cav
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common Namea

Dumb cane

Golden pathos

Sprmg heather

Summer hyacmth

Garden gladiolus

Plantam hly

Patience plant

Japanese mornmg-glory

Palm-Beach-bells

Sweet pea

Daffodl1

Boston fern

Garden geramum

Geramum

Common garden petuma

Fatry pnmrose

German pnmrose

Common Afncan ViOlet

Common salVia

Baby's-tears

French mangold

Tuhp

Penwmkle

Common penwmkle

Commonzmma

Weeds and NatIve
Bear's garhc

Redroot

Adam-and-Eve

Common mugwort

SCientIfic Name

Dteffenbachza maculata (Lodd) G Don

Eptpremnum aureum (Lmden and Andre) Bunt

Enca carnea L

Galtonza candtcans (Bak ) Decne

Gladtolus X hortulanus L H Batley

Hosta sp

Impattens wallerana Hook f

Ipomoea ml (L ) Roth

Kalanchoe blossfeldzana PoeHn

Lathyrus odoratus L

Narctssus pseudonarctssus L

Nephrolepcs exaltata (L ) Schott

Pelargomum X hortorum L H Batley

Pelargomum zonale (L ) L'Her ex Att

Petunza X hybrzda Hart Vl1m -Andr

Pnmula 17t<2lacotdes Franch

Pnmula obcomca Hance

Satntpaulta tonantha H Wendl

Salvza offictnalts L

Soletrolza soletrolu (Req ) Dandy

Tagetes patula L

Tultpa gesnerana L

Vtnca sp

Vtnca mtnor L

Ztnma elegans Jacq

Alltum ursmum L

Amaranthus retroflexus L

Arum maculatum L

Artemesza vulgans L
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIl.\tIENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common Namea

Desert mangold

Beggar-tIck

White mustard

Crunch-weed

Lamb's-quarters

Goosefoot

Canada thistle

JImsonweed

Crabgrass

Horseweed

Alfilana

Japanese clover

Lupme

Mallow

Wood meho

Mmt

Millet grass

Sensitive plant

Tobacco

Wild tobacco

European wood sorrel

ScorpIOn weed

Common plantam

Dock

Broad-leaved dock

Bladder campion

Common chIckweed

Common dandelIon

SCientIfic Name

Balleya plemradtata Harv and Gray

Bulens from/osa L

Brasstca hlrta Moench

Brasslca kaber (DC) L C Wheeler var pmnatifida
(Stokes) L C Wheeler

Chaenactts carphoclmta Gray

ChenopodIum album L

ChenopodIum murale L

ClrSLUm arvense (L ) Scop

Datura stramomum L

Dtgltarta sp

Engeron canadensIs L

ErodLUm clcutanum (L ) L'Her

Lespedeza strtata (Thunb ex J Murr ) Hook and Am

Lupmus angustifolLUs L

Malva parviflora L

Mellca uniflora Retz

Mentha plpenta L

Mlllum effusum L

MImosa pudlca L

Nlcottana glutmosa

Nlcottana rustlca L

Oxalts acetosella L

Phacelta crenulata Torr ex SWats

Plantago msularts Eastw

Plantago major L

Rumex ambtguous

Rumex obtusifohus L

Sllene vulgans (Moench) Garcke

Stellarta medta (L ) Cynllo

Taraxlcum offictnale Weber
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common Namea

Wood dog vIOlet

DevIl's tongue

Trees and Shrubs
FruIts

GrapefruIt

Sweet orange

Mandarm orange

Japanese persImmon

Common apple

Peach

WIld pear

Currant

Grape (Amencan hybnds)

Fox grape

Ornamentals
Japanese aucuba

BougamvIllea

Boxwood

Common camelha

Karanda

Croton

Algenan Ivy

Enghsh ivy

BenJamm tree

Rubber plant

Hybnd fuchSia

Common gardema

Chmese hibISCUS

HortenSia

SCIentific Name

Vwla relchenbachuma Jord ex Boreau

Curus aurantlum L

CltruS natsudaulal

CltruS X paradlsl Macfady

Cttrus smeJtSlS (L ) Osbeck

Cttrus retlculata Blanco var unshu

Dwspyros kala L f

Malus pumtla MIll

Prunus perslca (L ) Batsch

Pyrus commUnlS L

Rlbes sp

Vms vmifeJ a

Vms labrusca L

Aucuba jap0nlca Thunb

Bougamvlllea speetabtlts Willd

Buxus mtcrophylla SIebold and Zucc

Camellta jarp0nlca L

Canssa caJandas L

Codtaeum vanegatum (L ) Blume

Hedera cananenSlS WIlld

Hedera hellX L

Ftcus benjamlna L

Ftcus elastlca Roxb ex Hornem

Fuchsta X hybrula Hort ex VIlm

Gardenta jasmmoules EllIS

Htbtscus rosa-smensts L

Hydrangea macrophylla (Thunb ) Ser subsp
macrophylla
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common Name8

Flame-of-the-woods

Glossy pnvet

Paperbark tree

Common oleander

Fragrant olIve

Japanese pittospornm

Firethorn

Azalea

Catawba rhododendron

Cultlvated rose

Natural

Hedge maple

Box elder

Japanese maple

Norway maple

Red maple

Black alder

White alder

Burro weed

Four-wmg saltbush

European whIte bIrch

Downybuch

European hornbeam

Hornbeam

AustralIan pme

Desert WIllow

Camphor tree

RUSSian ohve

Bnttle bush

SCIentific Name

Ixora coccmea L

Ltgustrum luculum AIt

Melaleuca qumquenerVta (Cav) S T Blake

Nenum oleander L

Osmanthus fragrans (Thunb ) Lour

Ptttosporum tobtra (Thunb ) AIt

Pyracantha coccmea M J Roem

Rhododendron canescens

Rhododendron catawbtense MIChx.

Rosa sp

Acer campestre L

Acer negundo L

Acer palmatum Thunb

Acer platanoules L

Acer rubrum L

Alnus glutmosa (L ) Gaertn

Alnus mcana (L ) Moench

Ambrosta dumosa (Gray) Payne

Atrtplex canescens (Pursh ) Mutt

Betula pendula Roth

Betula pubescens J F Ehrh

Carpmus betulus L

Carpmus caucaswa Gros

Casuanna cunmnghamtana MIq

Chtlopsts lmeans CaY

Cmnamomum camphora (L ) J Presl

Corylus betulus

Elaeagnus angustifolta L

Encelta farmosa Gray ex Torr
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common Namea

Murray red gum

Spmdle tree

European beech

Wlnte ash

European ash

Green ash

Matdenhatr tree

Honeylocust

Enghsh wahmt

Creosote bush

Sweetgum

Yellow poplar

Tormgo crab apple

Amencan sycamore

Carolma poplar

Black poplar

Hybnd poplar

Hybnd poplar

Sargent cherry

Japanese pear

Wlnte oak:

Oak:

Oak:

Shtra oak:

Enghsh oak:

Pm oak:

Wtllowoak:

Black locust

European elderberry

Wlnte beam

SCientIfic Name

Eucalyptus camadulensts Dehnh

Euonymus Japomca Thunb

Fagus stlvattca L

Fraxmus amencana L

Fraxmus e.xcelswr L

Fraxmus p.ennsylvamca Marsh

Gmgko btloba L

Gledttsta tI tacanthos L

Juglans regta L

Larrea dtvancata Cay

Ltquulambar styraciflua L

Ltrwdendron tultpifera L

Malus Steboldu (Regel) Rehd

Platanus occtdentalzs L

Populus canadensts Moench

Populus mlIra L

Populus mgra x P maxtmoWtCZu

Populus 11U.lXtmoWtCZU x P plantetrensts

Prunus sargentu Rehd

Pynzs pynjolta (Burro f) Nak:at

Quercus alba L

Quercus tbenca Stev

Quercus unerettna Stev

Quercus mvrstnaifolta Blume

Quercus robur L

Quercus palustrts Muenchh

Quercus phellos L

Robmta pseudoacacta L

Sambucus mgra L

Sorbus ana (L ) Crantz
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common Namea

Common lIlac

Small-leaved European lmden

Large-leaved hme

American elm

Scotch elm

Sweet vIburnum

Summer grape

Japanese zelkova

Conifers'
Sdver fir

White fir

Nikko fir

CaucasIan fir

Deodar cedar

Port-Orford-cedar

Hmoki cypress

Japanese cedar

Shore Jumper

European larch

Japanese larch

Norway spruce

White spruce

Blue spruce

Red spruce

SItka spruce

Japanese red pme

Shortleaf pme

Pme

Mountampme

Austnanpme

SCIentIfic Name

Syrmga vulgarzs L

Tzlra cordata MIll

Tzlra platyphyllos Scop

Ulmus amerzcana L

Ulmus glabra Huds

Vwumum odoratzsszma Ker-Gawl var awabukz
(C Koch) Zab

Vztzs aestzvalzs MIChx

Zelkova serrata (Thunb ) Mak

Abzes alba MIll

Abzes concolor (Gord ) Lmdl ex HIldebr

Abzes homolepzs SIebold and Zucc

Abzes nordmannrana (Steven) Spach

Cedrus deodara (D Don) G Don

Chamaecyparzs lawsonrana (A Murr ) ParI

Chamaecyparzs obtusa (SIebold and Zucc ) Endl

Cryptomerra spp

Junzperus conferta ParI

LarIX deczdua MIll

LarIX kaempferz (Lamb ) Camere

pzcea abzes (L ) Karst

pzcea glauca (Moench) Voss

pzcea pungens Engelm

pzcea rubens Sarg

pzeea sztchenszs (Bong ) Carr

Pmus densiflora Sleb and Zucc

Pmus echmata MIll

Pmus elodarzca Medw

Pmus mugo Turra

Pmus nzgra Arnold
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TABLE 9A (cont'd). SPECIES OF PLANTS USED IN EXPERIMENTAL
STUDIES ON THE EFFECTS OF OXIDES OF NITROGEN

Common Namea

Cluster pme

PItch pme

Eastern white pme

Scots pme

Loblolly pme

Japanese black pme

VIrg1ll1a pme

Douglas-fir

EnglIsh yew

Lichens

SCIentIfic Name

PinUS ptnaster AJ.t

PinUS nguJa Mill

PinUS strobus L

PinUS sylve~.trts L

PinUS taeda L

PinUS thunbergzana Franco

PinUS vlrgmzana Mill

Pseudotsuga menZleSll (Mub ) Franco

Taxus baccata L

Anaptychza neoleucomelanena
Lecanora chrysoleuca
Parmelza pi aeslgms
Usnea cavemosa

aCommon and sCIentific names gIven below conform wIth those m Hortus ThIrd and may dIffer from those used
m the ongmal publIcatIons
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APPENDIX 9B. TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERlMENTAL INVESTIGATIONSa

Species or Crop

NOx Exposure
(ppm) DuratIon

Vegetable crops:
SWISS chard (Beta vulgarts L )

03 10 hlday, 14 days

Effect
(% deviatIon from treatment Without NOx)b

Leaf area (-5 or -3), mass of shoot (+9 or +2), mass of root (+ 19 or + 15),
daytIme or mghttlme exposure, 30-day-old plants (Yoneyama et at , 1980c)

c
FacIllty

CEIGH

Momtoi

ChLum

GH/PE G-S

GH ChLum

CE ?

CE ChLum

GH ChLum

GH ChLum

GH ?

Endive (ChlConum endlVla L )
10 620 hover 1 mo YIeld (-37), owmg to reduced growth of fohage e (Zahn, 1975)

Garden lett1lce (Lactuca sattva L )
oSf 16 days Mass of plant (-11*),30 days old, CO2 at 1,200 ppm (Capom, 1989)

o 8Sg 33 days Mass of plant (0), seedhngs, CO2 at 1,000 ppm (Mortensen, 1985a)

o9h 32 days Mass of plant (-14 to +7), depended on cultIvar, 3-week-old plants, CO2 at
1,000 ppm (Mortensen, 1985b)

~ 2Sh 16 days Mass of plant (-18*), 30 days old, CO2 at 1,200 ppm (Capom, 1989)
N 22 days Mass of plant (-32*),36 days old, CO2 at 1,200 ppm (Capom, 1989)

Green pepper (Capslcum annuum L var annuum)
201 over 110 days Mass of plant(-20), yIeld of frUIt (-17), delayed frUItmg (10 days), CO2 at

2,000 ppm e (Law and Mansfield, 1982)

Tomato (Lycoperslcon lycoperslcum [L ] Karst ex Farw )

o 1 19 days Leaf area (+6), mass ofleaves (+ 14), mass of shoot (-15), mass of roots CE
(+21), 3S-day-old plants (Capron and Mansfield, 1977)

o 11 1 week Leaf area (-2), mass of leaves (+4), mass of stem (-1), mass of roots (+5), CE
4-week-old plants (Mane and Ormrod, 1984)

2 weeks Leaf area (-9), mass of leaves (-2), mass of stem (-3), mass of roots (+7), CE
S-week-old plants (Mane and Ormrod, 1984)

3 weeks Leaf area (-16), mass ofleaves (+ 11), mass of stem (+ 19), mass of roots (+ 11), CE
6-week-old plants (Mane and Ormrod, 1984)

4 weeks Leaf area (-9), mass of leaves (+6), mass of stem (+ 10), mass of roots (+ 9),
7-week-old plants (Mane and Ormrod, 1984)

L-G-S
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APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTII, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIl\tIENTAL INVESTIGATIONSa

SpecIes or Crop
NOx Exposure
(ppm) DuratIOn

016 10 days

22 days

02 60 days
o2J 50 days

021 Ih

025 80 h

125 h

~
028 14 daysIw

03 10 h/day, 14 days

14 days

41 days

o35J 35 days

CE Saltzman

CE ChLum
GH ChLum
CS'IR/GH B952

CE/GH MastTM

GH,CE Saltzman

CE Saltzman

CE/GH ChLum

CE/GH ChLum
GH,CE Saltzman
GH ChLum

GH ChLum

CE/GH MastTM039 164h

Effect
b(% devIatIOn from treatment wIthout NOx)

Mass of fifth leaf (-33*), exposures started when third or fourth true leaf appeared
(Taylor and Eaton, 1966)

Mass (-20**) and area (-19**) of fifth leaf, exposures started when third or fourth
true leaf appeared (Taylor and Eaton, 1966)

Leaf area (-31) e (Naton and Totsuka, 1980)
Mass of plant (+96*, +2, or -7), leaf area (+120*, +4, or -5), 0,1 x, or 2 X

addlttons of fertthzer to sod, plants 9 to 10 weeks old (Anderson and Mansfield, 1979)
Leaf area (+3), heIght (+2), fresh mass of leaves (+1) or stems (-1), plants at

4- to 6-leaf stage (Goodyear and Ormrod, 1988)
Mass of leaves (-6 or + 17**), mass of stem (0 or +26), mtrogen-nutnent level at

28 or 140 mg/L, 5-week-old plants (TrOIano and Leone, 1977)
Number of fruIt (-11), mass per fruIt (-13), mass of plant (-41), mcreased

senescence and abscIsSIOn of fohage e (Splenngs, 1971)

Fresh mass (-18*) or dry mass (-6) of fifth leaf, exposures started when third or
fourth true leaf appeared (Taylor and Eaton, 1966)

Leaf area (-8 or -8), mass of leaf (-lor -2), mass of stem (0 or -4), mass of roots
(-13 or +8), daytIme or Ihghtt.lme exposure, 30-da}-old plants (Yoneyama et aI, 1980c)

Mass of leaves (-19, -17, or -7), mass of stem (-23, -24, or -15), mass of roots
(+6, -31, or -20), plants grown at 26, 105, or 260 ppm mtrogen nutnent,
5-week-old plants e (Matsumaru et a1 , 1979)

No effect on growth e (Ishikawa, 1976)

Mass of shoot (-27 to +89), leaf area (-28 to +48), depended upon culttvar
(Anderson and Mansfield, 1979)

Mass of plant (-21* or -1), leaf area (-21* or +24*), absence or presence of CO2
at 1,000 ppm, plants 7 to 8 weeks old (Anderson and Mansfield, 1979)

Mass of leaves (-8 or + 14), mass of stem (0 or + 16), mtrogen-nutnent level at
28 or 140 mg/L, 5-week-old plants (TroIano and Leone, 1977)

cFaclhty

CE

CE

Momtoi

B942
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APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIl\1ENTAL INVESTIGATIONS2

~
I
~

Species or Crop

NOx Exposure
(ppm) DuratIon

o4J 19 days

45 days
50 days

043 19 days

05 10 days
14 days

19 days

o Sh 19 days

06 41 days

o7h 21 or 28 days

o 8J 50 days

o 8Sg 22 days

o9k 19 days

ISh 25 days

Effect
(% deVIatIon from treatment WIthout NOx)b

Leaf area (-25"'), mass of leaves (-30*), mass of shoot (-42*), mass ofroots
(-12*), 3S-day-old plants (Capron and Mansfield, 1977)

Length of shoot (+ 12) e (Splenngs, 1971)
Mass of plant (+38*, -24*, or -44"'), leaf area (+21*, -28*, or -44*), 0,1 X, or

2 X addItIons of fertIlIzer to sod, plants 9 to 10 weeks old (Anderson and Mansfield, 1979)

Fresh mass (-18*) or dry mass (-37**) of fifth leaf, exposures started when thIrd or
fourth true leaf appeared (Taylor and Eaton, 1966)

Length of shoot (+ 11), mass of leaves (-22) e (Splenngs, 1971)
Mass of plant (+8*), leaf area (+7*), leaf-weIght ratIo (-6**), 6-week-old plants

(Okano et al , 1988)
Leaf area (-44*), mass of leaves (-44*), mass of shoot (-62*), mass of roots

(-32*), 3S-day-old plants (Capron and Mansfield, 1977)

Leaf area (-24*), mass of leaves (-29*), mass of shoot (-32*), mass of roots
(-32*), 3S-day-old plants (Capron and Mansfield, 1977)

eNo effect on growth (IshIkawa, 1976)

RelatIve growth rate for mass of plant (-19* to -9* to -5), depended on cultIvar,
6- to 7-week-old plants, CO2 at 1,000 ppm (Mortensen, 1985b)

Mass of plant (-6, -17*, or -31*), leaf area (-11, -7, or -31*),0, 1 x, or 2 X

addItIons of fertilIzer to sod, plants 9 to 10 weeks old (Anderson and
Mansfield, 1979)

Leaf area (-23*), mass of plant (-29*), number ofleaves (-6), heIght (-13*),
seedlmgs, CO2 at 1,000 ppm (Mortensen, 1985a)

Leaf area (-79*), mass ofleaves (-59*), mass of shoot (-64*), mass of roots
(-21*), 3S-day-old plants (Capron and Mansfield, 1977)

Number of leaves (-26*, -8*, -2, or +4), mass of shoot (-65*, -33*, -15*, or
-25*), length of shoot (-60*, -19*, +7, or -6), photon flux denSItIes of 30,95,
175, or 250, 6-week-old plants, CO2 at 1,000 ppm (Mortensen, 1986)

FacllItl Momtoi

CE L-G-8

GG,CE Saltzman
GH ChLum

CE Saltzman

6GH,CE Saltzman
CE ChLum

CE L-G-S

CE L-G-S

GH,CE Saltzman
CE ChLum

GH ChLum

CE ?

CE L-G-S

CE ChLum



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

SpecIes or Crop

NOx Exposure
(ppm) DuratIOn

Eggplant (Solanum melongena L )

03 30 days

06 30 days

Effect
b(% deViation from treatment wIthout NOx)

HeIght of plant (-2), number of leaves (-4). mass of stem and leaves (-8), number
of flowers and frUIt (-50), fresh mass of fruIt (+ 16), some defolIation e
(FUJIwara, 1973, Islnkawa, 1976)

HeIght of plant (-2), number of leaves (-4), mass of stem and leaves (-32),
number of flowers and fruIt (-50), fresh mass of frUIt (+41), some defolIation e
(Islnkawa, 1976)

cFacIlIty

GH,CE

Momtord

Saltzman

Greenbean (Phaseolus vulgans L )

002 5 days Plant heIght (+23*, + 16*, +6*, +4, +8*), mass ofleaf (+7,0, -8*, -12*, CE ChLum
-5*), area ofleaf (+3, 0, 0, -9, -9*), umfolIolate leaf, depended on level of

~ mtrate (0, 1,5, 10,20 roM), 12-day-old seedlmgs (Snvastava and
I Ormrod, 1984)UI

6 h/day, 14 days Mass of shoot (-23*, -14, -15, -5, -12), mass of root (+3, +3, -1, +3, -19*), CE ChLum
number of nodules (+34*, +17, +85*, -13, -4), depended on level ofmtrate
(0, 1,5, 10,20 roM), 23-day-old seedlmgs (Snvastava and Ormrod, 1986)

0025 7 h/day, Mass of shoot (-7), mass of roots (+9), number of pods (+21), number of seeds GH CSI
5 days/week, (+5), mass of seeds (+23*), 57-day-old plants (Sandhu and Gupta, 1989)
3 weeks

005 7 h/day, Mass of shoot (+51*), mass of roots (+84*), number of pods (+43), number of GH CSI
5 days/week, seeds (+ 11), mass of seeds (+31*), 57-day-old plants (Sandhu and Gupta,
3 weeks 1989)

008 3 h/day, 40 days Mass of plant (+25*), mass of roots (+ 1), 4O-day-old plants (Runeckles and GH Mast
Palmer, 1987)



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIl\1ENTAL INVESTIGATIONS2

Species or Crop

NOx Exposure
(ppm) Durabon

Effect
(% devIabon from treatment WIthout NOx)b Facwtyc Momtoi

ChLum

CST

ChLum

ChLum

B952

ChLum

ChLum

B952

Saltzman

CE

CE

CE

CE

CE

CE/GH

CE

GH

6 hlday, 14 days

10 days

15 days

19 days

1 hlday, 15 days

10 hlday, 14 days

15 days

10 days

Plant heIght (+9*, +9''', +4, +2, +2), mass of leaf (-3, -11"', -27*, -13*,
-23*), area ofleaf (+8, -8, -8, -8, -11",), umfoholate leaf, depended on
level of mtrate (0, 1, 5, 10,20 mM), 12-day-old seedlmgs
(Snvastava and Ormrod, 1984)

Growth m leaf area (-2), mass of leaves (+9), mass of stems (+6), mass of
eroots (0), mass of flowers (-4) (Totsuka et a1 , 1978)

Growth m leaf area (-6), mass ofleaves (-4), mass of stems (-1), mass of
roots (+ 14), mass of flowers and fnut (-13) e (Totsuka et a1 , 1978)

Mass of plant (-3 to +11), (depended on expenment) exposed at 4- to 6-leaf
stage (ElkIey et al , 1988)

7 hlday, 5 days/week, Mass of shoot (+98*), mass of roots (+ 178*), number of pods (+86"'),
3 weeks number of seeds (+29*), mass of seeds (+46*), 57-day-old plants (Sandhu and

Gupta, 1989)
Mass of shoot (-30*, -29*, -22, -17*, -21), mass of roots (-1, -5, -9, -21*, -19*), CE

number of nodules (+2, +2, +67*, -26, -7), depended on level ofmtrate (0,
1,5, 10,20 mM), 23-day-old seedlmgs (Snvastava and Ormrod, 1986)

Mass of plant (-3), exposed at 4- to 6-leaf stage (ElkIey et a1 , 1988)

Leaf area (+2 or +23**), mass ofleaves (+6 or +9), mass of stem (-12 or
+ 19**), mass of roots (-9 or +26**), daybme or mghtbme exposure,
4-week-old plants (Yoneyama et al , 1980c)

Fresh mass (-27* or -15*) or dry mass (-22* or -6) of plant, dependmg on
expenment, started WIth 6-day-old seedlmg (Taylor and Eaton, 1966)

Fresh mass (-15*) or dry mass (-10*) of plant, started WIth 6-day-old seedlmg
(Taylor and Eaton, 1966)

032

021

03

01 5 days

t§
I

0'1



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

SpecIes or Crop

NOx Exposure
(ppm) DuratIon

Effect
b

(% deVIatIon from treatment WIthout NOx)
c

Faclhty
d

Momtor

5 days

10 10 days

14 days

05 6 h/day, 14 days

ChLum

ChLum

ChLum

Saltzman
ChLum

CE

CE
CE

CE

CE/GH

CE ChLum

CE ChLum

CE ChLum

GH/FE G-S
CE ChLum

GH ChLum
CE B952

GH ChLum

~v1ass of plant (-32*, -29*, or -40*), after 2, 4, or 7 days of exposure, plants
10 days old at start (Ito et al , 1984a, 1985b)

Mass of plant (-3), exposed at 4- to 6-leaf stage (Elkley et al , 1988)

Mass of shoot (-27*, -33*, -34*, -24*, -28*), mass of roots (-4, -7, -7, -18*,
-22*), number of nodules (+8, + 11, +40*, -57*, -2), depended on level of
mtrate (0, 1,5, 10,20 mM), 23-day-old seedlmgs (Snvastava and Ormrod, 1986)

Plant heIght (+6*, -3, -7*, +2, +4), mass ofleaf (0, -9*, -33*, -31*, -33*),
area ofleaf (+3, -12, -24*, -22*, -21*), umfoholate leaf, depended on level
of mtrate (0, 1,5, 10,20 mM), 12-day-old seedlmgs (Snvastava and Ormrod, 1984)

Mass of plant (-7), leaf area (-14*), leaf-weIght ratio (+4), 4-week-old plants
(Okano et al , 1988)

Growth m leaf area (-36), mass of leaves (-11), mass of stem (-23), mass of roots
(-36), mass of flowers (-39) e (Totsuka et al , 1978)

Growth depressIOn e (CIted m Taylor et al , 1975)
Growth m leaf area (-25), mass of leaves (+5), mass of stem (-13), mass of roots

(-53), mass of flowers and fruIt (-82) e (Totsuka et al , 1978)
YIeld (-27) WIth number of fruIt (-19) and mass per fruIt (-lD) e (Zahn, 1975)

Mass of plant (0, -7, or -19*), after 2,4, or 7 days of exposure, plants 10 days
old at start (Ito et al , 1984a,1985b)

Mass of plant (+20*), leaf area (+31*), after 3 weeks, but no effect after 2 weeks,
(added to contmuous exposure of 0 029 ppm), 5-week-old plants (Edelbauer and
Maler, 1988)

Leaf area (+ 17) e (Naton and Totsuka, 1980)

Leaf area (+24** or + 14*), leaf mass (+24** or +6*), stem mass (+47** or
+25*), root mass (+ 13** or +9*), exposed m hght or dark, 4-week-old
seedlmgs (Yoneyama et al , 1980a)

15 days

7 dajs

14 days
15 days

639 hover 2 mo

20 7 days

40

o 1

012 2 h/day,
1 day/week,
3 weeks

Cucumber (Cucumls satlvus L )
02 67 days

03 10 h/day, 14 days

\0
to
I

.....:J



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

~
I

00

SpecIes or Crop
N0x. Exposure Effect
(ppm) Duration (% deVIation from treatment WIthout NOx.)b Faclhtyc

o5 14 days Mass of plant (-9:1-), leaf area (+5), leaf-weIght ratIo (-5**), 4-week-old plants
(Okano et al , 1988)

o85g 18 days Mass of plant (-9), seedhngs, CO2 at 1,000 ppm (Mortensen, 1985a) CE
Woodland strawberry (Fragarza vesca L)

1 0 213 hover 7 weeks No SIgnIficant effect on yIeld e (Zahn, 1975) CE
Carrot (Daucus carota L var sattvus Hoffin )

2 1 357 hover 50 days YIeld of roots (-30) e (Zahn, 1975) GH/FE
RadIsh (Raphanus satlvus L )

o08 3 h/day, 40 days Mass of plant (+93*), mass of hypocotyl (+215*), 4O-day-old plants GH/FE
(Runeckles and Palmer, 1987)

02 3 or 6 h Mass ofleaves (+ 1), mass of root (-7), 25-day-old plants (GodZIk et al , 1985)
o21 20 days Mass of leaves (0 to + 11), mass of root (0 to +20) SIX cultIvars, 26-day-old GH

plants (GodZIk et al , 1985)
03 3 hlday, 3 days/week, Mass ofleaves (+ 1), mass of root (-4), fresh mass of root (-5), 30-day-old CSTR/GH

3 weeks plants (Sanders and Remert, 1982b)
3 hlday, 3 days/week, Mass ofleaves (+ 17), mass of root (-5), 30-day-old plants (Remert and Sanders, GH
3 weeks 1982)

04 3 or 6 h Mass ofleaves (+ 1), mass of root (-7), 25-day-old plants (Remert and Gray, 1981)
05 14 days Mass of plant (-33*), leaf area (-29*), leaf-weIght ratIo (+25), 4-week-old plants CSTR/GH

(Okano et al , 1988)
2 1 278 hover 38 days Mass of root (-13) and mass of plant (-27) e (Zahn, 1975) CSTR/GH

Field crops
Oats (Avena saUva L )

30 1 h No effect on growth, 3-mo-old plants e (Czech and Nothdurft, 1952) CE
Barley (Hordeum vulgare L )

o 1 20 days Number of tIllers (0), number ofleaves (+5), leaf area (+2), mass of leaves (-1), GH/FE
mass of roots (+ 18), 22-day-old seed1mgs (pande and Mansfield, 1985)

Mowtoi

ChLum

?

G-S

G-S

Mast

ChLum

B852

ChLum

ChLum

ChLum

G-S



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

Sorghum (Sorghum bzcolor [L ] Moench)

o5 14 days Mass of plant (-8), leaf area (-17), leaf-weIght ratio (+5), 4-week-old plants
(Okano et al , 1988)

COlmllon wheat (Trztzcum aestzvum L )

008 3 h/day, 38 days Mass of plant (+6), mass of roots (-18), 38-day-old plants (Runeckles and
Palmer, 1987)

1 0 334 h m 40 days No slgmficant effect on yIeld, mass per gram (+ 10), stalk growth (-12) e
(Zahn, 1975)

GH/FE G-S
FE,GH ?

GH,CE Saltzman
GH,CE Saltzman
FE,GH ?

CE ChLum

GH Mast

GH/FE G-S

~
I

\0

SpecIes or Crop

NOx Exposure
(ppm) Duration

03 9 days

1 0 Exposures totalmg
660 h

100 1 h

Paddy nce (Oryza sattva L )

03 51 days

06 51 days

COlmllon rye (Secale cereale L )

100 1 h

Effect
(% devIation from treatment wIthout N0x>b

Mass of shoot (+11, +24*, and -3 to +9), mass of roots (+17*, -7, and -12 to
+10), grown at 0,001, and 0 1 to 10 mM mtrate, 17-day-old seedlmgs
(Rowland, 1986, Rowland et al , 1987)

Length of leaf (+27) e (Zahn, 1975)

Adverse effect on gram development e (Czech and Nothdurft, 1952)

Number of ears (+ 18), mass of gram (+ 1), mass of straw (0) e (FuJIwara, 1973,
Islnkawa, 1976)

Number of ears (+29), mass of gram (+36), mass of straw (+5) e (FuJIwara,
1973)

eAdverse effect on gram development (Czech and Nothdurft, 1952)

cFaclhty

FE,GH

CE

CE

dMomtor

?

ChLum

ChLum



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

Spec1es or Crop

NOx Exposure
(ppm) Duration

03 9 days

1 0 Exposures totalmg
660h

100 1 h
Paddy nee (Oryza satwa L )

03 51 days

06 51 days

Effect
(% deVIation from treatment wIthout NOx)b

Mass of shoot (+11, +24"', and -3 to +9), mass of roots (+17*, -7, and -12 to
+ 10), grown at 0, 001, and 0 1 to 10 mM mtrate, 17-day-old seedlmgs
(Rowland, 1986, Rowland et al , 1987)

Length of leaf (+27) e (Zahn, 1975)

Adverse effect on gram development e (Czech and Nothdurft, 1952)

Number of ears (+ 18), mass of gram (+ I), mass of straw (0) e (FUJIwara, 1973,
IshIkawa, 1976)

Number of ears (+29), mass of gram (+36), mass of straw (+5) e (FUJIwara,
1973, IshIkawa, 1976)

FacI1ItyC

FE,GH

CE

CE

Momtord

?

ChLum

ChLum

Sorghum (Sorghum bzcolor [L ] Moench)
05 14 days Mass of plant (-8), leaf area (-17), leaf-weIght ratio (+5), 4-week-old plants

(Okano et al , 1988)

Common wheat (Trmcum aestzvum L )
008 3 h/day, 38 days Mass of plant (+6), mass of roots (-18), 38-day-oldplants (Runeckles and

Palmer, 1987)
1 0 334 h m 40 days No sIgmficant effect on yIeld, mass per gram (+ 10), stalk growth (-12) e

(Zahn, 1975)
e30 1 h No effect on yIeld (Czech and Nothdurft, 1952)

100 1 h Decreased fillmg of head e (Czech and Nothdurft, 1952)
e300 1 h Decreased mass of grams (Czech and Nothdurft, 1952)

~
Io

Common rye (Secale cereale L )
100 1 h eAdverse effect on gram development (Czech and Nothdurft, 1952) GH/FE G-S

FE,GH ?

GH,CE Saltzman
GH,CE Saltzman
FE,GH ?

CE ChLum

GH Mast

GHiFE G-S

FE,GH ?

FE,GH ?

FE,GH ?



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

SpecIes or Crop

NOx Exposure Effect
(ppm) DuratlOn

b c d(% deViation from treatment WIthout N0X> FacIhty Momtor

Malze (Zea mays L )

01 15 days Increased mass of plant (+ 13) and leaf area, 15-day-old seedlmgs e (Ellaey et a1 , CE B952
1988)

02 14 days Leaf area (-10), mass of leaves (-10), mass of stem (-3), mass of roots (3), CE ChLum
28-day-old plants (Okano et a1 , 1985a)

03 10 hlday, 14 days Leaf area (-2 or -16*), mass ofleafblade (-5 or -18), mass ofleaf sheath (-16 or CE/GH ChLum
-24*), mass of roots (-4 or -7), daytime or mghttIme exposure, 4-week-old
plants (Yoneyatna et a1 , 1980c)

14 days Mass of shoot (-3 or -3), mass of roots (-29 or +46), plants grown at 26 or CE/GH ChLum
105 ppm mtrogen nutnent, 4-week-old plants e (Matsumaru et a1 , 1979)

05 14 days Leaf area (+6), mass of leaves (+ 1), mass of stem (-10*), mass of roots (-1), CE ChLum

\0 28-day-old plants (Okano et a1 , 1985a)
td 14 days Mass of plant (-4), leaf area (+6), leaf-weIght ratio (-8**), 4-week-old plantsI
I-'

(Okano et a1 , 1988)I-'

06 6 h/day, Mass of leaves (-3), mass of stem (+8), seedlmgs 24 days old at start CE ChLum
4-5 days/week, (Amundson et a1 , 1982)
4 weeks (?)

12 6 h/day, Mass of leaves (+5), mass of stem (+9), seedlmgs 20 days old at start (Amundson
4-5 days/week, et a1 , 1982)
4 weeks (?)

10 14 days Leaf area (+2), mass of leaves (-3), mass of stem (-13), mass of roots (-3), CE ChLum
28-day-old plants (Okano et a1 , 1985a)

Buckwheat (Fagopyrum esculentum Moench)

03 30 days HeIght (-3), number ofleaves (+22), leaf mass (-33), stem mass (-43) e CE ChLum
(FuJIwara, 1973, Ishikawa, 1976)

06 30 days HeIght (-11), number of leaves (+23), leaf mass (-33), stem mass (-36) e
(FuJIwara, 1973, Ishikawa, 1976)



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPER.IMENTAL INVESTIGATIONSa

SpecIes or Crop

NOx Exposure Duration
(ppm)

Effect
(% devIation from treatment wIthout NOx)b FacIht{ Momtoi

ChLum

CSI

CSI

CSI
ChLum

Saltzman
Saltzman

CE

CE

CSTRIGH

CE
CSTR

GH, CE
GH, CE

YIeld (-6 to +5), plants grown m field plots (Irvmg et al , 1982)

Relative growth rate of plant (+3), 5-week-old plants (Sabaratnam and Gupta, 1988)
Mass of leaves (+9), mass of stem (+5), mass of roots (+2), mass of nodules

(+2), number of nodules (-15*), 7-week-old plants (Klarer et al , 1984)

Relative growth rate of plant (+ 1), 5-week-old plants (Sabaratnam and Gupta, 1988)

YIeld (-6 to +8), plants grown m field plots (Irvmg et al , 1982)

04

03

037

02

Soybean (Glycme max [L ] MerrIll)

o1 7 h/day, 5 days Relative growth rate of plant (+4), 5-week-old plants (Sabaratnam and Gupta, 1988)
3 h/day, Mass of leaves (+5), mass of stem (0), mass of roots (+6), mass of nodules (-1),
once/2 days, number of nodules (-4*), 7-week-old plants (Klarer et al , 1984)
4 weeks

7 h/day, 5 days
3 h/day,
once/2 days,
4 weeks

7 h/day, 5 days

25 h/event,
10 events

29 h/event,
10 events

~
I
I-'
tv

ChLum

CSI
ChLum

ChLum

ChLum

ChLum

CE
ZAPS

CE

CE

CE

CE

15 days

14 days

38 days

7 h/day, 5 days
7h

05

02

RelatIve growth rate of plant (-47*), 5-week-old plants (Sabaratnam and Gupta, 1988)
Number of pods (-32*), number of seeds (-13*), mass of seeds (-34*), exposed

when 1 mo old, harvested 80 days later (Gupta and Sabaratnam, 1988)

Common sunflower (Helzanthus annus L )

o 1 10 days Growth m leaf area (-11), mass ofleaves (-3), mass of stems (-16), mass of roots
(-26) e (Totsuka et al , 1978)

Growth m leaf area (+26), mass of leaves (+27), mass of stems (+9), mass of
eroots (+37), mass of flowers (-24) (Totsuka et al , 1978)

Leaf area (-4*), mass ofleaves (+2), mass of stems (+8), mass of roots (+ 16),
28-day-old plants (Okano et al , 1985a)

Leaf area (+ 11) e (Naton and Totsuka, 1980)



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWm, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

SpecIes or Crop
NOx Exposure Duration Effect

b c Momtord
(ppm) (% deVIation from treatment WIthout NOx) FacIhty

10 7h Number of pods (~64*), number of seeds (~46*), mass of seeds (-58*), exposed ZAPS ChLum
when 1 mo old, harvested 80 days later (Gupta and Sabaratllam, 1988) CE CSI

03 7 days Leaf area (+ 13, +6, or + 10), mass of leaves (+23**, +6, or + 14), mass of CE ChLum
stems (+20*, +2, or + 18), mass of roots (+ 19, + 16, or ~2), grown at mtrate
levels of 0, 5, or 15mM, 4-week-old plants (Okano and Totsuka, 1986)

10 hlday, 14 days Leaf area (+3 or +31**), mass of leaf (-1 or +11*), mass of stems (-10 or CE/GH ChLum
+ 19*), mass of roots (~3 or +4), daytIme or mghtlme exposure, 4-week-old
plants (Yoneyama et a1 , 1980c)

14 days Mass of leaves (+17, -14, or -11), mass of stems (-5, -22, or -14), mass of roots CE/GH ChLum
(-7, -45, or -11), plants grown at 26, 105, or 260 ppm mtrogen nutnent,

e4-week-old plants (Matsumaru et a1 , 1979)
05 14 days Mass of plant (-12*), leaf area (-6), leaf-weIght ratIO (+ 11**), 4-week-old plants CE/GH ChLum

\0 (Okano et al , 1988)
ttl 14 days Leaf area (~6), mass ofleaves (0), mass of stems (-22**), mass of roots (-11), CE ChLumI
I--'>
w 28-day-old plants (Okano et al , 1985a)

078 8 h/day, 21 days e CE ChLumHeIght (+6), mass of plants (+8), mtrogen-deficient plants (Faller, 1972)
10 10 days Gro\vth ill leaf area (-30), mass of leaves (+ 1), mass of stems (-32), mass of CE ChLum

roots (-44) e (Totsuka et al , 1978)
15 days Growth ill leaf area (+6), mass of leaves (+ 16), mass of stems (~26), mass of GH ?

roots (~23), mass of flowers (-74) e (Totsuka et al , 1978)
14 days Leaf area (-12**), mass ofleaves (+2), mass of stems (~34**), mass of roots CE ChLum

(-37**), 28-day-old plants (Okano et al , 1985a)

20 7 days Leaf area (+35**, -6, -18**), mass ofleaves (+42**, +17**, or -4), mass of CE ChLum
stems (-18**, -21**, or -19*), mass of roots (-14, -22**, or -12*), grown at
mtrate levels of 0,5, or 15mM, 4-week-old plants (Okano and Totsuka, 1986)

3 1 8 hlday, 21 days HeIght (+ 16), mass of plants (+ 10), mtrogen-defiClent plants e (Faller, 1972) CE ChLum
Sugar beet (Beta vulgans L )

10 Ih No effect e (Czech and Nothdurft, 1952) CE ChLum



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONS2

SpecIes or Crop

NOx Exposure
(ppm) DuratIon

30 1 h
100 Ih

Potato (Solanum tuberosum L )
01 15 days

011 7 days

011 14 days

~
I......

.j::o.

02 5 h/day,
2 days/week,
12-16 weeks

10 Ih

30 Ih

300 Ih

Tobacco (NlCOtulna tabacum L )
010 15 days

021 1 h/day, 15 days

05 14 days

Effect
(% devIatIon from treatment WIthout NOx)b

No effect.e (Czech and Nothdurft, 1952)

Decreased growth e (Czech and Nothdurft, 1952)

Mass of plant (+ 13), 30-day-old plants (Elktey et al , 1988)

Leaf area (-17 to +2), mass of leaves (-16 to + 16), mass of stems (-19 to +4),
(dependmg on cultIvar) m 20-day-old plants from sprouts (pehtte and Ormrod,
1984)

Leaf area (-45 or 0), mass of leaves (-33 or -3), mass of stems (-38 or +6), mass
of roots (-18 or -4), (dependmg on cultIvar) m 24-day-old plants from rooted
cuthngs (petItte and Ormrod, 1988)

Leaf area (-15 to -7), mass of leaves (-9 to -3), mass of stems (-21 to + 10),
(dependmg on cultIvar) m 20-day-old plants from sprouts (PetItte and Ormrod,
1984)

Leaf area (-7), mass ofleaves (-3), mass of stems (+ 1), mass of roots (+4), ill
24-day-old plants from rooted cuthngs (Pehtte and Ormrod, 1988)

Number of tubers (-38* or -21*), mass of tubers (-51* or -43*), dependmg on
cultIvar), accelerated senescence and abSCIssIon of folIage (Smn and Pell, 1984)

No effect e (Czech and Nothdurft, 1952)

No effect e (Czech and Nothdurft, 1952)

Inhtblted tuber formatIon e (Czech and Nothdurft, 1952)

Mass of plant (-2 to +4), leaf area illcreased, (depended on expenment), exposed
at 4- to 6-leaf stage e (Elktey et al , 1988)

Mass of plant (-2), exposed at 4- to 6-leaf stage (Elktey et al , 1988)

Mass of plant (-4), leaf area (-9*), leaf-weIght raho (-6**), 6-week-old plants
(Okano et al , 1988)

FaCIhtyC

CE

CE

GH
FE,GH

FE,GH

CE

CE

GH,CE

FE,GH
FE,GH
FE,GH

CE

CE
CE

d
Momtor

ChLum

ChLum

?
?

?

B952

B952

?

?

?

?

B952

B952

ChLum



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

FaCIhtyC Momtord

--

CE B942

CE B942

CE B942

FE TM
FE B952

GH ?

GH ChLum

GH ChLum

GH ChLum

GH ChLum

Effect
b(% devlatlOn from treatment wIthout N0X>

16 weeks

12 weeks

20 weeks

8 weeks

SpecIes or Crop
NOx Exposure
(ppm) Duratlon

Grasses
Redtop (Agrostls glgantea Roth )

o 15 10 days Area of thud youngest leaf (-12),48 days old at start (Ellaeyand Ormrod, 1980)
Creepmg bentgrass (Agrostls stolonifera L )

o 15 10 days Area of thud youngest leaf (-8), 48 days old at start (Ellaeyand Ormrod, 1980)
Coloma! bentgrass (Agrostls tennUlS Slbth )

o 15 10 days Area of thud youngest leaf (-13), 48 days old at start (Ellaey and Ormrod, 1980)
Orchard grass (DactyllS glomerata L )

10024 to 153 days Percent dead leaf mass (-10), mass of shoots (+4), plants 183 days old (Lane and Bell, 1984b)
o 1 104 h/week, Mass of shoot (-5 or -14), exposed from emergence or 6 weeks later (Wlutmore and Mansfield,

7 mo 1983)
o 11 104 h/week, Mass of green leaves (-25), mass of dead leaves and stubble (-29), mass of roots

4 weeks (-13), leaf area (-24), number ofleaves (-18), numbers of tIllers (-9),
seedlmgs 6 weeks old at start (Ashenden, 1979a)

Mass of green leaves (-31"'*), mass of dead leaves and stubble (-20), mass of
roots (-20), leaf area (-24*), number ofleaves (-7), number of tlllers (-5),
serolmg:> 6 week:> old at start (Ashenden, 1979a)

Mass of green leaves (-30*), mass of dead leaves and stubble (-24), mass of roots
(-12), leaf area (-25), number of leaves (-20), number of tIllers (-17),
seedlmgs 6 weeks old at start (Ashenden, 1979a)

Mass of green leaves (-3), mass of dead leaves and stubble (-19), mass of roots
(-18), leaf area (+6), number of leaves (-5), number of tIllers (-5),
seedlmgs 6 weeks old at start (Ashenden, 1979a)

Mass of green leaves (-7), mass of dead leaves and stubble (-46**), mass of roots
(-11), leaf area (-21), number of leaves (-33), number of tlllers (-1),
seedlmgs 6 weeks old at start (Ashenden, 1979a)

£
I......

VI

Red fescue (Festuca rubra L)
o 15 10 days Area of thud youngest leaf (-1 to +4), two cultlvar::., 48 days old at start (Ellaeyand Ormrod, 1980) GH ChLum



Faclhtl Mowtoi--
CE B942

GH ChLum

GH ChLum

GH ChLum

GH ChLum

APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

Species or Crop
NOx Exposure DuratIon Effect b

(ppm) (% devIation from treatment WIthout NOx)

Italian ryegrass (LollUm multzflomm Lam )
o 11 104 h1week, Mass of green leaves (-3), mass of dead leaves and stubble (-6), mass of roots

4 weeks (-14), leaf area (-14), number of leaves (-11), number of ullers (-21),
seedlmgs 5 weeks old at start (Ashenden and WIlhams, 1980, Ashenden and Mansfield, 1978)

8 weeks Mass of green leaves (-13), mass of dead leaves and stubble (0), mass of roots
(+5), leaf area (-12), number ofleaves (+4), number of tIllers (+6),
seedlmgs 5 weeks old at start (Ashenden and Mansfield, 1978)

12 weeks Mass of green leaves (-14), mass of dead leaves and stubble (-23*), mass of roots
(-47**), leaf area (-27), number of leaves (+24), number of tillers (+ 10),
seedhngs 5 weeks old at start (Ashenden and Mansfield, 1978)

16 weeks Mass of green leaves (-13), mass of dead leaves and stubble (-13), mass of roots
(-17), leaf area (-9), number of leaves (+20), number of ullers (-3),

t§ seedlmgs 5 weeks old at start (Ashenden and Mansfield, 1978)
~ 20 weeks Mass of green leaves (-10), mass of dead leaves and stubble (-5), mass of roots
0'1 (+35), leaf area (+ 1), number of leaves (-18), number of ullers (-17),

seedlmgs 5 weeks old at start (Ashenden and Mansfield, 1978)
Perenmal ryegrass (Lolzum perenne L )

o018ID 187 days Mass of shoots (-4), mass of dead leaves (+29*), number of flowenng shoots FE TM
(-35*), plants 52 days old at start (Lane and Bell, 1984b)

o028n 187 days Mass of shoots (-9*), mass of dead leaves (+47*), number of flowermg shoots FE TM
(-42*), plants 52 days old at start (Lane and Bell, 1984b)

o0241 207 days Mass of shoots (+25* or +3) after 156 or 207 days of exposure, number of FE B952
flowermg shoots (-20*) after 207 days, plants 6 days old at start (Lane and Bell, 1984b)

o 1 104 h1week, 7 mo Mass of shoot (-31* or -36**) and (+5 or -19**), exposed from emergence or GH?
6 weeks later, two culuvars (WhItmore and Mansfield, 1983)

o 15 10 days Area of tmrd youngest leaf (-2), 48 days old at start (Elk1eyand Ormrod, 1980) CE B942
o2 11 weeks Mass of roots (+69* or +85*), mass of shoots (+30* or +48*), number of

ullers (+ 10* or +21*), depended upon mgh or low mtrogen level m soIl, two
populatIOns (Taylor and Bell, 1988)



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

c dFacIhty Momtor

FE TM

FE TM

FE B952

GH ?

GH ChLum

ChLum

ChLum

ChLum

ChLum

Effect
b

(% devIatIon from treatment wIthout N0X>

Common tImothy (Phleum pratense L )

Mass of shoots (-9*) by 131 days, mass of dead leaves (-32*), number of
flowenng shoots (-47*), plants 52 days old at start (Lane and Bell, 1984a)

Mass of shoots (+ 11*) by 131 days, mass of dead leaves (-63*), number of
flowenng shoots (+47*), plants 52 days old at start (Lane and Bell, 1984a)

Mass of shoot (+26* or + 12) after 97 or 215 days of exposure, number of
flowenng shoots (+5), plants 6 days old at start (Lane and Bell, 1984a)

Mass of shoot (-31** or -7) and (-21*or -26**), exposed from emergence or
6 weeks later, two cultIvars (Wlntmore and Mansfield, 1983)

Mass of green leaves (-25), mass of dead leaves and stubble (-19), mass of roots
(-25), leaf area (-26), number of leaves (-8), number of tIllers (-3),
seedlmgs 5 weeks old at start (Ashenden and Wl1hams, 1980, Ashenden and
Mansfield, 1978)

Mass of green leaves (+ 1), mass of dead leaves and stubble (+ 15), mass of roots GH
(+ 12), leaf area (+ 13), number of leaves (+5), number of tIllers (+2),
seedlmgs 5 weeks old at start (Ashenden and Mansfield, 1978)

Mass of green leaves (-25), mass of dead leaves and stubble (-29), mass of roots GH
(-30*), leaf area (-20), number of leaves (-19), number of tl1lers (-17),
seedhngs 5 weeks old at start (Ashenden and Mansfield, 1978)

Mass of green leaves (-12), masS of dead leaves and stubble (-2), mass of roots GH
(-25*), leaf area (-16), number of leaves (+ 12), number of tIllers (+ 11),
seedlmgs 5 weeks old at start (Ashenden and Mansfield, 1978)

Mass of green leaves (+ 14), mass of dead leaves and stubble (-12), mass of roots GH
(+ 1), leaf area (+30), number of leaves (+ 10), number of tIllers (-6),
seedlmgs 5 weeks old at start (Ashenden and Mansfield, 1978)

SpecIes or Crop

NOx Exposure
(ppm) DuratIon

o018m to 183 days

o028n to 183 days

00241 215 days

o 1 104 h/week,
7 mo

011 104 h/week,
\0 4 weeks
ttl

I
I-'
-.....l

8 weeks

12 weeks

16 weeks

20 weeks



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

SpecIes or Crop
NOx Exposure Effect

(% deVIatIon from treatment WIthout NOx)b d(ppm) DuratIon FacIhtl Momtor

Kentucky bluegrass (Poa pratenslS L )
o 1 104h/week, Mass of plant (-36* or -5), number ofleaves (0 or +2), number of tillers (+7 or GHIFE ?

8 weeks +2), two cultIvars, seedlmgs exposed from emergence. (Wlutmore and
Mansfield, 1983, Wlutmore et al , 1982)

18 weeks Mass of plants (0), seedlmgs exposed from emergence (Wlutmore et al , 1982) GHIFE ?

21 weeks Mass of plants (-59), seedlmgs exposed from emergence (Wlutmore et al , 1982) GHIFE ?
7 mo Mass of shoot (-45** or -24**), exposed from emergence or 6 weeks later GHIFE ?

(Wlutmore et al , 1982)
33 weeks Mass of shoot (-40*), number of tIllers (+6), number of culms (-38*), grown as GHIFE ?

swards (Wlutmore et al , 1982)
011 104h/week, Mass of green leaves (-18), mass of dead leaves and stubble (-7), mass of roots GH ChLum

4 weeks (-33**), leaf area, (-10), number of leaves (-24), number of tIllers (0),
\0 seedlmgs 6 weeks old at start (Ashenden, 1979a)
td
I 8 weeks Mass of green leaves (-30**), mass of dead leaves and stubble (-27*), mass of roots GH ChLum......

00 (-23*), leaf area (-29*), number of leaves (-23*), number of tIllers (-13),
seedlmgs 6 weeks old at start (Ashenden, 1979a)

12 weeks Mass of green leaves (-33**), mass of dead leaves and stubble (-20*), mass of roots GH ChLum
(-37**), leaf area (-34**), number of leaves (-36**), number of tIllers (-15),
seedlmgs 6 weeks old at start (Ashenden, 1979a)

16 weeks Mass of green leaves (-34**), mass dead leaves and stubble (-25*), mass of roots GH ChLum
(-42**), leaf area (-29**), number ofleaves (-14), number of tIllers (-19),
seedlmgs 6 weeks old at start (Ashenden, 1979a)

20 weeks Mass of green leaves (-29**), mass of dead leaves and stubble (-27*), mass of roots GH ChLum
(-47**), leaf area (-17), number of leaves (-12), number of tIllers (-9),
seedlmgs 6 weeks old at start (Ashenden, 1979a)

015 10 days Area of thtrd youngest leaf (-20 to +8), SIgnIficant (-18*) m lout of 12 cultIvars, GH ChLum
48 days old at start (Elktey and Ormrod, 1980)

10 days Fresh mass ofleaves (-17 to + 16), leaf area (-10* to +22*), depended on cultIvar and GH ChLum
enVIronmental condItIons, 45-day-old seedlmgs (Elkteyand Ormrod, 1981a)



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONsa

SpecIes or Crop

NOx Exposure
(ppm) Duration

Effect
b(% deViatiOn from treatment WIthout NOx)

c
FacIhty

d
Momtor

2 X ambientO for 8 mo B942

B942

Atlas

Atlas

Saltzman

Saltzman

Saltzman

Saltzman

Saltzman

CE

FE

FE

FE

CE

FE

FE

FE

FE

290 days

290 days

290 days

290 days

290 days

0063

10

05

025

013

Frmts:
Navel orange (CltruS smenSlS [L] Osbeck)

1 X ambientO for 8 mo Number of frUit ( + 11) or mass of fruIt (+ 13) per tree, number of leaves dropped
(+57), 15-year-old trees (Thompson et al , 1971)

Number of fruIt (-15) or mass of fruIt (-22) per tree, number of leaves dropped
(+ 113), 15-year-old trees (Thompson et al , 1971)

Number of frUIt (-61**), mass of fruIt (-57**), percentage of fruIt dropped
(+ 22*), mass of leaves dropped ( + 11*), 14-year-old trees (Thompson et al ,
1970)

Number of fruIt (-37**), mass of fruIt (-32**), percentage of fruIt dropped
(+ 14*), mass of leaves dropped (+20*), 14-year-old trees (Thompson et al ,
1970)

Number of frUIt (-55**), mass of fruIt (-47**), percentage of fruIt dropped
(+ 18*), mass ofleaves dropped (+31*), 14-year-old trees (Thompson et al , 1970)

Number of fruIt (-81 "''''), mass of fruIt (-80"''''), percentage of fruIt dropped
(+30*), mcreased the mass of leaves dropped Withm 35 days, 14-year-old trees
(Thompson el a1 , 1970)

Number of frUIt (-73**), mass of fruIt (-70**), percentage of frUIt dropped
(+25*), mcreased the mass of leaves dropped withm 35 days, 14-year-old trees
(Thompson et al , 1970)

Common apple (Malus pumlla Mdl )

o 1 104 h/week, Stem heIght (+ 1), leaf area (-9), mass of shoot (-14), second-year cuttmgs
22 weeks (Freer-Snnth, 1984, Wlutmore and Freer-Snnth, 1982)
60 weeks Stem heIght (-2), mass of shoot (-5), second-year cuttmgs (Wlutmore and

Freer-Snnth, 1982)

t§
I
~

\0

Currant (Rlbes sp )

10 213 hover
8 weeks

YIeld (-12) e (Zahn, 1975) FE ?



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIl\1ENTAL INVESTIGATIONS2

SpecIes or Crop

NOx Exposure DuratIon
(ppm)

Effect
(% devIation from treatment WIthout NOx)b FaclhtyC Momtoi

Floncultural crops:
Flonst's chrysanthemum (Chrysanthemu X morifolmm Ramat )

o85g 35 days Mass of plant (-7 or +1), young plants of two cu1tlvars, CO2 at 1,000 ppm
(Mortensen, 1985a)

Dumb cane (Dleffenbachla maculata [Lodd ] G Don)

1 oJ 139 days Mass of plant (-27*), heIght (+8"'), number of lateral shoots (-23*), CO2 at
1,000 ppm (Saxe and ChrIstensen, 1984, 1985)

FE

GH

?

ChLum

t@
I

N
o

BenjamIn tree (FlCUS ben]amma L )
1 oJ 147 days Mass of plant (-25*), heIght (-7), CO2 at 1,000 ppm (Saxe and ChrIstensen, GH

1984, 1985)
Rubber plant (FlCUS elastlca Roxb ex Homem )

1 oJ 128 to 136 days Mass of plant (-28*), heIght of plant (-21*), total leaf area (-18), Co.z at GH
1,000 ppm (Saxe and ChrIstensen, 1984, 1985)

Algenan Ivy (Hedera cananenSlS WIlld )
loJ 101 days Mass of plant (-1), length of shoots (0), CO2 at 1,000 ppm (Saxe and ChrIstensen, GH

1984, 1985)

ChLum

ChLum

ChLum

Enghsh Ivy (Hedera helzx L )
o85g 55 or 77 days

ChLum

ChLum

ChLum

?CE

GH

GH

GH

85 or 105 daysloJ

Mass of plants (-10 or 0), young plants of two cultIvars, CO2 at 1,000 ppm
(Mortensen, 1985a)

Mass of plant (-17*), length of shoots (-13*), number of leaves (-7), CO2 at
1,000 ppm (Saxe and ChrIstensen, 1984, 1985)

Chmese hIbISCUS (HlbLSCUS rosa-smenSlS L )
1 oJ 112 or 133 days Mass of plant (±1), heIght of plant (+ 1), number of shoots (0), CO2 at

1,000 ppm (Saxe and ChrIstensen, 1984, 1985)
Palm-Beach-bells (Kalanchoe blossfeldlana Poelln )

o 85g 54 days Mass of plant (+8), young plants, CO2 at 1,000 ppm (Mortensen, 1985a)



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

SpecIes or Crop
NOx Exposure
(ppm) DuratIOn

Effect
b(% deviation from treatment WIthout NOx)

c
FacIhty

d
Momtor

Boston fern (Nephrolepzs exaltata [L] Schott)
o 85g 76 days Mass of plant (-7), young plants, CO2 at 1,000 ppm (Mortensen, 1985a)
loJ 112 or 135 days Mass of plant (+3), number ofleaves (-4), CO2 at 1,000 ppm (Saxe and

Chnstensen, 1984,1985)

CE
CE

?

?

ChLum

G-S

?

?

?

ChLum

?

CE

CE

FE

GH

CSTRIGH

CE

GH/FE

Mass of plant (-32*), reduced shoot length, young plants, CO2 at 1,000 ppm
(Mortensen, 1985a)

No effect e (Zahn, 1975)

Mass of stems (-10*), mass ofleaves (-7*), shoot length (-18*) m two out of
eIght cultIvars, 1-year-old plants (Sanders and Remert, 1982a)

21

Azalea (Rhododendron canescens)
o25 3 hlday, 6 days

over 4 weeks
Cultivated rose (Rosa sp )

o 85g 42 days

357 hover
8 weeks

Afncan VIOlet (Samtpaulla wnantha H Wendl)
o 85g 104 or 121 days Mass of plant (-18* or -10), number of flowers and buds (-49* or -22*), young

plants of two cultIvars, CO2 at 1,000 ppm (Mortensen, 1985a)
Baby's Tears (Sole~rolza sole~roll~ [Req] Dandy)

o 85g 43 days Mass of plant (+2), young plants, CO2 at 1,000 ppm (Mortensen, 1985a)
French mangold (Tagetes patula L )

03 6 hlday, 9 days m Mass of shoot (-3), mass of roots (+4), mass of flowers (+25), 58-day-old
4 weeks plants (Remert and Sanders, 1982)
6 hiday, 3 days Mass of shoot (+5), mass of flowers (-1), mass of roots (+ 13**),

58-day-old-plants (Sanders and Remert, 1982b)

t§
I

N
I-'

Other herbaceous plants
Desert mangold (Bazleyza plemradzata Harv and Gray)

011 5 hlday, HeIght (-4), mass of plant (+6), number ofmflorescences (+10) (Thompson
5 days/week, et al , 1980)
17 weeks

CSTRIGH ChLum



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
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ChLum

ChLum

Mast

ChLum

ChLum

ChLum

ChLum

GH

GH

GH

GH

FaclhtyC Momtoi
CSI'RlGH ChLum

CS1R/GH ChLum

GH ChLum

GH ChLum

GH ChLum

10

10

10

033

033

10

033

Mass of plant (+4), mass of roots (-6), rooted cuttmgs (Runeckles and Palmer,
1987)

ScorpIon weed (Phacella crenulata Torr ex SWats)
011 5 hlday, 5 days/week, Height (+9), mass of plant (-10), number ofmflorescences (-5) (Thompson

17 weeks et al , 1980)
5 hlday, 5 days/week, Height (+3), mass of plant (+2), number of mflorescences (+2) (Thompson
17 weeks et al , 1980)
5 hlday, 5 days/week, Height (+20), mass of plant (+ 12), number of mflorescences (+4) (Thompson
17 weeks et al , 1980)

033 5 h/day, 5 days/week, Height (+6), mass of plant (+30), number ofmflorescences (+61*) (Thompson
17 weeks et al , 1980)
5 hlday, 5 days/week, Height (0), mass of plant (+26), number ofmflorescences (+65*) (Thompson
17 weeks et al , 1980)

(ChaenactlS carphoclma Gray)
011 5 hlday, 5 days/week, Height (-23), mass of plant (+56), number ofmflorescences (+40) e (Thompson

12 weeks et al , 1980)
5 h/day, 5 days/week, Height (-2), mass of plant (+49), number of mflorescences (-6) e (Thompson
12 weeks et al, 1980)
5 hlday, 5 days/week, Height (-3), mass of plant (+26), number ofmflorescences (+35) e (Thompson
12 weeks et al , 1980)

Alfilana (Erodzum Clcutanum [L ] L'Her )
o 11 5 hlday, 5 days/week, HeIght (-9), mass of plant (-5), number of mflorescences (-16) (Thompson et al, GH

16 weeks 1980)
5 hlday, 5 days/week, Height (+28*), mass of plant (+24), number ofmflorescences (-2) (Thompson GH
16 weeks et al , 1980)
5 hlday, 5 days/week, Height (+8), mass of plant (0), number of mflorescences (-17) (Thompson et al, GH
16 weeks 1980)

Mmt (Mentha plpenta L )
008 3 hlday, 56 days

SpecIes or Crop
NOx Exposure Effect
(ppm) DuratIon (% deVIatIon from treatment WIthout Nol

t§
~
tv



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

?

?FE

c dFacIhty Momtor

GH ChLum

GH ChLum

GH ChLum

GH ChLum

GH ChLum

GH ChLum

FE

Effect
b(% deViation from treatment wIthout NOx)

10

033

SpecIes or Crop

NOx Exposure
(ppm) DuratlOn

(Plantago msularzs Eastw )
o 11 5 hiday, 5 days/week, HeIght (-8), nlaSS of plant (-26), number of mflorescences (-27) (Thompson

9 weeks et a1 , 1980)
17 weeks Mass of plant (-36) (Thompson et al , 1980)

5 hlday, 5 days/week, HeIght (-8), nlaSS of plant (-18), number ofmflorescences (~8) (Thompson et ai,
9 weeks 1980)
17 weeks Mass of plant (-33) (Thompson et ai, 1980)

5 hlday, 5 days/week, HeIght (-18*), nlaSS of plant (-18), number ofmflorescences (-19) (Thompson
9 weeks et al , 1980)
17 weeks Mass of plant (-52*) (Thompson et al , 1980)

Broadleaved trees and shrubs'
Wlnte alder (Alnus mcana [L ] Moench)

o 1 104 hlweek, Stem heIght (+43*), leaf area (+38), mass of shoot (+24), second-year cuttmgs
22 weeks (Freer-Smlth, 1984, Wlutmore and Freer-Smlth, 1982)
60 weeks Stem heIght (+53**), mass of shoot (+65*), second-year cuttmgs (WhItmore and

t§
I

N
w

Freer=Sffi.lth, 1982)

GH ChLum

GH ChLum

GH ChLum

GH ChLum

GH ChLum

GH ChLum

(Thompson et al , 1980)

Lmear growth (-3), nlaSS of shoot (-5), nlaSS of seed (-29*) (Thompson et al ,
1980)

Lmear growth (-11), nlaSS of shoot (+5) (Thompson et a1 , 1980)

Lmear growth (-5), mass of shoot (-6), nlaSS of seed (-59*) (Thompson et a1 , 1980)

Lmear growth (+ 10), mass of shoot (+ 10) (Thompson et a1 , 1980)

Lmear growth (+3), mass of shoot (-6), mass of seed (-46*) (Thompson et a1 , 1980)

5 hiday, 5 days/week,
16 weeks
32 weeks

5 hiday, 5 days/week,
16 weeks
32 weeks

033

10

Burro weed (Ambrosia dumosa [Gray] Payne)

o 11 5 hlday, 5 days/week, Lmear growth (-15), mass of shoot (+ 1)
16 weeks
32 weeks



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

FacIbtl Momtoi--
GH ChLum

GH ChLum
GH ChLum

GH ChLum
GH ChLum

GH ChLum

CE ?t§
~

SpecIes or Crop

NOx Exposure Effect
(ppm) DuratIon (% devIation from treatment WIthOut NOx)b

Four-wmg saltbush (Atrlplex canescens [Pursh ] Mutt)

o 11 5 hlday, 5 days/week, Lmear growth (+4), mass of shoot (+ 18*) (Thompson et al , 1980)
16 weeks
32 weeks Lmear growth (+4), mass of shoot (+ 18) (Thompson et al , 1980)

o33 5 hlday, 5 days/week, Lmear growth (+ 12), mass of shoot (+9) (Thompson et al , 1980)
16 weeks
32 weeks Lmear growth (+ 12), mass of shoot (+ 19) (Thompson et al , 1980)

1 0 5 hlday, 5 days/week, Lmear growth (-6), mass of shoot (-1) (Thompson et al , 1980)
16 weeks
32 weeks Lmear growth (-6), mass of shoot (+ 11) (Thompson et al , 1980)

European whIte bIrch (Betula pendula Roth )

o04 9 weeks Mass of roots (+55 or + 18), mass of stem (+54** or + 11), mass of leaves
(+45* or +9), stem heIght (+50** or +7), mtemode length (+38** or -1),
effect depended upon photopenod and lIght mtensIty, rooted cuttmgs
(Freer-Snnth, 1985)

005 4 weeks Mass of roots (+43), mass of stem (+ 14), mass of leaves (+ 13), I-mo-old CE
seedlmgs (Freer-Snnth, 1985)

o 1 104 hlweek, Stem heIght (+5*), leaf area (+ 17), mass of shoot (+ 15), second-year cuttmgs FE
22 weeks (Freer-Snnth, 1984, Wlntmore and Freer-Snnth, 1982)
60 weeks Stem heIght (+4), mass of shoot (+ 15*), second-year cuttmgs (Wlntmore and FE

Freer-Snnth, 1982)
104 hlweek, Mass of shoot (-11), mass of roots (-23) (Wnght, 1987) FE
1O~ FE
13 mo HeIght (0), stem dIameter (+5), mass of shoot (+ 16), mass of roots (+ 14),

dIfferent clone from above (Wnght, 1987)

?

?

?

?

?



APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

Specles or Crop

NOx Exposure
(ppm) Duration

Effect
b(% deViation from treatment wlthout NOx)

cFaclhty dMomtor

?

?

?

?

FE

FE

GH

GHHelght (-3), stem dlameter (0), mass of shoot (+5), mass of roots (0) (Wnght,
1987)

104 hlweek,
2mo
13 mo

Downy bIrch (Betula pubescens J F Ehrh )

o 1 104 hlweek, Stem helght (-2), leaf area (+ 10), mass of shoot (+8), second-year cuttmgs
22 weeks (Freer-Snnth, 1984, Whltmore and Freer-Snnth, 1982)
60 weeks Stem helght (+ 1), mass of shoot (-5), second-year cuttmgs (Whltmore and

Freer-Snnth, 1982)
Helght (-22) (Wnght, 1987)

ChLum

ChLum

GH

GH

GH ChLum

GH ChLum

GH ChLum

GH ChLum

GH ChLum

GH ChLum

CE ChLum

Lmear growth (+23), mass of shoot (+3), mflorescences (-50*), number of
leaves produced (+9) and absclzed (+ 15) (Thompson et al , 1980)

10

033

Desert wdlow (ChzlopSlS lmearzs Cav )

011 5 hlday, 5 days/week, Lmear growth (-7), mass of shoot (-11) (Thompson et al , 1980)
16 weeks
32 weeks Lmear growth (+ 10), mass of shoot (-17) (Thompson et al , 1980)

5 hlday, 5 days/week, Lmear growth (+ 8), mass of shoot (-9) (Thompson et al , 1980)
16 weeks
32 weeks Lmear growth (-14) mass of shoot (-17) (Thompson et al , 1980)

5 hlday, 5 days/week, Lmear growth (-4), mass of shoot (-21) (Thompson et al , 1980)
16 weeks
32 weeks Lmear growth (+ 19), mass of shoot (-33*) (Thompson et al , 1980)

Camphor tree (Cmnanwmum camphora 4[L ] J Presl )

o3 30 days Mass of plant (+ 10), leaf area (+2), 1- to 2-year-old plants (Okano et al ,
1989)

Bnttle bush (Encelza farmosa Gray ex Torr )

011 5 hlday, 5 days/week, Lmear growth (+9), mass of shoot (0) (Thompson et al , 1980)
16 weeks
32 weeks

~
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APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONS3

FaclhtyC Momtoi
GH ChLum

GH ChLum

GH ChLum

GH ChLum

CE ChLum

CSTRIGH ChLum

CSTRIGH ChLum

GH ChLum

GH ChLum
GH ChLum

GH ChLum
GH ChLum

GH ChLum

CSTRIGH ChLum

Lmear growth (+7), mass of shoot (+3), mflorescences (-31), number of leaves
produced (+26*) and absclzed (+50) (Thompson et al , 1980)

5 b1day, 5 days/week, Lmear growth (+7), mass of shoot (+7) (Thompson et al , 1980)
16 weeks
32 weeks

10

0.33 5 b1day, 5 days/week, Lmear growth (+7), mass of shoot (-2) (Thompson et al , 1980)
16 weeks
32 weeks

HeIght (+5), shoot mass (-1), root mass (-27*), 6- to 8-week-old seedlmgs
(Kress and Skelly, 1982)

Green ash (Fraxmus pennsylvamca Marsh)
01 6 h1day, 28 days HeIght (+1), shoot mass (-10), root mass (-18), 6- to 8-week-old seed1mgs

(Kress and Skelly, 1982)

Lmear growth (+20), mass of shoot (+9), mflorescences (-83*), number of
leaves produced (+28*) and absclzed (+75*) (Thompson et al , 1980)

Spmdle tree (Euonymus Japomca Thunb )
o3 30 days Mass of plant (+ 10), leaf area (-3), 1- to 2-year-old plants (Okano et al , 1989)

Wlnte ash (Fraxmus amencana L )
o 1 6 b1day, 28 days

SpecIes or Crop
NOx Exposure Effect
(ppm) Duration (% deVIatIon from treatment WIthout NOx)b

Creosote bush (Larrea dlvancata Cay )
o 11 5 h1day, 5 days/week, Lmear growth (+8) (Thompson et al , 1980)

16 weeks
32 weeks Lmear growth (+5), mass of shoot (+ 15) (Thompson et al , 1980)

033 5 h1day, 5 days/week, Lmear growth (-11) (Thompson et al , 1980)
16 weeks
32 weeks Lmear growth (-4), mass of shoot (-2) (Thompson et al , 1980)

10 5 h1day, 5 days/week, Lmear growth (-22) (Thompson et al , 1980)
16 weeks
32 weeks Lmear growth (-15), mass of shoot (-17) (Thompson et al , 1980)

Sweetgum (Llquulamhar styraciflua L )
o 1 6 h1day, 28 days HeIght (-32), shoot mass (-25), root mass (-27*), 6- to 8-week-old seed1mgs

(Kress and Skelly, 1982)
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APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

SpecIes or Crop
NOx Exposure
(ppm) Duration

Effect
(% devIation from treatment wIthout NOJb cFacIhty dMomtor

ChLum

ChLum

B952

ChLum

B952

B952

?

?

?

?

?

CE

CE

CE

CE

CE

Stem heIght (+3), leaf area (+ 15), mass of shoot (+ 18), second-year cuttmgs FE
(Freer-Silllth, 1984, Wlutmore and Freer-Silllth, 1982)

Stem heIght (0), mass of shoot (-13), second-year cuttmgs (Wlutmore and FE
Freer-Silllth, 1982)

Growth m mass of leaves (-22), mass of stems (-14), mass of roots (-16), number FE
of leaves (-43**), area per leaf (+45*), one-year cuttmgs (Freer-Silllth, 1984,
Wlutmore et al , 1982)

Mass of leaves (-27), mass of stems (-20), mass of roots (-21), dunng wmter FE
(Wlutmore and Freer-Silllth, 1982)

Growth m mass of stem (-25), mass of roots (-38), one-year cuttmgs (Wlutmore FE
and Freer-Silllth, 1982)

HeIght (+11), number ofleaves (+7), leaf area (+38*), mass ofleaves (+35*), CE
mass of stem (+30*), rooted cuttmgs (Eastham and Onnrod, 1986)

Ih10

22 weeks

10 weeks

o 11 104 hlweek,
8 weeks

05 Ih

Black poplar (Populus nzgra L )
o 1 104 h/week,

22 weeks
60 weeks

Common oleander (Nenum oleander L )
03 30 days Mass of plant(+ 17*), leaf area (+3), 1- to 2-year-old plants (Okano et al , 1989)

Amencan sycamore (Platanus occulentalzs L )
o 1 6 h/day, 28 days HeIght at end of exposure (+9 or -4) and two weeks later (+24 or + 25),

depended on famIly, 2- to 3-week-old seedlmgs (Kress et al , 1982b)
Carolma poplar (Populus canadensIs Moench)

o5 1 h HeIght (+ 9), number of leaves (+3), leaf area (+40*), mass ofleaves (+34),
mass of stem (+39), rooted cuttmgs, harvested 3 weeks later (Eastham and
Onnrod, 1986)

HeIght (-1*), number ofleaves (-3), leaf area (+7), mass of leaves (-2), mass of
stem (-4), rooted cuttmgs, harvested 3 weeks later (Eastam and Onnrod, 1986)

Hybnd poplar (Populus moxlmowlCZll x Populus sp )
03 30 days Mass of plant (+30**, +35**, or +29*), leaf area (+6, + 19**, or + 13),

depended on clone, 1- to 2-year-old plants (Okano et al , 1989)
£
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APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

B952

ChLum

ChLum

ChLum

Momtord

ChLum

G-S

?

G-S

?

?

CE

CE

CE

FE

CE

FE

CE

FacilItyC

CSTRIGH

GHIFE

GHIFE

Effect
(% deVIation from treatment WIthout NO,,)b

No effect e (Zahn, 1975)

10 Ih

HeIght (-10), shoot mass (-24), root mass (-14), 6- to 8-week-old seedlmgs
(Kress and Skelly, 1982)

Small-leaved European lmden (Tzlza cordata MIll)
o 1 104 h/week, Stem heIght (+6), leaf area (+45*), mass of shoot (+42*), second-year

22 weeks seedlmgs (Freer-SmIth, 1984, Wlntmore and Freer-SmIth, 1982)
60 weeks Stem heIght (+3), mass of shoot (-1), second-year cuttmgs (Wlntmore and

Freer-SmIth, 1982)
Sweet bivumum (Bzbumum odoratlsslma Ker-Gawl var awabuh)

03 30 days Mass of plant (+20), leaf area (-5), 1- to 2-year-old plants (Okano et aI, 1989)
Japanese zelkova (Zelkova serrata [Thunb ] Mak )

o 3 30 days Mass of plant (-6), leaf area (+ 1), 1- to 2-year-old plants (Okano et aI , 1989)

Conifers
European larch (larIX decidua L )

10 537 hover
2mo

Norway spruce (Plcea abies [L] Karst)
1 3 1,900 hover Lmear growth of current year (-7), lmear growth of followmg year (-17) e (Zahn,

5 mo 1975)
SItka spruce (Plcea sltchenSIS [Bong] Carr )

003 8 weeks Mass of plant (-5 to + 18), advanced bud-break ("'), 6-mo-old seedlmgs
exposed dunng dormancy, harvested 6 weeks after exposure (Freer-SmIth and
Mansfield, 1987)

HeIght (-6), number of leaves (-6), leaf area (+1), mass of leaves (-4), mass of
stem (-7"'), rooted cuttings (Eastham and Ormrod, 1986)

Slura oak (Quercus mysmaefolla Blume)
03 30 days Mass of plant (+22), leaf area (-7), 1- to 2-year-old plant (Okano et aI , 1989)

WIllow oak (Quercus phellos L )
o 1 6 h/day, 28 days

SpecIes or Crop

NO" Exposure
(ppm) Duration

t§
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APPENDIX 9B (cont'd). TABULATION OF EFFECTS OF NITROGEN OXIDES ON GROWTH, REPRODUCTION,
AND YIELD OF PLANTS IN EXPERIMENTAL INVESTIGATIONSa

SpecIes or Crop
NOx Exposure
(ppm) DuratlOn

Effect
b(% deviatlOn from treatment wIthout NOJ C

FacIhty dMomtor

01-03

PItch pme (Pmus ngzda Mdl )
o 1 6 h1day, 28 days

~
I

~

HeIght (-16), mass of shoot (-20), mass of roots (-11),6- to 8-week-old
seedlmgs (Kress and Skelly, 1982)

Eastern wmte pme (Pmus strobus L )
005 4 h1day, 35 days Length of needles «-10), 2-year-old ramets (Yang et ai, 1982,1983b)
01 4 h1day, 35 days Length of needles (-13* to +17), mass of needles (-3*, -3, or 0), depended on

clone, 2-year-old ramets (Yang et ai, 1982,1983b)
4 h1day, 35 days Changes m length of needle (**) and m mass per umt length of needle (**),

effects depended on clones (**), 2-year-old ramets (Yang et al , 1983a)
Loblolly pme (Pmus taeda L )

o 1 6 h1day, 35 days HeIght (-11 or -15*), mass of shoot (-10 or -22), mass of roots (-14 or -17),
dependmg on clone, 6- to 8-week-old seedlmgs (Kress and Skelly, 1982)

Vuglllia pme (Pmus Vlrgmuma Mdl)
o 1 6 h1day, 28 days HeIght (-13), mass of shoot (-1), mass of roots (-7), 6- to 8-week-old seedlmgs

(Kress and Skelly, 1982)

CSTRIGH

CSTRIGH
CSTRIGH

CSTRIGH

CSTRIGH

ChLum

ChLum
ChLum

ChLum

ChLum

aNOx = OXides of mtrogen
COZ = Carbon dIOXide

bStatistical SIgnIficance of the effect, as provIded m the source, IS mmcated by
* for 0 01 < Ol S; 0 05 and by ** for Ol S; 0 01

cExpenmental facIhtIes are denoted by the followmg CE, controlled envuomnent chamber,
GH, greenhouse, FE, field exposure chamber, CSTR/GH, contmuous-flow stirred-tank
reactor m a greenhouse, ZAPS, zonal au pollutlOn system m open field

d
Momtonng methods for NOx are denoted by the followmg ChLum, gas-phase
chenulummescent deVIces, G-S, Gness-Saltzman method, L-G-S, Lyshkow-modified
Gness-Saltzman method, B852, B942, or B952, Beckman 852, 942A,or 952A momtors,
Saltzman, Impmgement m Saltzman reagent, Mast TM, Mast meter by tnethanolanune
method, CSI, ColumbIa SCIentific, Model 1600 Momtor, Mast, Mast meter,
TM, tnethanolamme method, Atlas, Atlas meter

eStatistical mformatlOn not prOVIded
fNO (WIth NOz at 0 15 ppm)
gNOz at 0 15 + NO at 0 7 ppm
h20% NOZ and 80% NO
INO (WIth NOz at 0 05 ppm)
JNO
kNOz at 0 5 + NO at 0 4 ppm
lControl was NOz at 0 009 ppm, background SOz at
0003 ppm

fiNOz at 0 006 + NO at 0 012 ppm
nNOz at 0 021 + NO at 0 007 ppm
ORange of 0 to 0 2 ppm





10. THE EFFECTS OF NITROGEN OXIDES ON
NATURAL ECOSYSTEMS AND 'fHEIR COMPONENTS

10.1 INTRODUCTION

The prevIOUS chapter discusses the responses of llldividual plants exposed to mtrogen

OXides (NUx), WhICh refers to mtnc OXide (NO) plus mtrogen dIOXide (N02) ThIs chapter

explallls the known effects of mtrogen compounds (e g , NOx , mtrate, mtnc aCId [HN03Don

terrestnal and aquatIc commumtIes Because the vanous ecosystem components are

chemIcally lllterrelated, stresses placed on the llldiVIdual components, such as those caused

by mtrogen loadmg, can produce perturbatIOns that are not readIly reversed and will

sIgmficantly alter an ecosystem

It IS known that m many areas of the Umted States, the depOSItion of atmosphenc

mtrogen compounds IS sIgmficant (U S EnVIronmental ProtectIon Agency, 1982), and, smce

the mId-1980s, the VIew has emerged that the atmosphenc deposItion of morgamc mtrogen

has Impacted both aquatic and terrestnal ecosystems, however, the Impacts are generally

unknown Although the eVIdence hnkmg mtrogen depOSItIOn WIth ecologIcal Impacts IS

tenuous, there has been a growmg concern (Skeffmgton and Wilson, 1988) that the

contmuous depOSItion of atmosphenc mtrogen compounds (partIcularly HN03 and mtrate

Ions [N03-D m North Amenca and most European coultltnes has led to ecosystems formerly

lImIted by mtrogen becommg mtrogen saturated Though the trend for the compOSIte Umted

States annual average atmosphenc N02 concentration IS downward, It IS the depOSIted mtrate

that determmes ecosystem response The above concern has led to attempts m Europe to

develop "cntIcalloads" of mtrogen for vanous ecosystems A cntlcalload IS defmed as

"a quantItatIve estImate of an exposure to one or more pollutants below whIch sIgmficant

harmful effects on specIfied senSItive elements of the enVIronment do not occur accordmg to

present knowledge" (Nllsson and Grennfelt, 1988)

The above concerns and the known effects of mtrogen compounds are addressed as

follows (1) overvIew and descnptIon and responses of ecosystems to Imparrment of

functIOns, (2) a generalIzed descnptIon of the mtrogen cycle, (3) depOSItion of mtrogen mto

ecosystems, (4) terrestnal ecosystem effects, specIfically the response of soll and vegetatIOn
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to nitrogen deposItion, (5) effects of mtrogen loadIng on wetlands and bogs, and

(6) discussion of the effects of mtrogen loadmg on aquatic ecosystems

10.2 ECOSYSTEMS

Ecosystems are composed of populatIOns of "self-supportmg" and "self-mamtammg"

livmg plants, animals, and microorgamsms mteractmg among themselves and WIth the

nonliving chemIcal and phYSICal envIronment Withm whIch they eXist (adum, 1989, Billmgs,

1978; Smith, 1980) Ecosystems usually have defmable lImItS and may be large or small

(e.g, fallen logs, forests, grasslands, cultIvated or uncultIvated fields, ponds, lakes, nvers,

estuanes, oceans, the earth) (adum, 1971, SIDlth, 1980, Barbour et al ,1980) The

environmental condItIOns of a partIcular area or regIOn determme the boundanes of the

ecosystem as well as the orgamsms that can hve there (SmIth, 1980) Together, the

environment, the orgamsms, and the phySIologIcal processes resultmg from theIr mteractIOns

form the life-support systems that are essential to the eXistence of any speCIes on earth,

mcludmg man (adum, 1989)

Human welfare IS dependent on ecOlOgICal systems and processes Natural ecosystems

are tradItionally spoken of m terms of theIr structure and functIOns Ecosystem structure

includes the specIes (nchness and abundance) and theIr mass and arrangement m an

ecosystem. ThIs IS termed an ecosystem's standmg stock-nature's free "goods" (Westman,

1977) SOCIety reaps two kmds of benefits from the structural aspects of an ecosystem

(1) products WIth market value such as fish, mmerals, forest products and pharmaceuticals,

and genetic resources of valuable specIes (e g , plants for crops and timber and ammals for

domesticatIOn), and (2) the use and apprecIation of ecosystems for recreatIOn, aesthetic

enjoyment, and study (Westman, 1977)

More dIfficult to comprehend, but no less VItal, are the functional aspects of an

ecosystem. They are the dynamICS of ecosystems and nnpart to SOCIety a vanety of benefits,

nature's free "servIces" Ecosystem functIOns encompass the mteractIOns of the ecosystem

components and theIr enVIronment and mamtam clean aIr, pure water, a green earth, and a

balance of creatures, the functIOns that enable humans to obtam the food, fiber, energy, and

other matenal needs for SUrvIVal (Westman, 1977)
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10.2.1 Characteristics of Ecosystems

Ecosystems have both structure and functIOn Structure WIthIn ecosystems mvolves

several levels of orgamzatIOn The most vIsIble are (1) the mdividual and ItS enVIronment,

(2) the population and ItS enVIronment, and (3) the bIOlogICal commumty and ItS

enVIronment, the ecosystem (BIllmgs, 1978) The responses of the constituent orgamsms to

envIronmental changes or perturbatIOns determmes the response of the ecosystem

PopulatIOns of plants, anImals, and microorgamsms (producers, consumers, and

decomposers) WIthIn an ecosystem hve together and mteract as commumtIes CommumtIes,

due to the mteraction of theIr populatIOns and of the mdlvIduaJ.s that constitute them, respond

to pollutant stresses dIfferently from mdividuals Orgamsms vary m theIr ability to wIthstand

envIronmental changes The range of vanation WIthIn whIch mdividual orgamsms can eXIst

and functIOn determmes the ability of a population of orgamsms to survIve

Intense competition among plants for hght, water, nutrIents, and space, along wIth

recurrent natural chmatIc (temperature) and bIOlogICal (herbIvory, disease) stresses, can alter

the specIes composItion of commumtIes by ehmmatmg 1hose mdIviduals sensItive to specIfic

stresses Those orgamsms able to cope wIth the stresses survIve and reproduce

Competition among plants of the same specIes does not mfluence speCIes successIOn

(commumty change over tIme) CompetitIOn among dIfferent speCIes, however, results m

succeSSIOn and ultimately produces ecosystems composed of populatIons of plant specIes that

have a capacIty to tolerate the competItIOnal stresses (KozlowlskI, 1980) Pollutant stresses

are supenmposed upon the naturally occurrmg competItIonal stresses mentIOned above AIr

pollutants are known to alter the dIversIty and structure of plant commumtIes (Gudenan

et al ,1985) The pnmary effect of arr pollutants IS on the more susceptible members of the

plant commumty m that they can no longer compete ef£ectIvely for essential nutnents, water,

hght, space, etc As a consequence of altered competItLve condItions m the commumty,

there IS a dechne m the senSItIve speCIes, permIttmg the enhanced growth of more tolerant

speCIes The extent of change that may occur m a commumty depends on the condItion and

type of commumty as well as the pollutant exposure
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10.2.2 Ecosystem Functions

Ecosystem functIOn refers to the sUlte of processes and mteractIOns among the

ecosystem components and their enVironment that mvolve movement of nutnents and energy

through a community as orgamc matter The more nutnents are avatlable, the more energy

flows HydrologICal, gaseous, and sedImentary cycles are mvolved Water IS the medIUm

by whIch nutrients make their never-endmg odyssey through an ecosystem (SmIth, 1980)

In gaseous cycles, which mclude carbon, oxygen, and mtrogen, the atmosphere IS the

primary reservoir, and m sedImentary cycles, phosphorus, sulfur, calCIUm, magneSIUm, and

potassium move from the land to the sea and back

VegetatIOn, through the process of photosynthesIs, plays a very Important role m

energy and nutnent transfer Plants accumulate, use, and store carbon, the baSIC bUlldmg

blocks of large orgamc molecules, to mamtaIn phySIOlogICal processes and to form their

structure Durmg photosyntheSIS, plants utIhze energy from sunlIght to convert carbon

dIoxide (C00 from the atmosphere and water from the soIl mto carbohydrates

Carbohydrates serve as the raw matenal for further bIochemIcal syntheSIS (Warmg and

Schlesmger, 1985)

The energy accumulated and stored by vegetation also IS avatlable to other orgamsms

such as herbivores, carmvores, and decomposers Energy and nutnents move from orgamsm

to orgamsm m food chams or food webs that become more complex as ecosystem dIverSIty

mcreases (Odum, 1989). Energy flow through the bIOlogICal food chams IS umdrrectIonal

mtimately, it is dISSIpated mto the atmosphere as heat and must be replaced (Barbour et al ,

1980; BIllmgs, 1978, Odum, 1989) Nutnents and water can be recycled, fed back mto the

system, and used over and over agam (Barbour et al , 1980, Odum, 1989) The plant

processes of photosyntheSIS, nutnent uptake, respIration, translocation, carbon allocatIOn, and

biosynthesIS are directly related to the ecosystem functions of energy flow and nutnent

cyclmg Reduction m dIverSIty and structure m ecosystems shortens the food chams, reduces

the total nutnent mventory, and returns the ecosystem to a SImpler succeSSIOnal stage

(Woodwell, 1970)
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10.2.3 Ecosystem Response: Impairment of Functions, Changes in
Structure

Ecosystems respond to stresses through theIr constItuent orgamsms In plant

commumtIes, illdiVIdual specIes dIffer appreciably m theIr sensItIVIty to stresses, the changes

that occur Withm plant commumtIes reflect such chfferences The response of plant

populatIons or specIes to enVIronmental perturbatIOn depends on theIr genetIc constitutIOn

(genotype), theIr bfe cycles, and the mIcrohabItats ill whtch the plants are groWillg Stresses

such as changes ill the phYSICal or chemIcal envIronment of plant populatIons apply new

selectIOn pressures on illdiVIdual orgamsms (Treshow, 1980) A common response in a

commumty under stress IS the elImmatIOn of the more senSItive populatIOns and an illcrease

ill abundance of specIes that tolerate or are favored by the stress (Woodwell, 1970, Gudenan

et al , 1985)

Factors that mfluence the rate or amount of energy flow or of nutnent cyclmg alter the

relatIOnshtps that eXIst between orgamsms and theIr non.hvillg enVIronment AIr pollutants,

for example, that lImIt carbon fIxatIOn will sluft allocatIOn to new leaves, whereas factors

that lImIt the avaIlability of mtrogen or water will sluft allocatIOn to the roots (Wmner and

AtkInson, 1986) Such subtle and illdrrect effects of pollutant exposures, by mhtbItmg or

altenng plant phySIOlogical processes, decrease the abilIty of orgamsms to compete

Increasillg pollutant stresses proVIde selective forces that favor some genotypes, suppress

others, and elImmate those specIes that lack suffICIent genetic dIversIty to survIve Removal

of these orgamsms from an ecosystem can Imparr ecosystem functIOns and set the stage for

changes ill commumty structure that possIbly may have rrreversible consequences (Gudenan

and Kueppers, 1980)

Abundant eVIdence eXists to show that plant commumtIes undergo structural changes

that reduce bIOlogICal vanatIon when reSIstant specIes become dommant (Miller, 1973,

SmIth, 1980, Treshow, 1980, Woodwell, 1970) In forest commumtIes, the selective

removal of the larger overstory plants ill favor of plants of small stature results ill a sluft

from a complex forest commumty to the less complex hardy shrub and herb commumtIes

(Woodwell, 1970, Miller, 1973) Thus, there IS a change ill the occurrence, size, and

dIstnbutIOn of plants, ill speCIes illteractlons, and ill commumty compOSItion, and the
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processes of energy flow and nutnent cychng are altered Ultnnately, the basIc structure of

the ecosystem IS also changed

Predictmg the effects of nitrogen compounds from anthropogemc sources on natural

ecosystems involves uncertaintIes because (1) It IS dtfficult to accurately determme the

atmospheric nitrogen deposItion, (2) less IS known concermng the response of nonagncultural

plant commumtles to mcreased supphes of fIxed mtrogen than for agncultural crops, and

fmally, (3) the effects of mtrogen saturatlOn have been StudIed for only a short time

The next sectlon outhnes the mtrogen cycle and mentlOns changes m the cycle that may

result from the mcreasmg addItions of mtrogen The subsequent sectlOns dISCUSS the

observed effects of mcreased mtrogen deposItion on terrestnal, wetland, and aquatic

ecosystems and the changes m the mtrogen cycle that have, thus far, been demonstrated

10.3 THE NITROGEN CYCLE

NItrogen, one of the mam constituents of the protem molecules essential to all hfe, IS

recycled Withm ecosystems Most orgamsms cannot use the molecular mtrogen found m the

earth's atmosphere It must be transformed by specillc terrestnal and aquatic

microorganisms into a form usable by other orgamsms The transformatlOns of mtrogen as It

moves through an ecosystem IS referred to as the mtrogen cycle (National Research Council,

1978). Mature natural ecosystems are essentially self-sufficIent and mdependent of external

additions Modern technology, by eIther addmg or removmg mtrogen from an ecosystem,

can upset the relatIonslnps that eXIst among the vanous components and, thus, change Its

structure and functioning

NItrogen usually enters plants through the roots by (1) absorptlOn of ammoma and

ammonium, (2) absorption of mtrate (and mtnte), and (3) mtrogen fIXation by symbIOtiC

organisms Therefore, any mtrogen deposIted onto the soil that can be converted chemIcally

or biolOgically into ammoma, mtrate, or mtnte can be used by plants NItrogen OXIdes that

fall upon soIl have the potential for converSlOn and adsorptlOn by mIcrobIal or chemIcal

action and can enter plants easily through the soIl/root mterface Soil-depOSited mtrogen,

however, can overload the soIl/plant system (see below) Gaseous NOx that enters through
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the leaves can also be converted for plant use because most leaves have enzyme systems that

can handle the compounds denved from NOx (see Chapter 9)

The term mtrogen cycle (FIgure 10-1) IS used to refer to the transformatIOns of mtrogen

as It moves through the enVIronment In general outhne, the mtrogen cycle IS Idenocal m

terrestnal, freshwater, and oceamc habItats, only the IDlcroorgamsms that medIate the vanous

transformaoons are dIfferent (Alexander, 1977) In terrestrial and aquaoc ecosystems, the

major nonbIOlogical processes of the nitrogen cycle mvolve phase transformatIOns rather than

chemIcal reacoons These transformatIOns mclude (1) volatIhzatIOn of gaseous mtrogen

forms (e g , ammoma [NH3]), (2) sed1mentaoon of paroculate forms of morgamc mtrogen,

and (3) sotptIOn (e g , of ammomum Ions [NH4+] by clays) (Naoonal Research CouncIl,

1978) In general, the steps m the mtrogen cycle are as follows (1) mtrogen fIxatIOn,

(2) assimIlaoon, (3) ammomfIcatIOn, (4) mtnfIcaoon, and (5) demtnfIcatIOn These

bIOlogICal transformatIOns mvolved m the mtrogen cycle will be dIscussed below

Under natural condloons, mtrogen IS added to ecosystems by fIxatIOn of atmosphenc

mtrogen, deposloon m ram, from wmdblown aerosols contammg both orgamc and morgamc

mtrogen, and from the absotpoon of atmosphenc NH3 by plants and soIl (SmIth, 1980)

NItrogen fIXatIOn, the converSIOn of molecular mtmgen mto a bIOlogICally avaIlable form, IS

medIated almost entIrely by microorgamsms m both telTestnal and aquaoc habItats

(Alexander, 1977)

Plants vary greatly m theIr ability to absorb ammomum and mtrate, however, they can

utIhze mtrogen m eIther form wIth equal efficIency and eIther form can be converted mto

ammo aCIds, protem, and nucleIc aCIds The orgamc mtrogen m plants IS transferred to

herbIvores when they eat plants HerbIvores may m tum be eaten and the mtrogen utIhzed

by theIr predators The urea and excreta of anImals and the orgamc remams of dead plants

and anImals are eventually decomposed by mlcroorgamsms and transformed mto NH3

Ammoma gas may be (1) volatIhzed mto the atmosphere, (2) converted mto mtrates by

bactena, (3) absorbed by plants, or (4) leached mto streams, lakes, or eventually the ocean,

where It IS avaIlable for use ill aquatIC ecosystems

Modem technology IS perturbmg the cycle by altenng the amounts and fluxes of

mtrogen m the vanous portIons of the cycle For example, mcreased NOx emISSIons from
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transportatIon and statIonary fossil-fuel bummg sources over the past 50 years have mcreased

the wet and dry deposItIon of nItrates and the amount of nItrogen movmg through terrestnal

and aquatIc nItrogen cycles The recent annual average atmosphenc N02 concentratIOn trend

has been downward, however, the response of the nItrogen cycles IS to depOSited nItrogen

Crops can utIhze only a proportIOn of the nItrogen fertIhzers (contammg nItrates, ammOnIum

salts, anhydrous or hqmd NH3 , or urea) added to the agncultural soils, leachmg and runoff

results (Sprent, 1987) Also, NH3 emiSSIOns from hve-stock feedlots have mcreased the

nItrogen movmg through the mtrogen cycle Harvestmg of crops, on the other hand,

removes nItrogen from agroecosystems and makes them dependent on the addItIon of

morgaruc nItrogen fertIhzers (Bohn and ArrhenIUS, 1977) Tnnber harvestmg also removes

nItrogen and disrupts the sou-plant-mICroorganIsm relatIOnshIps Forest clear-cuttmg

mcreases the loss of nItrates m sou water (Bowden and Bonnann, 1986) Bummg of the

residues left after tImber removal may lead to further nItrogen loss (VItousek, 1981)

10.3.1 Biological Nitrogen Fixation

Nitrogen :fIxatIon, the conversIOn of molecular nItrogen gas (N2) to NH4 +, is

accomphshed by a limited number of free-hvmg and symbIOtIc (hvmg m the roots of plants)

bactena and by a number of blue-green algae Blue-green algae are WIdely dlstnbuted m

nature m terrestnal, freshwater, and marme habitats A number fonn the algal component of

hchens, a few algae are symbIOtic hvmg with hverworts, ferns, and cycads, and others, as

symblonts, fIx nItrogen m the roots of plants The NI-13 fonned IS available to plants and

other microorgarusms Nitrogen fIXatIon IS essentlalm the mamtenance of sou fertility m

terrestnal, aquatIc, and agncultural ecosystems

10.3.2 Assimilation

Plants assImilate morgaruc nItrogen from the soil and convert It mto orgaruc nItrogen

All plants, except certam bog and wetland speCies, are able to assImilate morgaruc nItrogen

as either ammOnIum or nItrate and to convert them mto organIC molecules such as ammo

aCids, protems, and nucleiC aCids Bactena are also mlportant assmlliators of morgaruc

nItrogen m the soil, whereas algae are the predommant assImuators of morgaruc nItrogen m

aquatIc habitats Most plants utIhze ammOnIum more readily than nItrate, however, If no
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other factors hnnt mIcrobIal growth, microorgamsms will scavenge the avaIlable ammomum,

making It unavaIlable Under these cIrcumstances, mtrate becomes the most Important

source of nitrogen for plants (Rosswall, 1981)

10.3.3 Ammonification (Mineralization)

Bactena and fungi form ammomum dunng the decomposItIOn of dead plants and

animals Protems m dead plants and anImals, as well as the excretIOn products of anImals,

are decomposed to ammo aCIds The mtrogen m ammo aCIds ill tum IS converted mto

ammonium The ammomum may be (1) aSSImIlated by terrestnal or aquatIC plants and

microorgamsms, (2) bound by clay partIcles m the soIl, or (3) converted mto mtrates by

microorgamsms dunng mtnficatIOn AmmonrficatIOn IS Important m renewmg the lImIted

supply of inorganic mtrogen utIhzable by plants

Dunng ammonrficatIOn, gaseous NH3 may escape mto the atmosphere dunng the

process Its volatJ1Iza.tIon IS a purely phySIcal process whereby NH3 , m eqUlhbnum WIth

NH4+ ill solutIOn, IS lost as a gas Gaseous losses are sIgnrficant If pH IS below 7 5 (Reddy

and Patrick, 1984) Ammoma volatIhzatIon can be medIated by bIOlogICal actIVIty to the

extent that organisms can alter the pH of theIr enVIronment Ammoma losses from wetlands

are normally slgnrficant because submerged and wetland soIls generally have pH values

between 5.0 and 72 (ponnanperuma, 1972)

10.3.4 Nitrification

NItrification IS the two-step process dunng whIch mICroorganIsms fIrst convert NH4+

to nitrite ions (N02) and then to N03- In the first step, several genera of bactena

(includmg the genus Nltrosomonas) reduce ammomum to mtnte The second step IS

accomplIshed by several genera of bactena (mcludmg Nltrobacter) that reduce mtnte to

nitrate (Reddy and Patnck, 1984, Atlas and Bartha, 1981) NItnfIcatIOn IS stnctly an aerobIC

process and only oxygen can serve as the electron acceptor NItnfIcatIOn can occur m

manure piles, dunng sewage processmg, ill soIl, and ill marme enVIronments m the

oxygenated water column above the anaerobIC sedIments or Withm the surface of OXIdIZed

layers of sediments Recent studIes suggest that mtrous OXIde (N20) IS produced dunng
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mtnficatIOn Bowden (1986) pomts out, however, that m the field, N20 productIOn VIa

mtnficatIon IS controlled by the oXIdatIon status of the sOIL

Other than atmosphenc transformatIOns of NOx to mtrates, mtnficatIOn IS the sole

natural source of mtrate m the bIosphere (NatIOnal Reslearch Councll, 1978) NItrate IS the

predommant mtrogenous Ion m precIpItatIOn (U S EnvIronmental ProtectIOn Agency, 1982)

It IS at tms stage that the mtrogen cycle has been most mfluenced through agncultural

practIces (Delwlche, 1977, Bolm and Arrhemus, 1977) Natural processes are unable to

produce sufficIent mtrogen to grow the crops needed to feed humamty ThIs has led to the

development and mcreasmg use of mdustnally made fertilizers In 1970, Delwlche (1970)

estImated that the amount of mtrogen fixed annually Slllce 1950 for the productIOn of

fertilizer equaled the amount that was fixed by all terrestnal ecosystems before the advent of

modem agnculture

NItrates, whether added to the sOll (1) as fertilizers, (2) by mtnficatIon, or (3) from

atmosphenc deposItIOn, may

• be utilized by mlcroorgamsms,
• be taken up by plants,
• be lost through surface runoff mto streams, flvers, lakes, wetlands, or

oceans,
• percolate mto groundwater, or
• escape as gas to the atmosphere (Buckman and Brady, 1969)

10.3.5 Denitrification

DemtnficatIOn IS an anaerobIc bactenal process dlll11l1g wmch mtrates are converted mto

atmosphenc mtrogen gas NItrates are converted mto mtntes, then gaseous N20, and :fmally

mto N2, wmch escapes into the atmosphere Under addlc conmtIOns m the sOll, mtntes

rarely accumulate, but are spontaneously decomposed 1Oto NO Under alkahne conmtIOns,

they are bIOlogICally converted mto N20 and N2 (Alex<mder, 1977)

Through demtnficatIOn, mtrogen becomes unavailable to most plants and

mlcroorgamsms because It enters the large atmosphenc reservOIr, where ItS reSIdence tIme

may be as long as 107 years (Delwlche, 1977) NItrOUS oXIde has a much shorter reSIdence

tIme (150 years) The photochemIcal decompOSItIOn of N20 IS the mam stratosphenc source

of NOx (Delwlche, 1977)
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Nitrogen resIdes m five major reservOirS (1) pnmary rocks, (2) sedImentary rocks,

(3) deep-sea sedIment, (4) the atmosphere, and (5) the soil-water pool The web of pathways

and fluxes by WhICh oXides of mtrogen are produced, transformed, transported, and stored m

the pnncipal mtrogen reservoirs are commonly referred to as the mtrogen cycle are outlmed

above. An understandmg of the mtrogen cycle IS Important m placmg m perspectIve human

intervention as dISCUSSed m other sections of thIs chapter

10.4 DRY DEPOSITION RATES OF REACTIVE NITROGEN FORMS

DepOSItIon processes result m the removal of reactIve mtrogen compounds from the

atmosphere, and their subsequent depOSItion onto landscape surfaces (e g , fohage, bark,

soIl). The fate of dry depOSIted compounds can be eIther adsorption to surfaces or

absorption (1 e., uptake or illcorporatIOn) by surfaces By quantIfymg the hnk between

atmospheric processes and depOSItIOn of pollutants to plants, depOSItion measurements

prOVIde valuable mput data for models of atmosphenc chemIstry and bIOgeochemIcal cyclmg,

and may help explam how pollutants affect plants (BaldocchI et al , 1987, 1988, Hosker and

Lmdberg, 1982; Taylor et al ,1988) The followmg dIscussIOn IS based on Hanson and

Lindberg (1991)

Dry depositIon charactenstIcs of N02, NO, HN03 vapor, NH3, and partIcle forms

(N03- and NH4+) have been reported ill the hterature and are dISCUSSed m the followmg

sections. Ammoma IS not an OXide of mtrogen, but when present at hIgh concentratIOns m

the atmosphere, It contnbutes to the total amount of mtrogen depOSIted on landscape

surfaces, and by dIssolvmg m aerosols, NH3 may enhance HN03 removal ill wet

precipItatIon (Erisman et al ,1988) Therefore, NH3 depOSItIon data are mcluded here The

dry depositIon velOCIty of HN03 IS greater than that of ammomum mtrate (NH4N03) and IS

scavenged by precIpItatIon more effiCIently than NH4N03 DepOSItIon data are unavailable

for other potentIally Important reactive forms of mtrogen mtrous aCId, dlllitrogen pentoxIde,

and the gaseous mtrate radIcal (N03)' Permtrate speCIes, such as peroxyacetyl mtrate

(PAN), will not be discussed because they are descnbed m another AIr Quahty Cntena

Document (U S. EnvIronmental ProtectIOn Agency, 1986) NItrous OXide, the most abundant
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oXIde of mtrogen, will not be dIscussed because It IS VIrtually mert m the troposphere and

shows no tendency for depositlon (Smgh, 1987)

Garner et al (1989) summanzed avaIlable mformatIOn on ambIent arr concentratIOns

for NOx and made the followmg conclUSIOns

I NItrogen oXIdes are rarely If ever found m concentratIons sufficIent to
cause VIsIble mJury to vegetatlon

2 In hIgh elevatlon forests typIcally away from urban sources of
pollutIOn, concentratlons of NOx are usually below or at the detectIOn
hmitS of avaIlable momtormg eqUIpment (concentratlons range from
< 0 003 ppm to occaSIonal peaks of 0 05 ppm)

3 In near-urban or rural forests, concentratIOns seldom exceed 0 010 ppm
(overall range from < 0 005 to 0 3 ppm)

4 In urban areas of eastern North Amenca, annual average NOx
concentratIOns are around 0 02 ppm, WIth values rangmg from
<0005 to 0 06 ppm

A number of recent studIes m remote areas have shown that arr concentratlons of NO, N02,

and HN03 are commonly less than 0 005 ppm, WIth HN03 concentratIons typICally bemg

lower (Cadle et al , 1982, Fahey et al , 1986, Kelly et al , 1984, Lefohn and Tmgey, 1984)

In rural areas closer to sources of urban pollutlon, NO.~ and HN03 concentratlons have been

measured m the 0010- to 0 030-ppm and 0 001- to 0 003-ppm ranges, respectlvely

(BytnerowIcz et al , 1987a, Kelly et al , 1989, Lefohn and Tmgey, 1984) A detaIled

summary of current mformatlon on the arr chemIStry and concentratIOns of reactIve mtrogen

compounds can be found m Chapters 5 and 7 of thIs document

There are several general reVIew artlcles for addItIonal mformation on the depositlon of

mtrogen forms to vegetatIOn and other landscape surfaces Hosker and Lmdberg (1982)

dISCUSS factors controllmg pollutant depositlon and capabIhtles for predIctmg mteractIOns

between atmosphenc substances and vegetatIOn McMahon and Demson (1979) proVIde a

more extenSIve summary of partIcle depositlon Sehmel (1980) summarIZes partIcle and gas

dry depOSItIOn for a WIde range of depOSIting matenals Taylor et al (1988) reVIew pollutant

depOSItIOn to mdividualleaves and plant canopIes WIth partIcular emphaSIS on phySIOlogICal

SItes of regulatIon The Wodd Health OrgarnzatIOn (1987) also proVIdes an extended
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dtscussion of depositlon of nitrogen fonns unportant to the estabhshment of aIr quahty

gUIdelines.

10.4.1 Types of Measurements

Dry depOSItlon measurements have been conducted m the field at the forest canopy

level or in chambers usmg mdIvidual plant leaves (Van Aalst and Dlederen, 1985) Canopy

level measurements are based on the assumptIOn that depositlon IS a vertIcal flux from the

atmosphere to a defmed landscape area restncted by a senes of pathway resIstances Leaf

level measurements in chambers, which Ignore the atmosphenc transport process by mducmg

turbulent mixIng above the surface of leaves, also assume a senes of resIstances to pollutant

gas deposition Leaf-level and canopy measurements are nonnahzed to leaf and ground

areas, respectively

Canopy measurements typICally employ eIther the eddy correlation or the flux gradIent

micrometeorologIcal technIques Both technIques requIre that measurements be conducted

under Ideal condttlons (e g , flat, homogeneous, and extensIve landscape area), but some

progress m applymg these technIques to more complex terram has been made (McMillen,

1988; Hicks et al ,1984) The eddy correlatlon technIque measures vertIcal, turbulent flux

directly from calculations of the mean covanance between wmd velocIty and pollutant

concentration (Wesely et al ,1982) The flux gradIent or "profile" technIque estunates

vertIcal flux from a concentratlon profIle and eddy exchange coeffiCIents (Ensman et al ,

1988; Huebert et al ,1988) One of the most dIfficult problems WIth dry deposItIOn

estimates of mtrogen specIes, based on micrometeoroiogical methods, stems from the

inability to measure the appropnate atmosphenc concentratIOns Homogeneous gas phase

reactions and gas/partIcle mteractIons of HN03 and NH3 (Appel and TokIwa, 1981), and

interferences of HN03 WIth some NOx sensors (Van Aalst and Dlederen, 1985) are two

examples of the problems often encountered Many mtrogen specIes are so reactIve m the

canopy air space that theIr concentratIOns change sIgmficantly dunng the course of

micrometeorologIcal measurements, resultJ.ng m misleadmg flux data (HIcks et al , 1989)

Businger (1986) and Baldocchi (1988) proVIde more extenSIve dISCUSSIOns of the benefits

and/or pitfalls of the canopy measurement technIques
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Compansons between throughfall or preCIpItation N03- and NH4 + concentratIOns have

also been used to calculate partIculate mtrogen deposItum to forest canopIes (Gravenhorst

et al , 1983, Lovett and Lmdberg, 1984) However, the reaCtivIty of trace mtrogen gases,

theIr absorption by fohar surfaces (Norby et al , 1989, Garten and H~nson, 1990), and the

techmque's mabIhty to dIstmgUIsh gaseous from partIcle forms (e g , N03- versus HN03)

may lead to large errors

Three techmques have been used for leaf-level measurements The most common

approach IS based on mass-balance prmcip1es m whIch the leaf surface IS enclosed m an

envIronmentally controlled chamber and pollutant conce:ntratIons are compared at the mlet

and outlet (JarvIS et al ,1971) The mass-balance techmque can be apphed to mdIvidual

leaves and branches (Rogers et al , 1977, Row1and-Banlford and Drew, 1988) or to enclosed

crop canopIes (Bennett and Hill, 1973, Hill, 1971) Less commonly, ISOtOPIC labe1mg of the

exposure gas WIth mtrogen-15 (15N) has been used to evaluate rates of depOSItion (Okano

et al , 1988, Vose and Swank, 1990) Leaf-washmg techmques compare extracts from leaves

exposed to pollutants and appropnate controls The dIfference m IOn concentratIOns between

treated and control wash solutIOns IS used to calculate rates of depOSItiOn (John et al , 1985,

Dasch, 1987) Leaf-wash techmques may underestimate depOSItiOn because absorptIOn or

translocation processes remove pollutants from the leaf surface (Taylor et al , 1988, Garten

and Hanson, 1990) Further, the leaf-wash method Catll not dIStingUISh vanous sources of

mtrate depOSIted as HN03, N03, or partIculate N03- (Dasch, 1987)

10.4.2 Expressions of Deposition

Rates of pollutant depOSItion determmed from canopy or leaf level measurements can be

expressed WIth SImIlar equatIOns The rate of depOSItion of pollutant gases to a canopy

surface has been defmed as

(10-1)

where Fe IS flux to the canopy (m nanomo1es per square meter per second), Vd IS the overall

depOSItiOn velOCIty (m meters per second), CZ IS the concentratIOn at the heIght of the

measurement (m nanomoles per CUbIC meter), and Co Ul the concentratIOn at receptor SItes m
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the canopy (m nanomoles per CUbIC meter) The Vd IS the recIprocal of the total canopy

resistance to flux An analogous equatIon can be denved for leaf-level, chamber

measurements,

(10-2)

where F1 is flux to leaves, K1 IS the conductance of the leaf to pollutant gas transfer, Ca IS

the concentratIon of pollutant m the arr around the leaf, and C
l

IS the concentratIon of

pollutant m or on the leaf (often equal to 0)

Both Vd and K1 represent concentratIOn corrected depOSItIon rates, and they are the

standard variables used to compare depOSItIon charactenstIcs of pollutant gases and receptor

surfaces Although Vd and K1 have the same umts, they are based on dIfferent receptor areas

and charactenze processes at dIfferent scales of resolutIOn Therefore, the followmg

converSIOn has been suggested as a f"Irst approXImatIon for scalIng between canopy and leaf

measurements of pollutant depOSItIon so that data obtamed WIth eIther techmque can be

compared'

(10-3)

where LA! is the leaf area index of the canopy appropnate to the Vd vanable (Dasch, 1987,

Dolske, 1988; Hanson et al , 1989, HIcks et al , 1987, JarvIS, 1971, O'Dell et al , 1977)

For a gIven plant matenal and defmed exposure, Vd should always be larger than K1 when

canopy leaf area mdex IS greater than one ThIs fIrst-order converSIon IS admIttedly crude,

but useful. Complex models are requIred to ngorously scale measured K1 data to applIcatIon

at the canopy level of resolutIOn (BaldocchI, 1988, BaldocchI et al , 1987, HICks et al ,

1987; Kramm, 1989) because nonlmear processes are mvolved and dnvmg vanables change

WIth depth m the canopy

10.4.3 Processes Governing Deposition of Gases and Particles

Dry depositIon of gases and partIcles to folIar and nonfolIar surfaces refers to the

transfer of mtrogen species between the free atmosphere and landscape surfaces Dry

depositIon processes need to be understood because they represent the fIrst step m the
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transfer of pollutants to phySIOlogICal sItes of -actIOn m the leaf mtenor (Taylor et al , 1988)

that are responsIble for most deletenous effects on plants DetaIled dIScussIons of the factors

mfluencmg dry deposItion of gases and partIcles have been pubhshed (Hosker and Lmdberg,

1982, Sehmel, 1980, Taylor et al ,1988) The reader IS also drrected to SectIOn 10 4 4 for

adilltIOnal illscussIOn of reactIve mtrogen gas deposItIon to leaves and leaf mtenor spaces

Pollutant gas deposItIOn to plant surfaces IS controlled by atmosphenc turbulence,

phYSICal and/or chemIcal propertIes of gases, the presence of a chell11cal potenual gradIent

between the atmosphere and receptor SItes, and the nature and acuvity of plant surfaces

(Table 10-1) Hosker and Lmdberg (1982) illVIded gaseous pollutant compounds into three

groups, based on the processes govermng theIr deposltlOn, and aSSIgned reactIve mtrogen

compounds to each group as shown below

(1) Compounds able to adsorb readily to all smfaces (HN03, NH3)

(2) Compounds that mteract WIth leaves pnmanly after dIffuSIOn through
stomata mto mtenor leaf arr spaces (N02, €md to some extent, NH3)

(3) Compounds that exchange slowly WIth plants mdependent of the pathway
for deposIuon (NO, N20)

Recent data (KIsser-Pnesack et al , 1987) suggest that N02 and NO are also

deposIted onto and through the cuucle, a feature appropnate to Hosker and Lmdberg's

Category #1 compounds

The theory of partIcle deposIuon has been descnbed and illscussed m depth m

several recent papers (DaVIdson and Wu, 1990, McMahon and Demson, 1979, NIcholson,

1988, Sehmel, 1980) These authors propose three charactenstIc features of dry partIcle

deposItIOn

(1) partIcles greater than 10 J-tm exhIbIt a vanable Va between 5 and
110 mm/s dependent on fnctIOnal velocItIes, whereas a nnmmum partIcle
Va has been shown for partIcles m the SIZe range 0 1 to 1 0 J-tm
(FIgure 10-2),
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TABLE 10-1. FACTORS INFLUENCING DRY DEPOSITION
OF REACTIVE NITROGEN COMPOUNDS

ChelDlcal Properties of Deposltmg
Matenal

Receptor

MicrometeorologIcal Vanables

AerodyDalDlc resistance
-mass transfer
-heat
-momentum
-lldeposibon velOCIty

DiffUSIOn effect of
-canopy structure
-extent of fetch

Fncbon velocity
Surface roughness length
Zero plane displacement
Wmd velOCity
Turbulence

Temperature

Relative hUlDldlty

PrecipItatIon

Solar radiation

Source' Sehmel (1980)

Particles

PartIcle Size
-diameter
-denSIty

agglomeration

DIffuSIOn
-Browman
-eddy

Impaction

GraVItational
settlmg

Electrostatic
effects

Gases

Partial
Pressure

-solubIlIty

concentration

ChelDlcal
actIvity/
reactIOns

DIffuSIOn
-molecular

Surface Vanables

AbIOtic features

Accommodation
-dew
-exudates
-wax
-pubescence

Reactive SItes
-area
-pnor loadmg
-adsorption
-absorption

BIOtic features

Stomatal
-conductance
-dIUrnal pattern

Plant metabolic rate
-assllDllatIon
-cell pH

(2) depositlon velOCIty of partIcles (Vd) IS approxnnately a hnear functiOn of
friction velocIty, and

(3) depOSition of partIcles between the atmosphere and a forest canopy IS from
2 to 16 tlmes greater than deposltlon ill adjacent open terram (1 e ,
grasslands or other vegetatlon of low stature)
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Figure 10-2. Predicted deposition velocities at 1 m for a friction velocity
of 30 cmls and particle densiti~, of 1, 4, and 11.5 g/cm.

Source Sehmel (1980)
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Theoretically based models for predICtmg partIcle deposItion velocIties have recently

been pubhshed by Bache (1979a,b), DavIdson and Wu (1990), and Noll and Fang (1989)

Dolske (1988) claImS that dry deposItion, whether In the form of gases or partIcles, has from

3 to 20 tlmes the potential of wet deposItion to modIfy the chemIcal mICrOenVIronment of

foliar surfaces. ThIs claIm was made based on the "cychc reactivatIOn" of dry depOSItion by

dew and rain, whIch appears to dIssolve and mobilize, but not necessanly remove, the

pollutants from the fohar surface

Independent of the SIte of depOSItion of gases or partIcles (Internal versus cuticular), the

concentration of the pollutant In ambIent aIr IS representative of the drIvmg force responSIble

for drrect and indIrect effects on plant phySIOlogICal processes However, because the

chemical nature of all pollutants are not the same, a smgle time-averaged concentratIOn (e g ,

24 h versus daylight means) mIght not be appropnate In all cases For example, a 24-h

mean concentration IS appropriate for the largely cuticular depOSItion observed for aerosol

particles and HN03, but a dayhght mean would be better for those pollutant gases whose

deposition is tightly controlled by stomatal aperture rumtatIons to dIffuSIOn (e g , NO, N02)

10.4.4 Deposition of Various Forms of Nitrogen to Foliar Surfaces

Reported depOSItion velocities or conductances for N02, NO, HN03, NH3, and

partIculate mtrogen forms are presented In Tables 10-2 through 10-10 Each table IS

organized by plant species or deposition surface and, unless noted otherwIse, the hsted

deposition velocities correspond to daytIme condItions Actual Va values are hIghly vanable,

reaching maximum and mIDlIDum values during mIdday and mght penods, respectively

Two types of tables are used to present the data for each of the four gases tables covenng

leaf-level or canopy-level measurements If a CIted paper lumped data for NO and N02

together as NOx, those data are presented In Table 10-2 along WIth the InformatIOn on N02,

but they are indicated as being for NOx If the ongmal authors dId not calculate K1 or Va,

concentration and flux data from the ongmal papers were used In EquatIOns 10-1 or 10-2 to

generate the values reported In the followmg tables
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TABLE 10-2. CONDUCTANCE OF NITROGEN DIOXIDE
TO LEAF SURFACES

Concentration Conductance
SpecIes 3 a (rnmls)b,c d

Reference(ppmv [p.g/m ]) Method

Austnan pme (Pmus mgra) 0400 036 Chamber El.k1ey et al (1982)

Barley (Hordeum vulgare) 03 05 Chamber Rowland-Bamford and Drew

1~
(1988)

03 05 Rowland-Bamford and Drew
(1988)

Bean (Phaseolus vulgans) 004 07 Chamber Fuhrer and Ensmann (1980)
gs = 026 016 01 Chamber Fuhrer and Ensmann (1980)
gs = 005 05 10 1~ Okano et al (1988)

10 08 Chamber Snvastava et al (1975)
30 085 Chamber Snvastava et al (1975)
70 063 Chamber Snvastava et al (1975)

ChInese hibISCUS 10 069 Chamber Saxe (1986)
(HlblSCUS rosa-smensls) 10 079 Chamber Saxe (1986)

40 054 Chamber Saxe (1986)
40 065 Chamber Saxe (1986)

Cucumber (Cucumls satlvus) 0500 1 1 1~ Okano et al (1988)

Dif.fenbachza maculata 10 049 Chamber Saxe (1986)
40 031 Chamber Saxe (1986)

Douglas fir (Pseudotsuga 0400 o 2e Chamber El.k1ey et al (1982)
menslesn)
[MIrb ] Franco

EnglIsh Ivy (Hedera helIX) 10 056 Chamber Saxe (1986)
40 029 Chamber Saxe (1986)

European WhJ.te BIrch <006 32 NA Freer-SmIth (1983)
(Betula pendula) 0400 02 Chamber El.k1ey et al (1982)

FlCUS benJamma 0400 01 Chamber El.k1ey et a1 (1982)
10 047 Chamber Saxe (1986)
40 019 Chamber Saxe (1986)

Hedera cananenSlS 10 062 Chamber Saxe (1986)
40 035 Chamber Saxe (1986)

Honey locust 0400 02 Chamber El.k1ey et al (1982)
(Gledltsza trzancanthos)

IndIan rubber 10 086 Chamber Saxe (1986)
(FlCUS elastlca) 40 069 Chamber Saxe (1986)

Loblolly pme (Pmus taeda) 0020 06 Chamber Hanson et a1 (1989)
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TABLE 10-2 (cont'd). CONDUCTANCE OF NITROGEN DIOXIDE
TO LEAF SURFACES

ConcentratIon Conductance
SpecIes (ppmv [j,tg/m3])a (mmls)b,c Methodd Reference

Lombardy poplar <006 29 NA Freer-Smlth (1983)
(Populus mgra)

Mllize (Zea mays) 02 06 15N Okano et al (1986)
05 08 15N Okano et at (1986)
05 09 15N Okano et al (1986)
10 07 15N Okano et al (1986)

Mountain ash (Sorbus ana) 0400 02 Chamber EIkley et al (1982)

Neplzrolepsls exaltala 10 048 Chamber Saxe (1986)
40 022 Chamber Saxe (1986)

Norway spruce (Plcea 0400 026 Chamber EIkley et al (1982)
ables)

Petuwa (Petuma hybnda) 0400 06 Chamber EIkley and Ormrod (1981)

Pnmus sargentn 0400 01 Chamber EIkley et al (1982)

Radlsh (Raplzanus satLvus) 0500 19 15N Okano et al (1988)

Red maple (Acer rubrum) 0020 1 8 Chamber Hanson et al (1989)

Red spruce (Plcea rtlbens) 0020 04 Chamber Hanson et al (1989)

Spruce (Plcea sp ) 0006-003 «03 Chamber Granat and Johansson (1983)
dormant

Scots pme (Pmus sylvestrLS)
current shoot

day NA 22-79 Chamber Grennfelt et al (1983)
mght NA o 6-6 0 Chamber Grennfelt et al (1983)

I-year shoot
day NA 10 Chamber Grennfelt et al (1983)
wght NA 38 Chamber Grennfelt et al (1983)

2-year shoot
day 0093 (175) 106 Chamber Grennfelt et al (1983)
mght 0093 (175) 58 Chamber Grennfelt et al (1983)

branches 0001 -1 1-2 If Chamber Johansson (1987)
branches 0005-001 09-17 Chamber Johansson (1987)
branches 002-003 1 2-3 5 Chamber Johansson (1987)
dormant o 106 (200) <10 Chamber Grennfelt et al (1983)
dormant (field) 0026 (50) 08 Chamber Skarby et al (1981)
dormant (field) 0066 (125) 06 Chamber Skarby et al (1981)
dormant (field) o 119 (225) 06 Chamber Skarby et al (1981)
dormant (lab) 0053 (100) 02 Chamber Skarby et al (1981)
dormant (lab) 0159 (300) 02 Chamber Skarby et at (1981)
dormant (lab) 0265 (500) 02 Chamber Skarby et al (1981)
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TABLE 10-2 (cont'd). CONDUCTANCE OF NITROGEN DIOXIDE
TO LEAF SURFACES

Concentration Conductance
Species 3 a (mmls)b,c Methodd Reference(ppmv [",g/m ])

Sunflower 02 1 1 I5N Okano et al (1986)
(Helzanthus annus) 03 30 I5N Okano and Totsuka (1986)

05 23 I5
N Okano et al (1986)

05 22 I5
N Okano et al (1986)

10 21 I5N Okano et al (1986)
20 34 I5

N Okano and Totsuka (1986)

Sweet pepper 15 002-1 6 Chamber Rowland et al (1985)
(Capslcum annum) NA 13 NA Law and Mansfield (1982)

Sycamore maple 0400 01 Chamber Elktey et al (1982)
(A platanozdes)

Sycamore 0020 4 1 Chamber Hanson et al (1989)
(Platanus occzdentallS)

Sorghum (Sorghum vulgare) 0500 06 I5N Okano et al (1988)

Tobacco (Nlcotzana 0500 13 I5N Okano et al (1988)
tabacum)

Tomato
(LycoperslCon esculentum) 0500 15 I5

N Okano et al (1988)
hght 15 20-28 Chamber Murray (1984)
dark 15 1 1-1 6 Chamber Murray (1984)

WhIte ash 0020 07 Chamber Hanson et al (1989)
(Fraxmus amencana)

Wlnte oak (Quercus alba) 0020 13 Chamber Hanson et al (1989)

Wlnte fir (AbleS concolor) 0400 o 3e Chamber Elktey et al (1982)

WhIte pme (Pmus strobus) 0020 04 Chamber Hanson et al (1989)

Yellow-Poplar 0020 15 Chamber Hanson et al (1989)
(Lmodendron tullpifera)

a 3For mtrogen diOXIde (NOV at 25 °C, 1 ",g/m = 0 000531 ppmv
bData are presented as a range or the mean of reported values
eData for broadleaved plants and comfers are presented on a one-<,ided and total leaf area baSiS, respectively
dI5N = mtrogen-15, NA = not aval1able
~ased on a one-sided leaf area
fNegative values represent evolution of NOz from leaves
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TABLE 10-3. DEPOSITION VELOCITY OF NITROGEN DIOXIDE
TO PLANT CANOPY SURFACES

ConcentratlOn VelocI~

SpecIes (ppmv [fLg/m3])a (mm/s)o,c Method Reference

Alfalfa (Metlleago satIva)

005 190 Chamber HIll (1971)
o 1 200 Chamber Bennett and HIll (1973)

Day 024 104 Chamber Tmgey (1968)
Night 016 4 1 Chamber Tmgey (1968)

Grass

~;:r~~~~d
0017 (32 4) 10-30 Flux grad Delany and DaVIes

NAe -260-150 Flux grad (1983)
Duyzer et al (1983)

Oats (Avella satzva)

008 125 Chamber HIll (1971)
Day 008 125 Chamber Tmgey (1968)
Night 008 42 Chamber Tmgey (1968)

Soybean (Glyel1le max [L J Merr.)

Day 0008-012 36 Eddy Corr Wesely et al (1982)
Night 0008-0 12 07 Eddy Corr Wesely et al (1982)

Spruce (Pieea sp.) (NOx)d

0018 280 GradIent Enders and TeIchmann
0029 200 GradIent (1986)

Enders and TeIchmann
(1986)

aFor mtrogen dIoXIde at 25°C, 1 fLg/m3 = 0000531 ppmv
bData are presented as a range or the mean of reported values
CData are based on ground area under the canopy
dOata for nitnc OXIde and mtrogen dIOXIde were lumped together as mtrogen OXIdes
~A = Not aVaIlable

10.4.4.1 Nitrogen Dioxide

Direct measurements of N02 depOSItion to crop specIes are WIdely reported (e g ,

Bennett and Hill, 1973, Okano and Totsuka, 1986, Rogers et al , 1979b, Smn et al , 1984,

Wesely et al , 1982), but fewer observatIOns are available for woody plant speCIes (ElkIey

et al., 1982; Grennfelt et al , 1983, Rogers et al , 1979b) and fewer still are avaIlable for

woody plants usmg near-ambIent concentratIOns of N02 (Hanson et al , 1989, Johansson,

1987; Skarby et al ,1981) Tables 10-2 and 10-3 proVIde a comprehensIve hstmg, by plant
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speCIes, of current data on the deposItion of N02 to leaf and canopy surfaces, respectively

Data are also avaIlable for potato plants (Smn et al , 1984), but converSIOn of that data to

standard umts was not possIble from the InformatIOn supphed

NItrogen dIOXide is deposIted on plants over a range of concentratIOns from as httle as

o005 ppmv (Johansson, 1987) to those as great as 4 to 7 ppmv (Saxe, 1986, Snvastava

et al ,1975) The rate of depoSItion mcreases m proportIOn to nsmg ambIent N02

concentrations (Smn et al , 1984, Snvastava et al , 1975, Skarby et a1 ,1981) At low

concentratIOns of N02 (00013 ppmv [2 4 j.tg/m3
]), Johansson (1987) observed no deposItion

m Scots pme Johansson suggested that hIs data mdicated a "compensatIOn pomt" at whIch

rates of N02 deposItion and evolutIOn balance out The compensatIOn pomt was reported in

the 0 001 to 0 003 ppmv range If thIs compensatIOn pomt IS a general phenomenon, It

would mdicate httle potential for N02 depOSItion at concentratIOns common across many

nonurban areas of the Umted States (1 e , areas of N02 concentratIOn <0 005 ppmv)

However, more recent observatIOns have shown that sunflower (Hellanthus annuus) does not

exhIbIt an N02 compensatIOn pomt (Foerstel et al ,1989). AddItIOnal dISCUSSIOn of the

depOSItIOn of N02 mto leaves can be found m SectIOn 9 4 1

Numerous studIes have confIrmed the control of stomatal aperture on N02 depOSItion

usmg a vanety of techmques (Hanson et a1 , 1989, Rogers et al , 1977, Rogers et al ,

1979a,b, Saxe, 1986, Wesely et al , 1982, see also SectIOn 9 4 1) In addItIOn, Murray

(1984), usmg a tomato mutant whose stomata dId not close m the dark, claImed to have

found a dIrect relationshIp between hght and N02 depOSItion

UntIl recently, It was assumed that cuticular depOSItion of N02 was neghgible Recent

studIes by Lendzian and KerstIens (1988) and KIsser-Pnesack et al (1987) clearly

demonstrate cutiCular depOSItion rates (see the dISCUSSIOn m Section 9 4 1) However,

cuticular depOSItIOn rates are one to two orders of magmtude less than representative stomatal

uptake rates for tree fohage Because cutIcle depOSItion IS low, It should be conSIdered of

mmor Importance, but not Ignored when calculatIOns of total mtrogen depOSItIOn to

landscapes are attempted

Whole-canopy measurements of N02 depOSItion conducted m laboratory or field

SItuatIOns (Table 10-3) yIeld daytIme overall depOSItion velOCIties (Vd) between 1 and

28 mmls Duyzer et al (1983) and Van Aalst and Duxleren (1985) cautioned that field
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measurements of N02 deposltJ.on may have been ill error because N02 analyzers are also

sensitive to HN03 vapor Nltnc aCid vapor has a hIgher deposltJ.on velocity than N02

(Section 10 4.4.3) and il momtored SImultaneously with N02, could have resulted ill an

overestimate of deposltJ.on (e g , Hill, 1971) ChemIcal reactJ.ons resultmg from

photochemical reactIOns between NO, N02, and ozone (03) can also lead to errors ill whole

canopy Va measurements based on mIcrometeorologlcal techmques (HIcks et al , 1989)

Delany et al. (1986) reported that eddy correlatIOn measurements conducted over a grassland

were not appropnate for measurements of the fluxes of NOx Therr data showed that

depositIOn of NOx predommated ill the mormng hours, whereas emissions of NOx were

observed in the afternoon. However, therr results, wInch mclude both NO and N02, were

confounded by photochemical reactJ.ons With 03' resultmg ill the bImodal pattern of dIUrnal

depositIOn HIcks and Matt (1988) also measured apparent bldrrectJ.onal fluxes of N02 from

forest canopies, but they could not conclude that such fluxes were a consequence of natural

N02 emissions (i e , anthropogemc sources of N02 andlor ill-canopy transformatIOns of N02

to NO could have been responsible for the observed data) Fltzjarrald and Lenschow (1983)

conclude that the deposltJ.on velOCity (Va) concept IS illvahd for crrcumstances when chemical

reaction time is less than or comparable to the tJ.me requrred for turbulent dilfuslon

It appears that thIs may often be the case for mlcrometeorologlcally based measurements of

canopy N02 deposition

The leaf-level measurements of N02 deposltJ.on presented ill Table 10-2 encompass a

large number and several types of plant species A SImple average of the species-specific

data in Table 10-2 for nondormant plants mdlcates the followmg trend for depOSitIOn of N02

broadleaf trees = crop plants > comer trees = house plants Mean leaf conductance to

N02 (K1) for broadleaf trees and crop plants was approXImately 1 3 mmls, and for comers

and house plants, the mean leaf conductance was between 0 5 and 1 0 mmls Hanson et al

(1989) documented a SImtlar pattern Elkley et al (1982) reported data on the fohar sorptJ.on

of N02 to 10 ornamental woody plants usmg an N02 concentratIOn of 400 nL/L Based on

one-sided leaf areas for comers, they observed Ingher N02 depOSItion to comers than to

hardwoods Had they used total area to normahze therr corufer data, It would have shown

the opposite pattern Okano et al (1988) reported a posItive correlation between N02

deposition and stomatal conductance for eight dIfferent crops that followed a trend assOCiated
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wIth stomatal densIties of the fohage Grennfelt et a1 (1983) also found a strong relationshIp

between N02 deposItion and stomatal conductance for Scots pme

10.4.4.2 Nitric Oxide

A companson of tree and crop data between Tables 10-2 and 10-4, or between

Tables 10-3 and 10-5, shows that the K1 and Vd of NO are consIderably less than for N02

Lower conductance and deposItIOn velocIties mdicate a reduced potential for the depOSItion of

NO by leaves as compared to N02 The lower rate of depOSItion for NO IS expected because

of NO's lower aqueous solubility DepOSItion data for several speCIes of "house plants"

reported by Saxe (1986) mdIcated the same trend The deposItion of NO to fohar surfaces

mcreased m a hnear manner wIth respect to ambIent concentrations (Skarby et a1 , 1981),

and stomatal control over NO deposItIOn has been documented by Saxe (1986) KIsser

Priesack et al (1987) also documented the capacIty of Norway spruce and tomato cuticles to

absorb gaseous NO labeled wIth 15N, and concluded that a cutIcular pathway for fohar

depoSItion should not be Ignored

As for N02, a compensatIOn pomt for NO deposI1tIon to leaves has been mdIcated

NItnc OXide concentrations greater than 0 05 ppmv routmely lead to deposItion onto plant

canopIes (Tables 10-4 and 10-5), but NO has also been observed to be evolved from fohage

(Farquhar et al ,1983) Klepper (1979) measured NO evolutIOn from soybean plants

stressed wIth herbICIdes, and an enzyme system responSIble for the converSIOn of mtnte to

NOx has been descnbed by Dean and Harper (1988) NItnc OXide emISSIons from plants are

not WIdespread, and have only been documented completely for a specIfic set of plants in the

bean famIly (Legumznosae) (Dean and Harper, 1986)

Although more research IS needed, two alfalfa studIes suggest low deposItIon velocIties

for NO to plant canopIes (Table 10-5) GIVen NO's potentially greater phytOtOXiCIty (see

SectIOn 9 4 3), deposItIon data from a broader array of plant speCIes is needed

10.4.4.3 Nitric Acid Vapor

The dry deposItIon charactenstics of HN03 vapOl suggest subStantIally hIgher

deposItIOn for HN03 than for other OXides of mtrogen MicrometeorologlCal measurement of

the overall depOSItIon velocIty of HN03 to pasture grass (see papers by vanous authors m
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TABLE 10-4. CONDUCTANCE OF NITRIC OXIDE TO LEAF SURFACES

ConcentratIOn Conductance
SpecIes (ppmv ~g/m3])a (mmls)b,c Method Reference

Chmese hibISCUS 40 022 Chamber Saxe (1986)
(lIwlscus rosa-smenslS)

Diffenbachla maculata 40 034 Chamber Saxe (1986)

Enghsh IVy (Hedera helIX) 40 010 Chamber Saxe (1986)

Ficus belyamma 40 010 Chamber Saxe (1986)

lIt'dera canarzenslS 40 013 Chamber Saxe (1986)

Indian robber 40 034 Chamber Saxe (1986)
(FIcus elastica)

NephrolepslS exaltala 40 022 Chamber Saxe (1986)

Pmelsproce dormant 00005-0002 «03 Chamber Granat and Johansson
(1983)

Scots pme (Pmus
sylvestrzs) vanable «01 Chamber Johansson (1987)
dormant (field) o 122 (150) 004 Chamber Skarby et al (1981)
dormant (lab) 0244 (300) 004 Chamber Skarby et al (1981)

0407 (500) 005 Chamber Skarby et al (1981)

apor mtnc OXide at 25 °C, 1 p,g/m
3 = 0 000814 ppmv

bData are presented as a mean or range of reported values
CData for broadleaved plants and comfers are presented on a one-SIded and total leaf area baSIS, respectively

TABLE 10-5. DEPOSITION VELOCITY OF NITRIC OXIDE
TO PLANT CANOPY SURFACES

ConcentratIOn VelocIty
Species (ppmv Iflg/m3])a (mm/s)D,c Method Reference

Alfalfa 0100 17 Chamber Bennett and Hill
(1973)

(Medicago sativa) 0050 10 Chamber Hill (1971)

apor nitric OXide at 25 °C, 1 p,g/m
3 = 0 000814 ppmv

bData are the mean or a range of reported values
cDnta are based on ground area under the canopy
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Table 10-6) showed an average Va for HN03 of 29 mmls Other studIes on crop canopIes

showed Va values for HN03 over a range from 4 to 260 mmls Usmg throughfall mtrate and

ambIent HN03 concentratIOns, Dasch (1987) calculated the Va for an Austnan pme (Pmus

mgra) (Table 10-7) stand to be 67 mmls at the stand penmeter and 17 mmls at mtenor stand

locatIOns Dollard et al (1987) reported Va values as lhlgh as 260 mmls for wheat canopIes,

but recent modelmg efforts (Bennett, 1988, Meyers and Hicks, 1988, Meyers et al , 1989)

mdIcate that such mgh Va levels may not be pOSSIble Fowler et al (1989a) assumed HN03

and hydrochlonc aCId deposItion to vegetatIon landscapes to be SImIlar and concluded that

Va values for low stature vegetatIOn and crops would range from 5 to 50 mmls, dependmg on

wmd speeds (Table 10-6) Forest landscapes also showed a range of Va from 40 to

100 mmls for low and mgh wmd speeds, respectively

A computer model and ambIent HN03 concentratIons were employed by HICks et al

(1985) to predIct the Va of HN03 to broadleaf and mgh elevatIOn red spruce forests Therr

analysIs predIcted a Va between 20 and 50 mmls for the low elevatIOn broadleaf forests, and

a Va between 60 and 120 mmls for red spruce forests at mgh elevatIOns However, a more

recent sImulatlon for crop canopIes (Meyers and HICks, 1988) projected that HN03

depOSItion rates are mamly lImIted by the atmosphere-canopy turbulent exchange mechamsms

(wmd), and predIcted Va values between 5 and 20 mmis for slow and fast wmd speeds,

respectIvely Fowler (1984) calculated that the atmosphenc reSIstance to depOSItion of

pollutants would mcrease from two- to fourfold, depending on the nature of the landscape

vegetatIOn, WIth a change m wmdspeed from 1 to 4 mls Flux gradIent SImUlatIOns based on

weekly mean :fIlter pack HN03 concentratIOn measurements for a deCIduous forest canopy

(Meyers et al , 1989) showed 35 mmls to be an appropnate mean Va WIth a range between

20 and 60 mmls

Only a few studIes have attempted to measure HN03 depositIOn to md1vIdualleaves

Dasch (1989) used a mass balance approach to measme HN03 depOSItion to tree fohage

(Table 10-7) and found a mean K1 for two hardwoods to be 8 2 mmls and a K1 for

Pmus mgra to be 2 mmls Marshall and Cadle (1989) also used a mass balance approach to

measure HN03 dry deposItion to dormant pme shoots and found much lower K1 values,

rangmg from 0 4 to 0 8 mmls Hanson et al (1992) measured HN03 conductances to

fohage of four tree specIes under low hUIDld1ty condItIOns and found a K1 rangmg from
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TABLE 10-6. DEPOSITION VELOCITY OF NITRIC ACID
TO CANOPY SURFACES

Concentration Veloci~

Species (ppmv [Jtg/m3])a (mmls)'O'c Method Reference

Barley (Hordeum) NAd 77 Flux grad Hamson et al (1989)

Beets (Beta) NAd 14 Flux grad Hamson et al (1989)

Crop canopies 00001-00005 5-20 Model Meyers and HiCks (1988)
wmd = 1 mls NAd 14 NAd Fowler et al (1989a)
wmd = 4 mls NAd 50 NAd Fowler et al (1989a)

Porest 0001-0002 22-50 Flux grad Meyers et al (1989)
NAd 20-50 Model HiCks et al (1985)
NAd 20-60 Model Hicks and Meyers (1988)

wmd = 1 mls NAd 40 NAd Fowler et al (1989a)
wmd = 4 mls NAd 100 NAd Fowler et al (1989a)

Grass (pasture) <0001 (20) 40 Flux grad Ensman et al (1988)
<0 002 (2 6-4 3) 17-49 Flux grad Huebert (1983)

<0002 (32) 25 Flux grad Huebert and Robert (1985)
<0003 6 Eddy flux Huebert et al (1988)

NAd 3-18 Flux grad Van Aalst and Diederen
NAd 7-37 Flux grad (1985)

wmd = 1 mls NAd 5 NAd Harnson et al (1989)
wmd = 4 mls NAd 23 NAd Fowler et al (1989a)

Fowler et al (1989a)

Pme (Pmus) 0001 20-70 Leaf Wash Dasch (1987)

Potato (Solanum) NAd 4 Flux grad Hamson et al (1989)

Spruce (Plcea) NAd 60-120 Model HiCks et al (1985)

Wheat (TrltlCum) NAd 50-260 Flux grad Dollard et al (1987)

8Por mtnc aCid at 25 °C, 1 p.g/m3 = 0 000388 ppmv
bData are means or a range of the reported values
CData are based on ground area under the canopy
dNA = Not avaIlable

1 to 3.3 mmls Because low humIdIty caused stomatal closure, therr measurements dId not

include depOSItIon to leaf mtemal spaces Vose and Swank (1990) used a 15N-Iabelmg

technique to assess HN03 deposloon to wmte pme fohage and found rates of

ltnonextractablell HN03 absorptIOn between 5 and 53 nmollg/s These data were not

included in Table 10-7 because the surface adsorbed HN03 was removed m a water rmse

prior to assaying nonextractable 15N-Iabeled HN03 Taylor et al (1988) compared fohar

deposioon charactensocs of HN03 vapor to those of other pollutant gases and suggested that
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TABLE 10-7. CONPUCTANCE OF NITRIC ACID TO LEAF SURFACES

Concentration Conductance
SpecIes 3 a (mmls)b,c Method Reference(ppmv [j.'g/m ])

Amencan elm (Ulmus 12 - 0012 120 Chamber Dasch (1989)
amencana)

Austnan pme (Pmus mgra) 0012-12 20 Chamber Dasch (1989)

Pm oak (Quercus palustrls) 0012-12 44 Chamber Dasch (1989)

Red maple (Acer rubrum) 002-003 33 Chamber Hanson et al (1992)

Red spruce (Plcea rubens) 0058-0067 26 Chamber Hanson et al (1992)

Sycamore (Platanus 002-007 1 1 Chamber Hanson et al (1992)
occzdentalzs)

Wlute oak (Quercus alba) 004-007 22 Chamber Hanson et al (1992)

Wlute pme (Pmus strobus) 370-500 0 04-08 Chamber Marshall and Cadle (1989)
(95 0-1,288 0)

aPor mtnc aCId at 25°C, 1 j.'g/m3 = 0 000388 ppmv
bData for broadleaved plants and comfers are presented on a one-SIded and total leaf area basIs, respectively
cThe data from Hanson et al (1992) represent cutICular deposItIOn only

HN03 depOSItIOn mIght be predommantly to the cutIcle ThIs contrasts WIth patterns for NO

and N02, whIch show most depOSItIon to leaf mtenors Hanson and Taylor (1990) modeled

dry depOSItIOn of four pollutant gases to a hypothetIcal leaf surface, and predIcted that HN03

vapor depOSItIon through plant cuticles would be greatel than cuticular depOSItion of NO,

03' and sulfur dIOXIde (S02) Vose and Swank (1990) conducted a study of HN03

depOSItion to fohar surfaces usmg I5N-Iabeled HN03 that has confmned the cuticular

pathway for HN03 depOSItIon

10.4.4.4 Ammonia

Ammoma depOSItion data are hmIted pnmanly to crop plants The average depOSItion

vanables for all crop speCIes mcluded m Tables 10-8 and 10-9 are a K I for leaves of

5 6 mm/S and a Vd for canopIes of 7 4 mm/S Rates of NH3 depOSItion at concentrations

above 0 01 ppmv are hnearly related to ambIent concentratIOn levels (Van Hove et al , 1987,

Porter et al ,1972) However, Farquhar et al (1980) observed a temperature-dependent

evolutIOn of NH3 from bean plants resultmg m no net e lCchange of NH3 at ambIent
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TABLE 10-8. CONDUCTANCE OF AMMONIA TO LEAF SURFACES

Concentration Conductance
Species

3 a (mm/s)b,c Method Reference(ppmv [J.tg/m ])

Bean (Phaseolus vulgarlS)

266°C 0002 0 Chamber Farquhar et al (1980)
00035 2 Chamber Farquhar et al (1980)
0005 3-11 Chamber Farquhar et al (1980)

334°C 0005 0 Chamber Farquhar et al (1980)
0008 6-32 Chamber Farquhar et al (1980)

014 13 Chamber Rogers and AneJa (1980)
0071 (50) 2-5 Chamber Van Hove et al (1987)
o 144 (100) 2-6 Chamber Van Hove et al (1987)
0288 (200) 2 5-6 Chamber Van Hove et al (1987)
0502 (350) 2-6 Chamber Van Hove et al (1987)

Cotton 0063 (44) 2 Chamber HutchInson et al (1972)
(Gossypium Illrsutum) 0331 7 Chamber Rogers and AneJa (1980)

Fescue 0341 15 Chamber Rogers and AneJa (1980)

Heather/purple moor grass NAd 4 Estimated Duyzer et al (1987)
(CallunaIMolma)

Italian rygrass 226 (160) 3 Chamber Lockyer and WhItehead
(Lolmm multiflorum) 7350 (520 0) 28 Chamber (1986)

Lockyer and WhItehead
(1986)

Matze (Zea mays) 0034 (24 0) 65 Chamber HutchInson et al (1972)
0320 4 Chamber Rogers and AneJa (1980)

Oats (Avena) 0200 13 Chamber Rogers and AneJa (1980)

Orchard grass 0283 10 Chamber Rogers and AneJa (1980)

Populus euramerzcana 0072 o 5-5 Chamber Van Hove et al (1989a)
0143 o 5-9 Chamber Van Hove et al (1989a)

Soybean (Glycme max) 0037 (26 0) 4 Chamber HutchInson et al (1972)
0170 11 Chamber Rogers and AneJa (1980)

Sunflower 0045 (31 0) 4 Chamber HutchInson et al (1972)
(Helianthus annuus)

Tomato 0148 10 Chamber Rogers and AneJa (1980)
(Lycoperslcon esallentum)

Tobacco 0173 6 Chamber Rogers and AneJa (1980)
(Ntcotlana tabaalm)

Wheat (Trztlcum) 0277 15 Chamber Rogers and AneJa (1980)

aFor ammoma at 25 °C, 1 J.tglm3 = 0 00143 ppmv
bData are the mean or a range of reported values
CConductance IS based. on a one-SIded leaf area
dNA = Not aVailable
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TABLE 10-9. DEPOSITION VELOCITY OF AMMONIA
TO PLANT CANOPY SURFACES

(Data showmg net efflux of ammonia from fertIlized crop Ilmdscapes are not mcIuded in tlus table)

ConcentratlOn Velocl~

SpecIes 3 a (mm!s)'O'c Method Reference(ppmv Lug/m ])

Bean (Phaseolus vulgarzs) 0100 4 Chamber AneJa et al (1986)

Fescue 0603 12 Chamber AneJa et al (1986)
(Festuca arundmacea)

Heather/purple moor grass NAd 19 Flux grad Duyzer et al (1987)
(Calluna/Molma)

Maize (Zea mays) 0250 3 Chamber AneJa et al (1986)

Oats (Avena satzva) 0200 10 Chamber AneJa et al (1986)

Orchard grass 0576 10 Chamber AneJa et al (1986)
(DaetylLS glomerata)

Pme (pznus sp ) NAd 18-26 Flux grad Duyzer et al (1987)

Soybean 0075 6 Chamber AneJa et al (1986)
(Glyczne max [L ] Merr )

a 3For ammoma at 25°C, 1 p.g/m = 0 00143 ppmv
bData are means or a range of reported values
cData are based on ground area under the canopy
dNA = Not avatlable

concentratIOns between 0 003 and 0 005 ppmv. For ambIent concentratIOns below that

"compensatIOn pomt", NH3 evolutIOn was observed, and above that concentratIOn, NH3 was

depOSIted m proportIOn to ambIent NH3 concentratIOns Lemon and Van Houtte (1980) used

micrometeroiogical techmques to reach SImilar conclusIOns (1 e , net NH3 depOSItIon IS

concentratIon dependent)

LImIted data for forest specIes show a sImtlar range of K 1 and Vd values Duyzer et al

(1987) have reported Vd for NH3 to heather-purple moor grass (Calluna Molmza sp )

canopIes to be 19 mmls, and Vd to CorSIcan pme (Pmus nzgra var mantlme) canopIes

ranged between 18 and 26 mmls These values are somewhat greater than those predIcted

for crop plants Van Hove et al (1989a) found that NH3 depositIOn to Phaseolus vulgans

and Populus euramencana cutIcles decreased WIth decn~smg lelatIve humIwty

Furthermore, the cuticle depOSItIOn SItes exlnbited saturatIOn gIven suffiCIent exposure tIme,
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little of the adsorbed NH3 appeared to pass through the cuticle However, cutICular

deposItIon of NH3 represents only about 3 % of the amount taken up VIa the stomata

(Van Hove et al ,1989a) Van Hove et al (1989b) reported addItIOnal K1 data for mternal

and external surfaces of P euramencana leaves rangmg from 0 5 to 9 mmls, dependmg on

stomatal conductance Van Hove et al (1990) concluded that calculatIOn of NH3 depOSItion

to leaves usmg only stomatal conductance data could result m a senous underestimation of

the flux for condInons of low temperature and lngh relative humIdIty

DIUrnal patterns of NH3 depOSItIOn follow SImIlar patterns as for plant CO2 uptake

(Hutchmson et al ,1972) Other studIes have related NH3 depOSItion to dIUrnal patterns of

stomatal openIng (AneJa et al , 1986, Rogers and AneJa, 1980) A net depOSItIon of 21 and

86 f.'moI/g fresh weight/h at 30 and 300 ppmv, respectively, was measured m sunflower

leaves usmg hIgh concentrations of 15N-Iabeled NH3 (Berger et al ,1986) Ammoma labeled

with 15N was mcorporated mto com seedImgs (Porter et al ,1972) Numerous other papers

encompassing a range of plant specIes mdicate that NH3 exchange between crop canopIes and

the atmosphere is a dynamIC process, and concentration gradIents between the atmosphere

and the landscape determme whether net mflux or efflux of NH3 wIll take place (alfalfa

Dabney and Bouldm, 1985, grazed pasture-Denmead et al , 1974, maIZe-Farquhar et al ,

1979; wheat-Harper et al , 1983, 1987, Parton et al ,1988) All of these studIes mvolved

some type of fertthzatIOn regIme, and It remams unclear to what extent "nutnent poor"

natural ecosystems mIght exhIbIt NH3 efflux

Modehng simulations have come to SImIlar conclUSIOns A modeled "canopy-level"

Vd for ryegrass ~ollum perenne L) was reported to be 3 to 14 mmls (CowImg and Lockyer,

1981) Smclair and Van Houtte (1982) SImulated the depOSItIon of NH3 to a soybean canopy

and determmed that sIgmficant fohar depOSItIon would occur at ambIent concentrations as

low as 1 f.'g/m3 However, net depOSItIon of NH3 by the combmed soIl-vegetatIOn landscape

was predIcted to occur routInely only at NH3 concentratIons m the range from 40 to

70 f.'g/m3

Denmead et al (1976) found that ungrazed pasture was capable of absorbmg most NH3

released from the ground, whereas grazed pasture lost NH3 to the atmosphere TheIr

observations, although not quantItatIve, suggest that fohage of an ungrazed grass-clover
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pasture IS an effectIve smk for soIl-generated NH3 Denmead et al (1978) demonstrated that

a com field (Zea mays) exhIbIted net absorptIOn of NH1 only when soIl surfaces were dry

10.4.4.5 Particl~ (Nitrate and Ammonium)

DIrect measurements of aerosol-assocIated mtrogen deposItIon to fohar and mert

surfaces have been based on surface extractIOns and extrapolatIons of throughfall

InformatIOn Unfortunately, these types of observatIons are of hmlted value due to the

mabIhty to separate aerosol N03- and NH4 + depositIOltl from deposItIon due to HN03, N02,

and NH3 that dIsplay the same lome forms once deposI1ed to landscape surfaces (Bytnerowlcz

et al , 1987a, Dasch, 1987, Lmdberg and Lovett, 1985, Van Aalst and Dlederen, 1985)

The average Vd for mtrate and ammomum (Table 10-10) was greater If determmed from

throughfall measurements (12 and 10 mm/s) than If determmed from mdlvldualleaf washmg

expenments (6 and 2 mm/s) However, these dIfferences m Vd between measurement

techmques are pnmarIly a functIon of scale The leaf-wash measurements extract adsorbed

Ions from a defmed leaf area, but throughfall measurements extract IOns from all layers of

the canopy (an undefmed area) and relate It only to the ground area of the stand (see also

dISCUSSIon m SectIOn 104 3). Lmdberg and Lovett (1985) estnnated dry deposItIon of mtrate

to deCIduous forest leaves to be 5 7 p.,g/m2/h, but dechned to calculate a deposItIon velocIty

because of dIfficultIes m (1) obtammg accurate partIculate N03- arr concentratIOns (Appel

and Tola.wa, 1981) and (2) separatmg the contnbution of HN03 dry depOSItIon to N03- on

the fohage surface from that of aerosol N03- Dolske (1988) reported Vd values for N03

depOSItIOn to soybean to range from 30 8 down to 0 4 mmls WIth a mean of 2 4 mmls

However, because Dolske's leaf-wash measurements mduded a component of HN03 vapor,

the Vd values may represent more than depOSItIon due to aerosol mtrate alone

Only one pubhshed paper has used mlcrometeorologlcal methods to determme the

aerosol mtrate and ammomum depOSItIon to landscape surfaces The Vd InformatIon from

Duyzer et al (1987) for aerosol Nl4+ depOSItIon to heatWands (1 8 mmls, Table 10-10) was

determmed usmg flux gradient analySIS of NH4+ partIcles trapped m fIltered arr leavmg

denuder tubes
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TABLE 10-10. :MEASURED DEPOSITION VELOCITIES OF
NITRATE AND AMMONIUM

DepOSition Velocltl
N03- NH4"F

Species (mm/s) (mm/s) Method Reference

Amencan elm 11 NA Leaf wash Dasch (1987)
(Ulmus amertcana)
Austnan pme 5-13 01-06 Leaf wash Dasch (1987)
(Pmus mgra)
Beech (Fagus sllvatlca) 13 10 Throughfall Hoefken and Gravenhorst

7-17 6-13 Throughfall (1982)
wmtcr 6-16 2-8 Throughfall Gravenhorst et al (1983)

4 Ib
Gravenhorst et al (1983)

(Ceanothus crassifollUS) 44 Leaf wash BytnerowlCz et al (1987b)
Chestnut oak (Quercus prmus) 55 NA Throughfall Lovett and Lmdberg (1984)

dormant 7 1 NA Throughfall Lovett and Lmdberg (1984)
Heather/moor grass NA 18 Flux grad Duyzer et al (1987)
(Cal/una/Molma)
Laurel NA 03-14 Leaf wash Tjepkema et al (1981)
(Kalmia latifolla)
Norway spruce 11-37 7-21 Throughfall Gravenhorst et al (1983)
(Plcea abies) 13-32 6-16 Throughfall Gravenhorst et al (1983)

wlOtcr
Pasture land 7-8 NA Gradient Huebert et al (1988)
Pm oak 7-11 NA Leaf wash Dasch (1987)
(Quercus palustrzs)
Pnvet 22-54 NA Leaf wash John et al (1985)
(ugustnlm }apomcum) 1 0-2 1 NA Leaf wash John et al (1985)
(Liglzstrom ovalifolzum)
Soybean (Glyczne max) 24 NA Leaf wash Dolske (1988)
Whttepme NA 03-14 Leaf wash Tjepkema et al (1981)
(Pinus strobus)

a - +N03 = Nitrate lon, NH4 = ammomum lon, NA = not avatlable
b - -Particle N03 deposltlon data typically mcludes some N03 from mtnc aCid vapor
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10.4.4.6 Summary

DeposItlOn velocIties or conductances for N02, NO, RN03 , NH3, and partIculate

nitrogen forms used in experunents are gIVen m Tables 10-2 through 10-10 The majonty of

the studIes were conducted m chambers usmg concentratIOns above those usually encountered

m the ambIent atmosphere Response to the exposures to the vanous mtrogen compounds IS

dependent on theIr entermg mto the plants EVIdence of the entrance of the four gases at

tOXiC concentrations from the ambIent atmosphere IS not presently avaIlable

10.4.5 Deposition of Various Forms of Nitrogen to Nonfoliar Surfaces

In addItIOn to fohage, depOSItion of partIcles and gases has also been measured to bark,

soil, and snow-covered surfaces (Table 10-11) Measmed deposition of N02 to normal or

wetted bark of three broadleaf and one conIfer tree specIes was SImilar among speCIes

(Hanson et al ,1989) The conductance of N02 to wet bark was almost double that to dry

bark (Table 10-11) The conductances (K1) ranged from 0 44 to 0 84 mmls and were Within

a factor of 2 of K1 values for plant leaf surfaces NItnc aCId vapor conductance to bark was

nearly an order of magmtude greater than for N02 (Hanson et al , 1992, Table 10-11)

No data are avaIlable for the depOSItion of other forms of dry deposited mtrogen to bark

The depOSItIOn velOCIty of N02 to soil exceeds that for NO (JudeIkIs and Wren, 1978,

Table 10-11) When compared to fohage or bark surfaces, depOSItion to the forest floor and

soil surfaces show a dIsproportionately hIgh rate (compare data from Tables 10-2 and 10-11)

A companson of depOSition to the soil and forest showed that soil was the prunary receptor

site of N02 (Hanson et al ,1989) Abeles et al (1971) measured N02 depOSItion to fresh

and autoclaved soil and determmed that a bIOlogICal sml<: was responsible for apprOXImately

12 % of the soil N02 depOSItion However, GhIorse and Alexander (1976) found no

dIfference m soil depOSItion after autoclavmg or gamma-rrradIanon and concluded that

mlcroorgamsms were responsible, not so much for absorptIOn of N02, but for ItS conversion

mto mtrate Mortland (1965) and Sundaresan et al (1967) documented mechamsms for NO

depOSition by soil on adsorption or mteractIOn WIth soil mmerals Prather et al (1973) and

Prather and Miyamoto (1974) prOVIded data on the depOSition of N02 and NO to calcareous

soils, but these data are not mcluded m Table 10-11 because of the extremely hIgh arr

concentrations used (0 1 to 1 5 % by volume)
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TABLE 10-11. CONDUCTANCE OF NONFOLIAR
SURFACES TO REACTIVE NITROGEN GASES

Concentration Conductance
Species 3 (mm/st,b Method Reference(ppmv [/kg/m ])

Nitrogen DIOXide

Forest floor
Hardwood 0044 47 Chamber Hanson et al (1989)
Comfer 0043 48 Chamber Hanson et al (1989)

Bark
Dry 0066 047 Chamber Hanson et al (1989)
Wet 0058 093 Chamber Hanson et al (1989)

Forest htter
Hardwood 0076 006 Chamber Hanson et al (1989)
Conifer 0074 -005 Chamber Hanson et al (1989)

Soil
Waltham, MA 3-100 02 Chamber Abeles et al (1971)
Sandy loam 13-53 60 Chamber JudeJ.1as and Wren (1978)
Adobe clay 13-53 77 Chamber JudeJ.1as and Wren (1978)
Oak RIdge,TN 0050 42 Chamber Hanson et al (1989)
Forest NAc 30 NAc Van Aalst (1982)

Snow 0006-003 «03 Chamber Granat and Johansson (1983)

Nltnc OXide

Sod
Sandy loam 1-4 19 Chamber JudelkIs and Wren (1978)
Adobe clay 1-4 13 Chamber JudeJ.1as and Wren (1978)
Forest sod NAc <001 NAc Van Aalst (1982)

Snow 00005-0002 «03 Chamber Granat and Johansson (1983)

Nltnc ACid Vapor

Bark 006-007 74 Chamber Hanson et al (1992)

Snow
-18°C 0014 (36) <02 Chamber Johansson and Granat (1986)
-8°C 0014 (36) 04 Chamber Johansson and Granat (1986)
-5°C 0014 (36) 04 Chamber Johansson and Granat (1986)
-4°C 0014 (36) 12 Chamber Johansson and Granat (1986)
-3°C 0014 (36) 10 Chamber Johansson and Granat (1986)
_2°C 0014 (36) 57 Chamber Johansson and Granat (1986)

aData are presented as the mean of reported values
bData are based on total area for bark and htter, and ground area for snow, forest floor, and sod
cNA = Not aVailable

Nitric acid vapor IS the only OXIde of mtrogen to exlnblt slgmficant depositIOn to snow,

but it does so only when temperatures exceed -5°C (Granat and Johansson, 1983,

Johansson and Granat, 1986, Table 10-11) Bennett (1988) modeled the deposItIOn of
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reactive gases, such as HN03 , to urban enVIronments (1 e , cityscapes) and calculated that

Vd would be hmited to 2 to 5 mm/s by aerodynamIC resIstances

10.5 EFFECTS OF NITROGEN DEPOSITION ON SOILS

10.5.1 Introduction

The effects of any nutnent upon bIOlogICal systems must be vIewed from the

perspective of the amount of that nutnent m the system, the bIOlogICal demand for that

nutnent, and the amount of mput Thus, If a nutnent llS deposIted on an ecosystem deficIent

m that nutrIent, a growth mcrease will occur, and thIs will generally (but not always) be

regarded as a pOSItIve effect (the deficIency condItIOn m FIgure 10-3) If a nutnent IS

depOSIted on an ecosystem WIth adequate supphes of that nutnent, there may be no effect for

a penod of time or over a range of mput values (the suffiCIency condItion III FIgure 10-3)

Inputs of any nutnent greatly III excess of a plant's bIOlogical demand will result III negatIve

growth responses, or tOXiC effects of some sort, as shown m the last segment of the curve III

FIgure 10-3

NItrogen IS umque among nutnents m that ItS retention and loss IS regulated almost

exclusIvely by bIOlogICal processes Whereas other m~lJor nutnents (phosphorus [P], sulfur

[S], potaSSIUm [K], calcIUm [Cal, magneSIUm [Mg], and manganese [Mu]) ongmate

pnmanly from soil mIllerals and often accumulate III adsorbed/exchangeable pools in the soil,

mtrogen ongmates from the atmosphere and rarely accumulates for long m

exchangeable/adsorbed pools (Ammomum may accumulate by fIXation III the Illterlayers of

2 1 clays or by chemIcal reactions WIth humus, but these pools are largely unavaIlable to

eIther plants or mIcrobes) In theory, large soil pools of Nl4+ could occur, because NH4+

strongly adsorbs to cation exchange SItes (negatIVely-cbarged SItes on clays and orgamc

matter III soils) Large soil NH4 + pools seldom occur, however, because of the actIOn of

mtnfiers (soil orgamsms that convert NH4+ to N03-, a process referred to as mtnficatIOn),

and, III alkahne sOlls, purely chemIcal converSIOn to l\UI3 gas followed by volatIhzatIOn

In those rare sOlls where mtrificatIOn is mhIbited and aCIdIty IS too great for volatIhzatIon,

sOIl NH4+ pools can build up to farrly hIgh levels (e g , Roelofs et al , 1987, Vitousek

et al , 1979), but these cases seem to be the exception rather than the rule Because N03- IS
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Figure 10-3. Schematic representation of the response of plants to nutrient inputs.

poorly adsorbed to sOlls (m contrast to sulfate Ions [SO/-] and ortho-phosphate, Hmgston

et al., 1967), nitrificatIOn m excess of plant and nncroblal demand for mtrogen almost

always leads to increased N03- leachmg (e g , Van Breemen et al , 1982, Van Mlegroet and

Cole, 1984; Johnson and Todd, 1988, Foster and NIcolson, 1988) HIgh rates of N03

leaching can be deletenous for two major reasons (1) the potentIal aCIdIficatIOn of sOlls and

waters andlor mobilizatIon of alummum Ions (Al3+) (as IS the case WIth SO/-, Reuss and

Johnson, 1986) and (2) the potentIal contammatIOn of dnnkmg water (the EPA standard for

N03- mtrogen bemg 10 mg mtrogenlL)

Soils are by far the largest mtrogen pool m forest ecosystems, usually exceedmg 85 %

of total ecosystem capItal (Cole and Rapp, 1981) Yet most sOll mtrogen IS mert and

unavailable for eIther uptake or leachmg, WIth only a rather loosely-defmed "mmeralIZeable"

pool being bIOlOgically actlve (Aber et al ,1989) ThIs "mmeralIZeable pool", the SIZe of

which is typically defmed eIther by m SItu mcubatIOn of sOlls or htter, IS that portIOn of sOll

nitrogen that heterotrophs (decomposers), autotrophs (plants), and mtnfymg bactena compete

for. The processes mvolved m tlns competItIon have been descnbed and modeled, often WIth

a special emphasis on nitrrficatIOn and mtrate leachmg (e g , Vltousek et al , 1979, RIha

et al., 1986). However, a generally apphcable and potentIally predIctlve model analogous to,

for example, cation exchange and leachmg (e g , Reuss, 1983, Ghenm et al , 1985, Cosby

et aI., 1985) remams elUSIve For example, the cessatIOn of mtrate leachillg followmg
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harvestmg m mtrogen-nch red alder (Alnus rubra) forests m Washmgton (apparently a result

of cessatIOn of mtrogen fIXatIOn, BIgger and Cole, 1983, Van Miegroet et al , 1990) does not

support earher predIctIOns that mtrate leachmg followmg dIsturbance IS usually greatest m

SItes WIth mherently better mtrogen status (e g , Vitousek et a1 ,1979) Also, the recent

dIscovery of several SItes where mtrate leachmg IS illglb. under undIsturbed condItIOns

(Van Miegroet and Cole, 1984, Foster, 1985, Joshn et al , 1987, Johnson et al , 1991) does

not support the long-held notIOn that mtrogen IS tlghtly cycled and conserved m forest

ecosystems (e g , Gessel et al , 1973, Cole and Rapp, 1981, Aber et al , 1989)

The followmg dISCUSSIOn IS based on present knowledge and will focus on forest

ecosystems, but will mclude conSIderatIOns of and ecosystems as well And and semiand

ecosystems are not as susceptlble to the soll aCIdrficatIOn and groundwater N03- pollutIOn as

are forest and agncultural systems m more humId areas because of a lack of water for N03


leachmg and because soils are more alkahne There axe some Important ImphcatIOns of

mtrogen depOSItIOn on and and semland ecosystems, however, that deserve conSIderatIOn,

namely, vegetatlon growth mcreases and mcreased demtrificatton Therefore, due

conSIderatIOn of mtrogen cychng m and mtrogen deposltlon effects on and ecosystems IS

gIVen where mformatIOn IS avaIlable

Agnculturallands are excluded from tills diSCussllon because crops are routmely

fertJ.hzed WIth amounts of mtrogen (100 to 300 kg/ha) that far exceed pollutant mputs even m

the most heavlly polluted areas These illgh rates of fertJ.hzatIOn can lead to groundwater

contammatIOn problems and may contnbute to the atmosphenc N20 loadmg as well

(e g , Hutchmson and MOSler, 1979), but a dISCUSSIon of the envIronmental effects of

fertJ.hzatIOn are beyond the scope of tills sectIOn

10.5.2 Pollutant Nitrogen Inputs and Nitrogen Cycling in Natural
Ecosystems: A Brief Review

An evaluatlon of the effects of pollutant mtrogen deposltlon on terrestnal vegetatIOn and

solls must begm WIth conSIderatIOns of how these pollutant mputs affect terrestnal mtrogen

cycles The general subject of terrestnal mtrogen cyc1mg was reVIewed m Sectlon 10 3,

only a few of the more germane details are repeated here
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NItrogen, unlIke Ca, K, Mg, P, or S, seldom forms large sOIl morgamc pools that can

buffer excessIve mputs and provIde a readlly-available source of nutnent for plants

In theory, large SOll pools of N'H4+ could occur, because NH4 + strongly adsorbs to catIOn

exchange SItes Large sOIl NH4+ pools seldom occur, however, because of the actIOn of

nitnfiers, and, m alkahne sOlls, purely chemIcal converSIOn to NH3 gas followed by

volatilizatIon In those rare sOlls where mtnficatIOn IS mhIbited and pH IS too low for

volatilization, sOIl N'H4+ pools could, m theory, bUlld up to farrly hIgh levels (e g , Roelofs

et al , 1987; Vitousek et al , 1979), but these cases seem to be the exception rather than the

rule The potential for the accumulatIon of large NH4+ pools can also be reduced by purely

chemical reactions between ammomum and SOll humus (e g , Foster et al ,1985b) Because

N03- is poorly adsorbed to sOlls, mtnficatIOn m excess of plant and mICrobIal demand for

nitrogen almost always leads to mcreased N03- leachmg (e g , Van Breemen et al , 1982,

Van Miegroet and Cole, 1984, Johnson and Todd, 1988, Foster and NIcolson, 1988)

Nitrogen can enter forest ecosystems m many forms (1) wet depOSItIon of NH4+,

N03-, and organic mtrogen, (2) dry depOSItion of these forms plus HN03 vapor (Lmdberg

et al., 1986); and (3) bIOlOgIcal fixatIOn of N2 Inputs VIa wet and dry depOSItion fIrst

encounter the forest canopy, where they may be taken up eIther by trees or by orgamsms

living withm the canopy, or the phyllosphere (leaf surface) DepOSIted mtrogen not taken up

withm the phyllosphere falls pnmarily as wet depOSItion to the forest floor, where plants,

decomposers (heterotrophs, whIch conSIst of fungI and bactena), and mtnfymg bactena

compete for It (FIgure 10-4, top) ThIs competItion for mtrogen among heterotrophs, plants,

and nitrifymg bactena plays a major role m determmmg the degree to whIch a vegetatIOn

growth increase will occur and the degree to whIch mcommg mtrogen IS retamed withm the

ecosystem It has been assumed that mtnflers are poor competitors for mtrogen compared to

heterotrophs and plants (Vitousek et al , 1982, Rlha et al , 1986, see also reVIew by

Davidson et al ,1990) ThIs assumption has recently been challenged by DaVIdson et al

(1990). Using 15N techmques, these authors found sIgmflcant mtnflcatIon and mIcrobIal

N03- uptake (12 to 46% of mtrogen mmerahzatIon rates) m grassland sOlls, even when sOIl

N03- pools and N03- leachmg rates were very low They concluded that the small sOIl N03

pool in this site turned over very rapIdly due to mtnflcatIOn and mIcrobIal uptake of N03

and that mtnfiers were qUIte able competitors for mtrogen They also pomt out that N03-
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productIon dunng mcubatIOn actually represents a net effect of mtnficatIon and mIcrobIal

N03- uptake, and defme tlus as "net mtnficatIOn" The extent to wIuch these results mIght

apply to forest ecosystems IS unknown, however, If tlus pattern proves to be true m general,

It will reqUIre a SUbStantIal redesIgn of the conceptual model currently used to explam and

predIct mtnficatIOn and N03- leachmg

Heterotroph demand for mtrogen (both NH4 + and N03) depends on the supply of

labIle organIc carbon substrates (as well as temperature and mOIsture condItIons) Thus,

adding labIle organIc carbon to a soil should reduce plant uptake and net mtnficatIOn by

mcreasmg heterotropluc competItIOn for NH4+ and mcreasmg mIcrobIal N03- uptake

Addmg labIle organIC carbon to a soil may also cause mcreased actIVIty of demtrIfymg

organisms, which also requIre orgamc substrates, resultmg m reduced mtrate leachmg

Turner (1977) demonstrated that addItIon of carbohydrates to a forest soil m Washmgton

caused mcreased mtrogen defiCIency m Douglas fIr (Pseudotsuga menzlesll) trees,

presumably by stImulatIng heterotrophIc competItIOn for mtrogen Johnson and Edwards

(1979) found that addIuon of carbohydrate substrate to a forest soil caused an ImmedIate

reduction m nitrate leaching and net mtnficatIOn productIOn dunng laboratory mcubatIon of a

yellow-poplar forest soil m Tennessee

Accordmg to the conceptual model descnbed above, mtnficatIon and N03- leachmg WIll

become SIgnificant only after heterotroph and plant demand for mtrogen are substantIally

satisfied, a conditIOn that has been referred to as "mtrogen-saturated" There are vanous

defimtions for mtrogen-saturatIon, many of whIch are reVIewed by Skeffmgton and Wilson

(1988). One defimuon IS "ecosystems where the pnmary productIOn will not be further

increased by an increase m the supply of mtrogen" There are clearly problems WIth tlus

defmitIOn m that ecosystems that are low m mtrogen but lImIted by another nutnent (such as

phosphorus) may not expenence an mcrease m pnmary productIOn m response to mtrogen

input unless phosphorus IS added fIrst (e g , Pntchett and Comerford, 1982) Other

defmitions for mtrogen saturauon reVIewed by Skeffmgton and Wilson (1988) mclude

"when external mtrogen mput and mtrogen mmerahzatIon from the soil exceed the capaCIty

of the ecosystem organIsms to absorb more mtrogen," or "an ecosystem whIch cannot

accumulate more N" Aber et al (1989) defme mtrogen saturatIOn "as the availability of

ammonium and mtrate in excess of total combmed plant and mIcrobIal nutntIOnal demand "
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Tlus de:fillltIon conveys the same Idea as those revIewed by Skef:fmgton and Wilson (1988),

but, m Its stnctest sense, It also IS flawed All ecosystems, even extremely mtrogen-deficlent

ones, have some small pool of ammomum and mtrate Wlthm the soil and htter components

If the de:fillltIOn of Aber et al (1989) IS used m ItS stnctest sense, then all ecosystems are

mtrogen saturated to one degree or another Aber et al (1989) also state that mtrogen

saturatIOn Imphes hmitatIOn on bIOtIC functIOn by some other resource (e g , phosphorus or

water for plants or carbon for mIcrobes) But If thIs IS so, naturally phosphorus-deficIent

ecosystems (such as those m the southeastern coastal plam) mIght be consIdered mtrogen

saturated, whereas ill reahty, these ecosystems are often very low m mtrogen and release

vIrtually no mtrate Furthermore, as noted above, phosphorus-deficIent ecosystems will

frequently accumulate substantIally more mtrogen once' phosphorus hmitatIons are satIsfied

Although the preCIse de:fillltIon of mtrogen saturatIOn seems elusIve because of vanous

caveats that must be taken mto account, the general Idea seems to be encompassed m the last

and most bnef de:fillltIOn revIewed by Skef:fmgton and Wilson (1988) "an ecosystem whIch

cannot accumulate more N" Tlus defimtIOn Imphes that further mtrogen accumulatIOn

cannot occur, even though other nutnent hmitatIOns are satIsfied Tlus de:fillltIOn will be

used m the followmg dIscussIOn

It IS Important to note that additIonal mtrogen mputs to a mtrogen-saturated ecosystem

will cause eqUIvalent leachmg losses of N03- regardless of the chemIcal form of the mtrogen

entenng the system (NH4+, N03-, or orgamc) to the extent that (1) mtrogen mputs are m

bIOlogICally available forms, (2) mtnficatIOn proceeds UmnhIbited, and (3) demtnficatIOn

does not occur (Reuss and Johnson, 1986) There has been an unfortunate tendency among

atmosphenc depOSItIon researchers to Ignore the effects of Nl4+ and (espeCIally) orgamc

mtrogen on ecosystem aCIdIficatIon and mtrate leachmg, an omISSIon that substantIally

underestImates the aCIdIficatIOn potentIal of atmosphenc mtrogen depOSItIon

The rather SImple model depICted m FIgure 10-4 does not account for the pOSSIbility of

mtnficatIOn mhIbitors AutotrophIc mtnfiers are known to be mhIbited by low pH, hIgh soil

solutIon chlonde IOn (en concentratIOns, and certam orgamc chemIcals, both naturally and

synthetIcally produced (Alexander, 1963, Roseberg et al ,1986) The occurrence and

Importance of naturally produced mtnficatIOn mhIbitors has receIved conSIderable attentIon m

the ecologIcal hterature An early study by Rice and Pancholy (1972) mdIcated that

10-45



mtrificanon rates decrease dunng forest succeSSlOn due to the presence of chemIcal

nitrificanon mhIbitors (soluble allelopathIc compounds produced by plant htter) ThIs

somewhat controversIal fmdmg stImulated several follow-up mvestIgatlOns ill vanous

ecosystems. Some of these investIgatlOns supported the contentIon that mtnficatIon mhibitors

were a factor in controllmg N03- losses from forest ecosystems (LodhI, 1978, Olson and

Reiners, 1983), but several others found no eVIdence of them, and concluded that eIther

competitIon for NH4+ or other nutnent hmitatIons controlled mtnficatlOn rates (Purchase,

1974, Robertson and Vitousek, 1981, Lamb, 1980, Cooper, 1986)

There IS no reason to doubt that mhIbitors playa role m some forests, but the extent to

whIch inhIbItors occur and the factors leadmg to theIr productlOn are unknown Nor IS It

known how inhibItors ffilght functIon under condItIons of very hIgh, chromc NH4+ mputs

Roelofs et al. (1987) report httle mtnficatlOn ill Dutch forests subject to very hIgh mputs of

NH4+ from nearby agncultural actIVItIes, but they attnbute the lack of mtnficatlOn m these

forests to low pH The situatlOn reported by Roelofs et al (1987) IS unusual, however, there

are few cases where these condItIons do not lead to hIgh rates of mtnficatlOn and N03

leaching. Others have reported hIgh rates of mtnficatlOn under very aCId sOIl condItIons

(Klein et al , 1983, Van Breemen et al , 1982, 1987)

DenitnficatIon (1 e , the ffilcrobially medIated converSlOn of N03- to NOx and

N2 gases) IS thought to be of Importance only m forest sOlls that (1) have elevated N03

inputs and (2) expenence anaerobIc condItIons (e g , flooded condItIons) (DaVIdson and

Swank, 1987). Goodroad and Keeney (1984) proVIde estImates of demtnficatlOn losses from

relatively mtrogen-nch forest ecosystems m Wisconsm of 02 to 2 1 kg/ha/year, values that

are worthy of illcludmg in mtrogen budgets, but do not compare to N0:3- leachmg rates that

have been shown to occur ill some forests (see below) SImllarly, Woodmansee (1978)

discounts the importance of demtnficatlOn m grassland sOlls, showmg that NH3 volatIhzatlOn

from animal wastes IS the major mtrogen loss mechamsm Cunously, however, Westerman

and Tucker (1978) and Klubek et al (1978) found that demtnficatlOn rather than NH3

volatilization IS the major mtrogen loss mechanIsm from desert sOIlS m the Sonoran and

Great Basin desert ecosystems They speculate that ffilcrosites WIth saturated water

condItIons occur during precipitatlOn events that produce the anaerobIC condItIons necessary

for denitrification to occur PeteIJohn and Schlesmger (1990) calculated that 77% of
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atmosphenc mtrogen mputs to desert ecosystems m the southwestern Umted States have been

lost to the atmosphere smce the last glaCiation They stop short of givmg values for NOx

and N2 (demtnficatlOn) versus NH3 (volatlhzatlOn) losses, but pomt out that the lIDportance

of leammg more about the nature of gaseous mtrogen losses from these systems, especIally

m the case of N20, gIven Its lIDportance to the 03 layer and as a greenhouse gas

VegetatlOn demand for mtrogen depends on a number of growth-mfl.uencmg factors,

mcludmg temperature, mOIsture, and the avatlability of other nutnents LlIDitatlOn of

mOIsture m and ecosystems clearly does not preclude growth responses to mtrogen mput,

however Several studIes have shown that demonstrated net mtrogen mputs to desert

ecosystems produced growth mcreases despIte supposed water 1lIDitatlOns (FIsher et al ,

1988c, see reVIew by Moorhead et al ,1986) NItrogen IS consIdered such an Important

factor m the prodUCtiVIty and function of desert ecosystems that an entrre volume has been

devoted to the subject (West and SkuJms, 1978)

In forest ecosystems, stand age IS an lIDpOrtant factor determmmg mtrogen uptake rates

Uptake rates declme as forests mature, especially after the cessation of the buildup of

nutnent-nch fohar bIomass followmg crown closure (SwItzer and Nelson, 1972, Miller,

1981, Turner, 1981) Thus, one would expect N03- leachmg rates to be greater molder

forests than m younger forests due to greater NH4+ supphes to mtnfiers as well as to lower

N03- uptake m older forests The results of Vitousek lllnd Remers (1975) support tills

hypotheSiS m that they found illgher N03- concentratlOns m streams drammg mature spruce

fIT forests than m streams drammg lIDmature spruce-fIT forests m New England

Processes that cause net mtrogen export from ecosystems, such as frre and harvestmg,

will naturally push ecosystems toward a state of greater mtrogen demand or even mtrogen

defiCIency Frequent frre IS normally thought of as an (~Specially effective way of

mamtammg low ecosystem mtrogen status However, Iltudtes on the effects of fire upon SOll

mtrogen have produced confhctmg results Some authors have reported total mtrogen

contents that were not slgmficantly changed Withm 1 to 2 years of bummg, whereas others

have reported slgmficant losses Jurgensen et al (1981) found that broadcast bummg caused

a mmor net loss of mtrogen (approXlIDately 100 kg/ha) from a clearcut SIte ill Montana, and

concluded that plant reestabhshment benefitted from the mcreased mtrogen avatlability

followmg tills prescnbed bum Wells (1971) noted that although the penodtc prescnbed
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bums have caused sIgnificant losses of forest floor matenal unmedlately after the bum, there

seemed to be a tendency for the system to regam thIs orgamc matter over tune and approach

the control condItIon He also found that orgamc matter and mtrogen were redIstnbuted

from the forest floor to the surface mmeral soIl as a result of burnmg, the net effect bemg a

redistnbution of the orgamc matter m the profIle rather than a reductiOn Furthennore, one

treatment (annually burned plots) showed sIgmficant mcreases m soIl mtrogen (550 to

990 kg/ha), whIch were attnbuted to mcreased activIty of mtrogen fIxers In contrast, Gner

(1975) noted significant mtrogen losses (855 kg/ha) from an mtense fITe on the eastern slope

of the Cascade Mountams of Washmgton It seems that the net effect of fITe on ecosystem

nitrogen status has a great deal to do wIth fITe mtensity

10.5.3 Fate of Nitrogen in Forest Ecosystems: Contrasts Between
Fertilizer and Pollutants

The prospects for forests becommg mtrogen saturated from atmosphenc mtrogen mputs

have been explored m recent workshops and reVIews (NIlsson and Grennfelt, 1988, Schulze

et al , 1989, Aber et al ,1989). CntIcalloads analyses for mtrogen saturation typIcally

conSIder vegetation uptake and increment as the pnmary factors controllmg forest ecosystem

nitrogen retention, and attnbute httle potential for soIl mtrogen accumulatiOn, despIte the fact

that SOllS compnse the largest mtrogen pool m vIrtually all forest ecosystems (NIlsson and

Grennfelt, 1988; Schulze et al., 1989) In contrast, numerous forest fertilizatiOn studIes have

shown that htter and soIls are major smks for mtrogen (e g , HeI1man and Gessel, 1963,

Mead and Pntchett, 1975, Miller et al , 1976, Mehn et al , 1983, Ratson et al , 1990)

As noted by Aber et al (1989), It IS not surpnsmg that forest ecosystems respond drrferentIy

to pulse mputs of mtrogen VIa fertilization versus slow, steady mputs Via atmosphenc

deposition (The mfonnatiOn presented m thIs section IS based on Johnson, 1992)

Fertilization studies differ from pollutant mtrogen depOSItiOn m two unportant respects

Pollutant nitrogen depOSItion enters the ecosystem at the canopy level, whereas fertilizer IS

typically (but not always) apphed to the soIl Another unportant drrference (as noted by

Aber et al , 1989) IS that pollutant mtrogen depOSItion enters the ecosystem as a slow, steady

input m rather low concentratiOns, whereas the fertilizer IS tYPICally apphed m one to five
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large doses NItrate apphcatIOns or urea apphcatIOns to mtrogen-nch sItes can result m

substantial mtrate leachmg losses of fertIllzer mtrogen (e g , Overrem, 1969, Matzner et al ,

1983, Tschaphnsla et al , 1991) However, most studIes show milllffialloss of fertilizer

mtrogen Via leachmg followmg smgle, large apphcatIODs of ammomum or urea to mtrogen

poor sItes (Cole and Gessel, 1965, Overrem, 1969, Cole et al , 1975, Worsnop and Will,

1980) As will be shown later, there are some Important differences m the way the mtrogen

cycle m soils responds to large, smgle apphcatIons versus slow, steady apphcatIOns of

mtrogen, whether as fertilizer or as atmosphenc mput There have been cases where

fertilizer has been apphed m small, frequent doses, and It IS useful to bnefly reVIew some of

those studIes here before comparmg fertilizatIOn wIth atmosphenc mtrogen deposItion

10.5.3.1 Case Studies of Forest Fertilization at Differing Intervals

Ingestad (1981) has demonstrated m greenhouse expenments that optImum mtrogen

uptake and growth by plants can be achieved by adJustmg mtrogen mputs to the rate of plant

growth In these expenments, the rate of mtrogen supply (1 e , flux denSIty, or mtrogen

mput per umt area per umt time) was proven to be the cntIcal vanable, not necessanly the

concentratIOn of mtrogen m the uptake solutIOn FIeld expenments comparmg standard

fertilizatIOn w.ith SImultaneous lITIgation and fertilizatIOIl (IF) have also demonstrated the

supenor growth response and fertilizer mtrogen recovery by adJustmg the flux denSIty of

mtrogen mput (through the IF treatments) as compared to addmg eIther one or a few large

doses of mtrogen as m conventIOnal fertilIZatIOn (Aronsson and Elowson, 1980, Ingestad,

1981, Landsberg, 1986)

These authors (Aronsson and Elowson, 1980, Ingestad, 1981, Landsberg, 1986) do not

report the effects of slow, steady mputs of mtrogen on ltlltnficatIon and N03- leachmg

However, multiple or contlnuous mputs of fertilizer may stimulate a buildup m populatIons

of mtrlfymg bacteria A fertilizer expenment mvolvmg urea-mtrogen apphcatIons of

100 kg/ha/year for 3 years m quarterly (25 kg mtrogenlha/3 rno) and annual (l00 kg

mtrogenlha, m March) to young loblolly pme (Pmus taeda L ) and yellow-poplar

(Lmodendron tullpifera L) plantations m very mtrogen-poor SItes m the Tennessee Valley

(Johnson and Todd, 1988) found a buildup m mtmymg bactena In all cases, the quarterly

apphcations resulted m earher and more pronounced mcreases m soil solution mtrate than did
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annual apphcatlons FIgure 10-5 illustrates tlns pattern for the loblolly pme SIte

Furthermore, only the annual apphcatlons resulted m mcreased growth (FIgure 10-6, top)

The authors concluded that more frequent fertIhzatIon m those partIcular ecosystems

benefited nitrifiers more than trees

In a later study, m a more mtrogen-nch SIte nearby, exactly the OppOSIte results were

obtamed m a study comparing a smgle urea-mtrogen apphcatlon of 50, 150, and 450 kg

nitrogenlha wIth multIple (three tlmes at 37 5 kg mtrogenlha) apphcatIOns to a young

sycamore (Platanus occldentalts L) plantatlon (TschaphnskI et al ,1991) In tlns case, the

authors found much lngher soil solutIon N03- concentratIOns m general (mc1udmg m the

control plots), no delay m the onset of mtrate leachmg, and the greatest rates of mtrate

leaching ill the smgle 450 kg/ha apphcatIon (FIgure 10-7) Tree growth response was also

greatest m the 450 kg/ha treatment, but growth responses were also sIgmficant ill the

multiple fertilizatIon treatment (FIgure 10-6, bottom) Thus, m tlns mtrogen-nch SIte, smgle

fertilization produced the greatest growth response, but at a lngher cost m terms of mtrate

leachmg.

The key to dIfferences m mtrate leachmg response observed m these two studIes was

the initial relative abundance of mtrIfiers AerobIC mcubatIOns m the laboratory showed that

the delay penod to the onset of mtrate productlon was 25 to 30 days m the mtrogen-poor SIte

and 0 to 4 days m the mtrogen-nch SIte (Johnson and Todd, 1988, TschaphnskI et al , 1991)

AccordIng to Sabey et al (1959), the delay penod for the onset of mtrate productIOn IS

closely related to the initIal populatIon of mtnfymg bactena These results Imply that slow,

steady inputs of mtrogen charactenstIc of pollutant mputs may cause more rapId mcreases m

N03- production in low-nitrogen ecosystems than conventIOnal, smgle-apphcatIOn fertIhzatIOn

would; however, the OppOSIte would be true m lngh-mtrogen ecosystems If the Imtlal

populatIon of mtrifiers IS low, the slow, steady mputs will favor a bUIldup of theIr

populatIons more rapIdly than smgle large mputs will and thus cause a relatIVely early

increase m mtrate leachmg If the ImtIal populatIOn of mtnfiers IS lngh, the rate of mtrate

leachmg is more hkely to be proportIonal to the mput of mtrogen m excess of plant demand

regardless of tlmmg and WIthout delays caused by heterotroplnc uptake
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10.5.3.2 Fate of Nitrogen from Pulse Fertilization Versus Atmospheric Deposition

In managed forest ecosystems, fertIhzatIOn has proven qUIte successful m producmg

growth mcreases m mtrogen-deficlent forests, even though trees typICally recover only 5 to

50 % of fertilizer mtrogen m aboveground bIOmass (the very hIgh tree recovery found by

Bockheim et al. [1986], bemg exceptIOnal, Table 10-12) Increased mtrogen m the SOUlS

not mirrored drrectly by more mtrogen uptake, except at low levels (see Chapter 9)

Fertilizer nitrogen retentIon ill the htter and SOUlS usually substantIal (Table 10-12 and

FIgure 10-4, center) There are two pOSSIble mechamsms for thIs hIgh htter/sOll mtrogen

retention: (1) mtrogen uptake by sou heterotrophIc orgamsms, and (2) nonbIOlogical,

chemical reactIons between NH3 and sou orgamc matter (Foster et al ,1985a) The overall

result IS that the retentIon of mtrogen on an ecosystem level IS usually qUIte hIgh (averagmg

60% of applied nitrogen, Table 10-12) Furthermore, fertIhzer recovery m trees, SOU, and

the total ecosystem mcreases WIth the rate of fertIhzatIOn and shows no SIgn of levehng off,

even at rates of fertIhzer mtrogen mput of up to 1,500 kg/ha (FIgures 10-8 to 10-10)

Table 10-13 gIves a summary of mtrogen budgets from the nutnent cychng hterature

and from the recently completed Integrated Forest Study (IFS, Johnson and Lmdberg, 1992)

In thIs summary, atmosphenc mputs are compared WIth outputs VIa SOU solutIOn or stream

water (primanly as N03) and vegetatIon mcrement, or the mtrogen necessary to buud

perennial tissues m biomass (bole, branches) It should be noted that the studIes pnor to IFS

measured mtrogen depOSItIon pnnclpally by bulk precIpItatIOn, whIch substantIally

underestimates nitrogen depOSItIon m many polluted SItes (e g , Lmdberg et al ,1986) Most

of the IFS data include estImates of both wet and dry depOSItIon, and, therefore, mtrogen

deposition values reported there are often much greater than those that would have been

reported usmg bulk collectors For that reason, the IFS data are shown separately from

previous data in FIgures 10-11 to 10-13 It should also be noted that vegetatIon mtrogen

uptake values m each of these systems are much hIgher than vegetatIOn mcrement because

uptake mcludes nitrogen taken up and returned annually Via htterfall and fohar leachmg

Vegetation increment was chosen for thIs analySIS because It represents the net mtrogen

demand of growing vegetatIon that must be satIsfied from sources external to the mtrogen

cycle (atmosphenc depOSItIon or SOU "mmmg")
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TABLE 10-12. NITROGEN FERTIT..IZER RECOVERY BY VEGETATION AND SOIT..S IN VARIOUS STUDIES

FertilIzer Vegetation SOlI
Type and Recovery Recovery

SpecIes and Age Amount (kg/ha and (kg/ha and
Location (years) (kglha)a percent) percent) Reference

Flonda pznus elwttn, 11 AS,56 6 (11 %) 17 (30%) Mead and Pntchett (1975)

Flonda Pmus elwttn, 11 AS,224 24 (11 %) 40 (18%) Mead and Pntchett (1975)

MISSISSIPPI Pmus taeda, 5 AN, 112 16 (14%) - Baker et a1 (1974)

MISSISSIppI Pmus taeda, 6 AN,224 31 (28%) - Baker et a1 (197.1)

MISSISSIPPI Pmus taeda, 5 AN,224 31 (14%) - Baker et a1 (1974)

MISSISSIPPI Pmus taeda, 6 AN,224 146 (65%) - Baker et a1 (1974)

New Zealand Pmus radzata, 14 NS,960 120 (13%) 488 (51 %) Baker et a1 (1986)

.... New Zealand Pmus radzata, 13 U,224 80 (40%) 120 (60%) Worsnop and WIll (1980)
0

I
UI Ontano Pmus bankszana, 45 U,300 76 (25%) 79 (26%) Momson and Foster (1977)UI

Scotland Pmus mgra, 36 AS,252 136 (54%) 176 (67%) MIller et a1 (1976)

Scotland Pmus mgra, 36 AS,504 228 (45%) 78 (15%) MIller et a1 (1976)

Scotland Pmus mgra, 36 AS, 1008 366 (36%) 303 (30%) MIller et a1 (1976)

Scotland Pmus mgra, 36 AS,1512 495 (32%) 229 (15%) MIller et a1 (1976)

Sweden Pmus sylvestns, 130 AN,224 19 (19%) 46 (46%) Melm et a1 (1983)

Sweden Pmus sylvestrzs, 120 U,150 12 (8%) 74 (49%) Nomnnk and Moller (1981)

Sweden Pmus sylvestns, 120 U,300 21 (7%) 87 (29%) Nomnnk and Moller (1981)

Sweden Pmus sylvestns, 120 U,600 36 (6%) 102 (17%) Nomnnk and Moller (1981)



TABLE 10-12 (cont'd). NITROGEN FERTILIZER RECOVERY BY VEGETATION AND SOILS IN VARIOUS STUDIES

FertIlizer Vegetation SOIl
Type and Recovery Recovery

SpecIes and Age Amount (kglha and (kglha and
LocatIon (years) (kglha)R percent) percent) Reference

Sweden PinUS sylvestrls, 120 AN, 150 29 (19%) 32 (21%) Nomnnk and Moller (1981)

Sweden PinUS sylvestrls, 120 AN,3oo 60 (20%) 48 (16%) Nomnnk and Moller (1981)

Sweden PinUS sylvestrls, 120 AN,600 90 (12%) 72 (12%) Nomnnk and Moller (1981)

Tennessee Pmus taeda, 4 U,3OO 25 (8%) - Johnson and Todd (1988)

Western Washmgton Pseudotsuga menzzesn, 52 NS,224 94 (42%) 124 (55%) Hellman and Gessel (1963)

Western Washmgton Pseudotsuga menzzesn, 38 NS,224 204 (50%) 206 (51 %) HeIlman and Gessel (1963)

Western Washmgton Pseudotsuga menzzesn, 30 NS,400 72 (13%) 284 (51 %) Hellman and Gessel (1963)

I--' Western Washmgton PseudotsUga menzzesn, 32 NS,560 75 (13%) 687 (123%) HeIlman and Gessel (1963)
0

I

Pseudotsuga menzzeszz, 38 NS,560 149 (20%) Hellman and Gessel (1963)VI Western Washmgton 337 (46%)
0\

Wlsconsm Pmus resmosa, 37 AN, 100 125 (125%) - Bockhetm et at (1986)

aAS = Ammomum sulfate, AN = Ammomum mtrate, NS = Not speCIfied, U = Urea

Source Johnson (1992)
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The data m Table 10-13 and FIgures 10-11 to 10-13 reveal some mterestmg contrasts

between ecosystem retent10n of fertIhzer versus atmosphencally deposIted mtrogen FIrst,

total ecosystem retent10n of atmosphencally depOSIted mtrogen ranges from over 99 % to

-266%, WIth no apparent relatIOnshIp to atmosphenc mput (FIgure 10-11) Second,

vegetation nitrogen mcrement accounts for nearly all ecosystem mtrogen retent10n In most

(19 of 24) cases, and calculated soil mtrogen retention IS low and frequently negat1ve (14 of

23 cases) (Table 10-13, FIgures 10-13 and 10-14) There IS no relatIOnshIp between

atmosphenc mtrogen depOSItion and eIther tree mcrement or calculated soil retentIOn

(FIgures 10-12 and 10-13)

The pattern of calculated soil mtrogen versus deposIt1on In FIgure 10-13 suggest that

heterotrophs are very poor compet1tors for mtrogen, even at very low mtrogen mput levels
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TABLE 10-13. NITROGEN INPUTS, OUTPUTS, AND VEGETATION INCREMENTS
IN VARIOUS FOREST ECOSYSTEMS

Net VegetatIOn Calc SoIl
Input Leachmg Retention Increment Retention

Location SpecIes (kg/ha/year) (kg/ha/year) (kg/ha/year)a (kg/ha/year) b Reference(kg/ha/year)

New HampshIre Northern hardwood 65 40 25(38%) 90(138%) -65(-100%) Bormann et a1 (1977)

Washmgton Pseudotsuga menzzesl! 1 7 06 1 1 (65%) 10 0 (588%) -89 (-523%) Cole and Rapp (1981)

Germany Fagus sylvatlca 21 8 44 174(80%) 4 1 (19%) 133(61%) Cole and Rapp (1981)

Germany pzcea abzes 21 8 149 69(32%) 22(56%) 47(22%) Cole and Rapp (1981)

USSR pzcea abzes 1 1 09 02(18%) 90(818%) -8 8 (-800%) Cole and Rapp (1981)

Teooessee Lzrwdendron tulzpifera 77 35 42(55%) 7 1 (93%) -29(-60%) Cole and Rapp (1981)

Washmgton Abzes amabzlzs 1 3 27 -14(-108%) Turner and Smger (1976)

Wisconsm Aspen-lUlxed hardwood 56 005 55(99%) 260(464%) -205 (-364%) Pastor and Bockhelm (1984)

Oregon Pseudatsuga menzzeSll 20 15 05(25%) -28(-140%) 23(115%) Sollms et a1 (1980)

Washmgton Alnus rubra 700c 710 - 7 1 Van Miegroet and Cole
(1984)

I--' Holland Quercus rabur, Betula 545 785 -240(44%) 60 (11 %) -300(-55%) Van Breemen et al (1987)
0

I pendulaUl
\0 Holland Quercus robur 562 28 1 282(50%) 240(43%) 42(7%) Van Breemen et al (1987)

Holland Quercus robur 446 225 221(50%) 170(38%) 51(11%) Van Breemen et a1 (1987)
Holland 1-v1iXed dec~duous ,.." n 876 2.. 8 (39%) Van Breemen et al (1987)0 ... 0

Teooessee MIXed decIduous 13 0 3 1 99(76%) 135(104%) -36 (-27%) Henderson and Hams (1975)

Ontano Acer saccharum 78 182 -10 4 (-133%) Foster and NIcholson (1988)

North Carolma MIXed decIduous 70 03 67(96%) 7 1 (101 %) -04(5%) Swank m Johnson and
dLmdberg (1992)

Washmgton Abzes amabzlzs 25 1 3 1 2 (48%) 36(144%) -24(-96%) Cole and Van Miegroet m
Johnson and Lmdberg
(1992)d

North Carolma pzcea rubens 59 216 -15 7 (-266 %) 05(8%) -16 2 (-275%) Johnson et a1 (1991)
North Carolma pzcea rubens 260a 205 55(21%) 1 8 (7%) 37(14%) Johnson et a1 (1991)
North Carolma Pmus strobus 7 l

a
03 68(96%) 66(93%) -02(-3%) Swank m Johnson and

d
Lmdberg (1992)



TABLE 10-13 (con't). NITROGEN INPUTS, OUTPUTS, AND VEGETATION INCREMENTS
IN VARIOUS FOREST ECOSYSTEMS

Net VegetatIon Calc. Soli
Input Leachmg Retention Increment Retennon

Location SpecIes (kglhalyear) (kglhalyear) {kglhalyear)a (kglhalyear) (kglhalyear)b Reference

Marne pzcea mbens 76 03 73(96%) - - Fernandez m Johnson and
LIndberg (1992)d

Tennessee Pmus taeda 97a 06 91(94%) 66(18%) 25(25%) Johnson and Lmdberg m
Johnson and LIndberg
(1992)d

GeorgIa Pmus taeda 90a 02 88(98%) - - Ragsdale m Johnson and
Lmdberg (1992)d

OntarIo Northern hardwood 75 230 -155 (-207%) 1 3 (17%) -16 8 (-224%) Foster m Johnson and
LIndberg (1992)d

New York Spruce-fir 160a 28 132(83%) 108(180%) 24(15%) Fnedland m Johnson and
Lmdberg (1992)d

Flonda Pmus elzotzz 60a 02 58(97%) 1 8 (30%) 40(67%) Gholz m Johnson and
I-' Lmdberg (1992)d0

I

140a0\ North Carolma Pmus taeda 24 11 6 (83%) 701(500%) -585(418%) Bmkley and Knoerr m0
Johnson and Lmdberg
(1992)d

Norway pzcea abzes 10 8a 06 102(96%) 97 (91 %) 05(5%) Stuanes m Johnson and
dLIndberg (1992)

Washmgton Pseudotsuga menzzeszz 48 04 44(2%) 54(113%) -10(13%) Cole and Van Miegroet m
Johnson and Lmdberg
(1992)d

New York Northern hardwood 95a 15 80(84%) 1 1 (12%) 69(73%) MItchell and Sheppard m
Johnson and LIndberg
(1992)d

a
tfnput - Leaching
cInput - Leaching - Vegetation Increment
Estimated Input by fixation
~efers to pnnclpal mvestlgators for the specific data set summanzed m Johnson and Lmdberg (1992)

Source Johnson (1992)
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Figure 10-11. Ecosystem nitrogen retention as a function of atmospheric nitrogen input.

Source Johnson (1992)

Indeed, It appears as If the SOUlS bemg "mmed" for the mtrogen necessary to supply

vegetatIOn mcrement systems WIth very low atmosphenc mtrogen mputs TIns IS readily

apparent when mtrogen output IS plotted as a function of mput mmus vegetatIOn mcrement

(FIgure 10-14) Input mmus mcrement can be thought of as mtrogen that IS available for

eIther (1) sou heterotroph uptake or (2) mtrate leachmg A negative value for mput

mcrement Imphes that eIther the SOUlS bemg "mmed" for mtrogen to supply tree needs or

that there IS an unmeasured mtrogen mput contnbutmg to tree mtrogen needs In eIther case,

the data suggest that, contrary to VIews expressed m the hterature (see reVIew above), trees

are actually more effective competitors for mtrogen than sou heterotrophs under
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Figure 10-12. Tree nitrogen increment as a function of atmospheric nitrogen input.

Source Johnson (1992)

nitrogen-defiCient COnmtIOnS Also, the nearly 1 1 relatlonsmp between mtrogen output and

input-mcrement after the latter exceeds zero (i = 0 84) mdicates that mtrogen depOSited m

excess of vegetation needs is not taken up by heterotrophs, but rather is subject to

nitrificatiOn and mtrate leachmg, perhaps because heterotrophs m these systems are hmited

by orgamc substrates or other nutnents

There are several possible explanatIOns for the rather stnkmg dJ.fferences m sou

nitrogen retentlon and loss patterns between fertilizer and nutnent cyclmg/arr pollutIOn

stumes. Frrst, heterotropmc demand for mtrogen m fertilized Sites IS ltkely to be greater

than m Sites subjected to chromcally elevated atmosphenc mtrogen mputs Fertilizer
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mtrogen IS typICally apphed to mtrogen-deficient ecosystems, where mtrogen demand by SOlI

heterotrophs IS hkely to be hIgh, whereas heterotrophIc demand for mtrogen may have been

substantIally satIsfied m sItes WIth chromcally hIgh atmosphenc mtrogen mputs

HeterotrophIc actlvity m fertIhzed sItes IS also hkely to be stImulated by mobIhzatlon of soil

orgamc carbon, whIch tYPICally occurs after fertIhzatIon (especIally WIth urea, Ogner, 1972,

Foster et al ,1985a) Second, as noted above, the slow, steady mputs of mtrogen VIa arr

pollutIOn, lIke slow, steady mputs of fertIhzer mtrogen, probably favor mtrIficatIOn ThIrd,

nonbIological retentIon of mtrogen IS hkely to be greater wIth fertIhzatIon than atmosphenc

depOSItIon Ammomum and NH3 fixatIon m 2 1 clays is hkely to be substantIally mcreased
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under conditIons of hIgh concentratIons of one or both followmg fertilizatIOn It has also

been shown that NH3 can react cheIUlcally WIth SOll organIc matter to form very stable,

nonlabue compounds (Foster et al ,1985b) CondItIons followmg urea fertilizatIOn are

especIally condUCIve to these reactIons m that pH IS mcreased and NH3 concentratIOns are

hIgh. These condItions would not normally occur m SItes subject to chromcally hIgh

atmosphenc mtrogen mputs In summary, ecosystems retaIn a greater amount of

atmosphencally deposIted mtrogen than of fertilizer mtrogen, however, no observable

relationship exists between atmosphencally depOSIted mtrogen and eIther tree mcrement or

calculated SOll retentIOn It appears that mtnfiers may not be as poor competItors for

nitrogen as was previously suspected, partIcularly m cases where mtrogen mputs are
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mcreased m small, frequent doses, such as wIth arr pollutIon Heterotrophs appear to be the

most effectIve short-term competItors for mtrogen m mtrogen-poor sItes, but trees appear to

be the most effectIve competItors for mtrogen over the longer term, as mdIcated by the

apparent mmmg of mtrogen from soils where atmosphenc mtrogen mputs are low and tree

mtrogen requIrements are hIgh

10.5.4 Effects of Pollutant Nitrogen Inputs on Soils

10.5.4.1 Soil Biota

The most ObVIOUS and ImmedIate effects of pollutant mtrogen mputs on soils are

those on the mIcrobIal commumty An mcrease m the actIvIty of heterotrophs and mtnfiers

assocIated wIth an mcrease m decomposItIon and mtnficatIon mIght be expected m response

to mtrogen mputs StudIes of mIcrobIal responses to mtrogen fertIlIzatIon have produced

mIXed results, however Kelly and Henderson (1978) tound mcreased bactenal aCtivIty, but

reduced mvertebrate populatIOns, 1 year after farrly hIgh levels of urea fertIhzation (550 and

1,100 kg mtrogen/ha) ThIs change was Important because mvertebrates playa major role m

the lffitIal breakdown of htter However, the authors found httle effect of fertIlIzation on the

decomposItion of whIte oak leaf htter Kowalenko et aJl (1978) found that fertIlIzatIon wIth

NH4N03 and potassIUm chlonde caused a reduction m :soil mIcrobIal actIvIty (as measured

by CO2 evolution) for at least 3 years ThIs may have been due to tOXIC or shock effects due

to very large mcreases m both mtrogen and other Ions over a very short time. Weetman and

Hill (1973) revIewed the effects of fertIlIzatIOn on soil flora and fauna and concluded that

fertIlIzatIOn had a lastmg, stImulatmg effect despIte shOlt-term tOXIC effects of fertIlIzer

components (especlallyammomum) Agam, we must consIder the effects of smgle, large

mputs of mtrogen, typIcal of fertlhzatIOn studIes, as opposed to the slow, steady mputs of

mtrogen at lower concentration typICal of pollutant mputs ASIde from the lImIted

mformatIon on the effects on mtnfiers, vrrtually nothIng IS known regardmg the effects of

slow, steady mputs of mtrogen on soil mIcrobIal commumtIes

10.5.4.2 Soil Chemistry

The foremost concern about long-term, capacIty-controlled effects of exceSSIve

mtrogen deposItIOn and N03- leachIng IS soil aCldrficatmn and the mobIlIzation of AI3+ mto
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sOlI solution and surface waters As a prelude to assessmg the effects of exceSSive mtrogen

deposition on sou aCidIficatlon and Al3 + mobIhzation, a bnef reVIew of the components of

sou acidIty and catlon exchange processes IS presented

Soil aCIdity can be measured m a number of ways, but for the purposes of tills

discussion, we will refer to base saturatIon as the pnmary measure or mdlcator of sou

acidity. Base saturation refers to the degree to willch sou catlon exchange sItes, negatIvely

charged sites to which posltlvely charged Ions are adsorbed, are occupIed WIth base catlons

(calcIUm Ions [Ca2+], magnesIUm Ions [Ml+], and potassIUm IOns [K.+]) as opposed to

AP + and hydrogen Ions (H+) Base saturatlon IS a measure of sou aCidIficatIOn, With lower

values bemg more acid Figure 10-15 shows a sou With 50% base saturatIOn on the left and

a soil WIth 10% base saturation on the nght

Input

!1
Input

!1

10%
4L...b==========::::::!.....J Base

Sat.Minerai
Weathenng

50%
Base
Sat

g
leaching

MineraI
Weathering

Figure 10-15. Schematic diagram of cation exchange for base cations, aluminum ions,
and hydrogen ions in circumneutral (50% base saturation, left) and acid
(10% base saturation, right) soils.
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Ulnch (1983) descnbes the vanous buffenng ranges soils go through as they aCIchfy

fIrst IS the base catIOn buffenng range, where mcommg aCId and base catIOns are exchanged

pnmarIly for base cations wIth very httle H+ and Al3 + mcrease (FIgure 10-15, left)

As soils aCIdIfy, exchangeable base catIOns are replaced by exchangeable Al3+ and H+, and

soils are said to be m the alummum buffenng range (FIgure 10-15, nght) Incommg cations

(acId and base) are exchanged pnmarIly for H+ and Al3+ m soils that are m the alummum

buffenng range (FIgure 10-15, nght)

WIth the use of a sImulation model, Reuss (1983) showed that the transItIon from the

base cation to the alummum buffenng range IS very abrupt HIS results showed that soil

aCldrfication has httle effect on the concentratIOn of Al3+ m soil solution over a large range

of base saturatIOn values above 20% However, he noted that farrly mmor changes m base

saturation withm the 10 to 20 % range can cause qUIte large mcreases m soil solutIOn Al3+

concentratIOn ThIs Imphes that soils WIth base saturatIOns of 10 to 20% are extremely

sensItive to change (although thIs does not necessarIly Imply that vegetatIOn will respond to

soil change) A senes of SImple laboratory column stu(hes could tell us much about how far

some of our forest soils are from the alummum buffenng range and how much addItIOnal

aCId mput mIght be requIred to put them mto this range

Once soIls are m the alummum buffenng range, the rate of base cation leachmg will

obVIOusly decrease because Al3 + IS now a dommant catIOn m soil solutions In a soIl free of

vegetatIOn, contmued mputs from the atmosphenc depOlntIOn, which contams base catIOns as

well as H+, will eventually aCIdIfy the soil to the pomt where base cation outputs equal base

catIOn mputs WIth forest or other vegetatIOn growmg on the soil, however, contmued base

catIOn uptake could reduce the base saturatIOn of the sod to the pomt where export of base

cations IS less than mput by deposItion (FIgure 10-15, nght) Thus, vegetation uptake can,

by depletlng soil exchangeable base cations, cause the soil to begm accumulatmg base catIOns

even when the soil IS subject to hIgh leachmg rates Of course, thIs accumulatIOn of base

cations IS accompanIed by substantially mcreased leachIng of Al3 +, and the potentIally

detnmental effects of the latter must be consIdered

The same catIon exchange pnnclples that will eventually cause a soil to begm

accumulatmg mcommg base catIOns when soils aCIdIfy mto the alummum buffenng range can

also cause an ecosystem to begm accumulatmg an mdlvlldual catIon (Ci+, Ml+, or K+) If
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tree uptake depletes SOllS of an mdividual cation (Johnson and Todd, 1987) In tms case, the

conservatIOn of the mdividual cation m question need not be accompamed by sIgmficant

overall SOll aCIdification and mcreased leachmg of Al3 +, leachmg of the other base cations

may be increased mstead Johnson et al (1985) noted such a SItuatIOn WIth respect to Ca2+

in an oak-mckory forest on the Walker Branch watershed m Tennessee In thIS ecosystem,

tree Ca2 + IS very mgh, SOllS are very low m exchangeable Ca2+, and consequently Ca2+

leaching is low Thus, the ecosystem shows a net Ca2+ gam from atmosphenc mputs

(accompanied by net losses of Ml+, K+, and sodIUm IOns [Na+])

The greatest uncertamty m assessmg and proJectmg rates of exchangeable base cation

depletIOn and/or SOll aCIdIficatIOn IS the estimation of pnmary mmeral weathenng rates The

weathering of pnmary SOll mmerals (e g , hornblende, feldspar, plagIOclase) represents an

input to the exchangeable base cation pool (FIgure 10-16) Calculations of the potential rate

of SOll change from exchangeable pools and mput-output budgets (e g , Tomlmson, 1983)

represent the worst-case scenano, that IS, they assume that weathenng IS zero A mgh rate

of sOllleachmg offset by a mgh rate of weathenng results m a mgh rate of turnover, but not

a net depletion of exchangeable cations

Equations and simple models of soil weathenng are available for pnmary to secondary

mineral transfornlations (e.g, Lmdsay, 1979) However, these equatIOns are of httle value

for soils WIth SIZeable nonexchangeable base cation reserves contamed m ill-defmed mmerals

(such as amorphous iron [Fe] and alummum [Al] OXIdes, Johnson et al ,1985) A further

complication arises when mmeral weathenng IS enhanced by orgamc aCIds formed m forest

litter or exuded by tree roots (Boyle and VOIgt, 1973) Thus, at present, there are only

empincal approaches to assessmg weathenng, such as mass balance calculatIOns One mass

balance approach involves measunng fluxes and changes m exchangeable cation pools over

time and calculating weathenng, by dIfference (Matzner, 1983) A slillpler mass balance

approach is to estlmate the total weathenng loss from a SOll by the difference m SOll element

content at present and that of an eqUIvalent amount of pmnary mmerals (1 e , element content

at the time the SOll began to form) and dIVIde by the amount of tlille the SOll has been

exposed to weathenng (e g , smce the last glaCiatIOn) (Mazzarmo et al ,1983) The latter

gives an average weathenng rate over geologIC tlille, but It does not represent current

weathering rates m the SOll The former method gIves a better estlillate of current
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Figure 10-16. Schematic diagram of cation exchangE' for base cations, aluminum ions,
and hydrogen ions in acid soils with low (right) and high (left)
atmospheric deposition rates.

weathenng rates m the soIl, but It IS subject to large uncertamlles due to errors m each of the

estnnates used to calculate it Nonetheless, the plot-scale mass balance method, although

ImpreCISe, seems the best for obtammg reahstIc estnnates of current soIl weathenng rates,

especIally m systems where leachIng has been mcreased by artrfiCIal aCId rrngatIon (Stuanes,

1980)

Because forest soIls aCIdIfy naturally, It must be true that weathenng rates do not keep

pace WIth base catIOn denudatIOn rates, even under pnsl me condItIons The relatIve

contnbutIOn of aCId depOSItIon to the rate of aCIdIficatIOn can be assessed by measunng

element fluxes (Ulnch, 1980, Matzner, 1983, Johnson et al , 1985), and the actual

magmtude of the aCIdIficanon rate, whtch equals base catIon export mmus weathenng mput,

can be estImated by measunng changes m exchangeable base catIons and aCIwty through tnne
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(takIng into account seasonal vanatIons ill surface sOlls, see Hames and Cleveland, 1981)

The effects of excess mtrogen and S depOSItion on the rate of sOIl aCldlficatIOn cannot be

evaluated by sunply measunng changes ill sOlls through tIme, however, because the natural

rate of soil aCldlficatIon (via naturalleachmg and vegetatIon uptake) cannot be accounted for

by simply measuring changes ill sOlls If sOlls do not change dunng the measurement penod,

it can be stated that neither acid deposItIon nor natural processes have caused sOIl
or

acidificatIon. However, if sOlls have aCldlfied, measurements of fluxes are necessary to

determine the extent to whIch acid depOSItIOn has contnbuted to the observed rate of

acidificatIOn

There are no documented cases ill whIch exceSSIve atmosphenc mtrogen depOSItIon has

caused sOIl acidlficatIon, however, the potentIal eXists n addItIons are hIgh enough for a

sufficiently long tune NitrlficatIon IS an aCld-producillg process (Alexander, 1963), and thus

the potential for sOIl acidlficatIOn eXists In practIce, however, the levels of mtrogen illput

necessary to produce measurable sOIl aCldlficatIOn are qUIte hIgh For illstance, Tamm and

Popovic (1974) report a drop ill sOIl pH from approXlffiately 5 to 4 5 after repeated mtrogen

fertilizatIons totahng 3,900 kg/ha over a penod of 10 years Van Mlegroet and Cole (1984)

report that 50 years of mtrogen fIxation by red alder (Alnus rubra) caused the sOIl beneath

that stand to be 0 5 pH umts lower (pH 4 6) than that ill an adjacent Douglas-frr

(Pslledotllsga menzzesll) stand (pH 5 2) Total mtrogen illput rates were not known, but

typical rates for red alder range from 50 to 200 kg/halyear (Van Mlegroet and Cole, 1984)

Van Breemen et al (1982, 1987) report hIgh aCldlficatIon pressure on forests of the

Netherlands subject to very hIgh illputS of mtrogen from nearby agncultural actIVItIes (often

considerably in excess of 50 kg mtrogenlha/year, Van Breemen et al , 1982, 1987, Nllsson

and Grennfelt, 1988) The H+ budgets for these SItes illdlcate the clear pOSSIbility (n not

probability) that sOlls have been aCldlfied, but actual changes ill sOIl aCIdIty over tune have

not been measured

Soil acidllicatIon IS usually thought of as an undesrrable effect, but ill some cases, the

benefits of allevIatIng nitrogen defiCIency may outweIgh the detnments of sOIl aCldllicatIon

For instance, Van Mlegroet and Cole (1984) found that exceSSIve N2 fIXatIOn by red alder

caused large illcreases ill N03- leachmg and a slgmficant amount of sOIl aCldlficatIOn relatIve

to adjacent natural Douglas-frr stands, yet Douglas-frr growth IS illvanably supenor on SItes

10-70



fonnerly occupIed by red alder due to the dIfferences 111 mtrogen status (Tarrant and Miller,

1963, Bmkley, 1983, Van Mlegroet et al , 1992)

10.5.5 Effects on Natural Waters

A major recent concern over the effects of soil aCIdIficatIOn due to atmosphenc

deposItIOn of both mtrogen and 8 IS the mobIhzatIOn of A13+, which can be tOXiC to some

terrestnal vegetatIOn and mIght be carrIed to surface wa.ters where It IS tOXiC to fish As 111

the case of sOlI aCIdIficatIOn, a bnef reVIew of processes leadmg to soil solutIOn and surface

water aCIdIficatIOn will be presented as a prelude to dISCUSSIons as to the effects of

atmosphenc mtrogen deposItIOn on these processes

Increased concentratIOns of N03- or any other mmeral aCId amon (e g , 80/- or Cn m

soil SolutIon lead to mcreases m the concentratIOns of all catIons m order to mamtam charge

balance FIgure 10-16 shows the effects of low (left) and high (nght) mputs of catIOns,

which are also accompamed by low and high mputs of amons, respectIvely, to the fictItious

soil WIth 10 % base saturation shown on the nght of FIgure 10-15 As can readily be seen,

the concentratIOns of H+ and A13 + m soil solutIOn are detennmed not only by base

saturatIOn, but also by total catIon (and amon) mput rales Extremely aCId soils are a

necessary but not sufficIent condItion for the mobIhzatlOn of A13+, elevated mputs of catIOns

and amons, whether by atmosphenc depOSItion, fertIhzatIOn, or natural processes, must also

occur

The COmpOSItIon of the catIOns m a solutIon m eqUlhbnum WIth soil can be descnbed

faIrly accurately by well-known selectiVIty equatIons developed more than 50 years ago

(Reuss, 1983) In essence, these equatIOns predIct tha1 the concentratIOn of a gIVen cation m

soil solutIon IS governed by the proportIOn of this catIOn on the soil exchange complex and

the total Iomc concentratIOn ill soil solution

Reuss (1983) pomts out one very mterestmg aspect of these equatIOns WIth respect to

the questIOn of A13+ mobIhzatIOn As totallomc concentratIOn mcreases, the concentratIon

of A13 + mcreases to the 3/2 power of the mcrease m the concentratIons of ratio C;.+ and

Ml+ and to the thrrd power of K+, Na+, and H+ Jm other words, as total catIon and

amon concentratIOns mcrease, mdivldual catIon concentratIons mcrease as follows

A13 + > Ca2 + and Mg2+ > K+, Na+, and H+ Thus, soil solutIon A13 + concentratIons
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Increase not only as the sou aCIdIfies (1 e , as the proportIon of Al3 + on the exchange

complex Increases), but also as the totalIOmc concentratIOn of sou solutIon Increases

(These equations also Imply that K+, Na+, and H+ will be the least affected by Increased

N03-leachmg.)

There are several studIes ill wInch Al3 + concentratIons In both sou solutIon and stream

waters have been shown to be posItIvely correlated wIth N03- concentratIons The N03- 

Ae+ pulses in sou solutIon have ImphcatIOns for forest nutntIOn and are illvoked In some

hypotheses of forest dechne dISCUSSed ill the next sectIon Researchers on aquatIc effects of

acid depoSItIon have long noted spnngtIme pulses of N03-, Al3 +, and H+ In aCId-affected

surface waters of the northeastern Umted States (Galloway et al , 1980, Dnscoll et al ,

1989b). In less aCId systems, N03- pulses may be assocIated WIth base catIons rather than

Al3 + and H+ Foster et al (1989) noted pulses of N03- and base catIOns ill sou solutIOns

and streams at the Turkey Lakes SIte ill Ontano Dnscoll et al (1989a) reVIewed the North

American data relevant to the role of mtrogen ill the aCIdIficatIOn of surface waters and

explored relatIonsInps between atmosphenc mtrogen depOSItIon, sou carbon to mtrogen ratIo,

and stream water mtrate concentratIons They found no conSIstent relatIonsInps between

these factors, and suggested that vegetatIon uptake, as hypothesIZed by VItousek and Reiners

(1975) may be one of the most Important factors ill detennmmg stream water mtrate

concentrations.

10.5.6 Effects of Pollutant Nitrogen Deposition on Vegetation Nutrient
Status

Because nitrogen IS the most commonly hmItmg nutnent for growth m forest

ecosystems in North Amenca (Cole and Rapp, 1981), depOSItIon of mtrogen many

biologically avatlable form to most forest ecosystems IS hkely to produce mcreased

vegetatIon growth to some extent KauppI et al (1992) reported that, m stark contrast to

earlier claims of forest dechne, the bIOmass of European forests mcreased over the 1971 to

1990 period. They attrIbute tIns growth mcrease to mcreases m mtrogen depOSItIon and base

their conclUSIOns on the magmtude of the mcrease ill mtrogen depOSItIon and all known

responses of European forests to mtrogen fertIhzer It IS lOgIcal to assume that the same

growth increase would occur in many forests ill North Amenca (especIally western North
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Amenca) wIth mcreased mtrogen deposItIon, gIven known mtrogen deficIenCIes and

responses to mtrogen fertIhzatIOn (Aber et al , 1989, Gessel et al ,1973) The degree of

response will depend on the amount of mtrogen deposllted, the mtrogen demand by

vegetation, and the competition from sou heterotrophic orgamsms for this mtrogen, as

descnbed above In addItIOn to changes m growth, mcreased mtrogen deposItion can cause

sIgmficant changes m tree phYSIOlogICal functIOn, can alter susceptibility to msect and dIsease

attack, and can even alter plant commumty structure (see SectIOn 105 6 1) ThIs sectIOn

bnefly reVIews plant phySIOlogIcal responses assocIated wIth mcreased mtrogen nutntion (see

SectIon 10 6 for more m-depth coverage), gIves a more m-depth revIew of sou-medIated

effects of mtrogen deposItion on vegetatIOn, and updates plant commumty/successional

changes that are reported to be occurnng m high-deposItion areas of Europe

10.5.6.1 Physiological Effects of Excess Nitrogen Inputs

NItrogen addItion can have several Impacts on trees m addItion to Improvement of

growth, mc1udmg susceptibility to other pollutants NLtrogen fertIhzatIOn has been noted to

mcrease the reSIstance of eastern white pme (Pmus strobus L ) to S02 fiJury (Cotrufo and

Berry, 1970) NItrogen fertIhzatIOn usually depresses mycorrlnzal development (Weetman

and Hill, 1973, Menge et al ,1977) Because the mycorrlnzal aSSOCIatIOn IS thought to be an

adaptIOn to nutnent defiCIent condItIOns, suppression of mycorrlnzae by mtrogen mputs mIght

be expected

Several hypotheses posed to explam current forest declmes m eastern North Amenca

mvoke the effects of excess mtrogen deposItion on physiological processes These

physiological responses generally mvoke altered carbohydrate allocatIOn, causmg mcreased

senSItivIty to drought, frost, or msect attack Fnedland et al (1984) posed the hypotheSIS

that exceSSIve mtrogen deposition mduced growth late) mto autumn, which caused

susceptibility to frost m red spruce m the northeastern Umted States Evans (1986) followed

up on this, observmg that winter mJury apparently occurred to first-year tWIgS and addmg the

alternative hypothesIs that exceSSIve mtrogen deposItIOn could have caused reduced bark

formatIOn as well as, or mstead of, late growth mto the autumn m first-year tWIgS Warmg

(1987) poses a hypothesIs m which boreal comferous specIes are unable to store mtrate taken

up from sou solutIOns, necessItat1ng the formation of amino aCIds m green leaves, causmg
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reduced allocation of carbohydrate to roots and mcreased susceptibility to drought and

pathogens.

More recent studies on response of red spruce to mtrogen lend no support to the

vanous hypotheses for mtrogen-mduced physiOlogical damage and declme descnbed above

Sheppard et al (1989) found the eVidence for pollutant-mduced susceptibihty to freezmg

injury in red spruce to be weak, based on laboratory studies With detached shoots DeHayes

et al. (1989) found that treatment of red spruce seedlmgs With ~N03 mcreased rather than

decreased cold tolerance Thus, the hypotheSiS that mtrogen causes drrect damage to red

spruce is not supported by laboratory studies Climate is thought to playa major role m the

severe red spruce declme m the northeastern Umted States, perhaps With some additional

exacerbation due to the direct effects of aCid filSt on fohage (Johnson et al ,1992) There is

some evidence to suggest that mdrrect effects of mtrogen saturatiOn, namely mtrate and

AI leachmg, may be contnbutlng factors to red spruce declme m the southern Appalachians,

and this hterature is reViewed below

10.5.6.2 Soil-Mediated Effects on Vegetation

Nitrogen mputs in excess of tree and heterotrophic mtrogen demand may cause

lffimobilizatiOn of some nutnents (espeCially P and S) and losses of other catiOn nutnents due

to increased mtrate leachmg, as discussed above In some cases, the benefits of enhanced

nitrogen status will greatly outweigh the detnmental effects of decreased availability of other

nutrients For mstance, the benefits of mtrogen fiXation durmg a red alder (Alnus rubra

Boug.) stage to subsequent Douglas-frr (Pseudotsuga menzzeSll [Mrrb] Franco) forests m the

Pacific Northwest are well documented despite the fact that exceSSive mtrogen fixatiOn durmg

the red alder stage causes conSiderable phosphorus lffimobIhzatiOn and SOll aCidlficatiOn

(Van Miegroet and Cole, 1984) In other cases, effects of exceSSiVe mtrogen depOSitiOn may

be clearly deletenous to plant nutntion For mstance, Roelofs et al (1987) report that K and

Mg defiCIencies m dechmng Dutch forests are caused by exceSSive fohar leachmg due to

high mputs of NH4+.

Ulrich (1983) hypotheSiZed that these mtrate-mduced A13+ pulses durmg warm dry

years caused root damage and were a major contnbutor to what has been termed "forest

injuryll observed m Germany durmg the fild 1980s This hypotheSiS IS dISputed by other

10-74



German forest sCIentists who pomt out that "forest mJury" occurred on base-nch as well as

base-poor SOllS (the base-nch SOllS are not subject to A13+ pulses) (e g , Rehfuess, 1987)

Mulder et al (1987) document N03- - AI3+ pulses m SOll solutIOns from forest SItes m the

Netherlands AIummum tOXICIty IS one of several mtrogen-related hypotheses posed to

explam forest dechne m that country (Other hypotheses are dIscussed m the followmg

sectIOn) Johnson et al (1992) found pulses of N03- and total AI m SOll solutIOns durmg late

autumn from red spruce forests m the Great Smoky Mountams of North Carohna The

pulses were attnbuted to a combmatIOn of mgh rates of mtrogen mmerahzatIOn and low

uptake m these over mature forests The SOllS at these SItes were very nch ill mtrogen,

(up to 10,000 kg mtrogenlha) and atmosphenc mtrogen depOSItIOn was also qmte mgh (26 kg

mtrogenlha/year), both of wmch contnbute to the mgh rates of N0:3- leachIng at these SItes

The peak total AI concentratIOns (70 jtM/L) aSSOCiated WIth these N03- pulses were below

the concentration for monomenc AI at wmch mJury to red spruce seedhngs occurs m

laboratory studIes (200 jtM/L, Joshn and Wolfe, 1988), and there was no VISIble eVIdence of

red spruce dechne at these SItes However, the posslbthty of AI mh1bltIon of Ca and Mg

uptake cannot be excluded Spot checks revealed that 80 to 90 % of total AI m these SOll

solutIOns was m monomenc form It IS noteworthy that Bonchettl et al (1989) found an

mverse correlation between AI and Ca concentratIOns m tree rmgs of red spruce m the

southern Appalacmans

Shortie and SmIth (1988) present a hypotheSIS fo]r the dechne of red spruce m wmch

AI mh1bltS Ca uptake, Ca defiCIency reduces cambIal growth (because the demand for Ca per

urnt of cambmm surface IS constant), reduced cambIal growth causes a reduction m

functIonmg sapwood, and reduced sapwood causes a reduction m leaf area However,

Johnson (1983) fmds no support for the AI hypotheSIS m the senously dechnmg trees of

Camel's Hump, VT He found that, although the deglee of dleback and dechne mcreases

WIth elevatIOn, both AI concentratIOn and AI Ca ratIOS m fme roots decrease WIth elevatIOn

He further pomts out that mgh elevatIOn SOllS where much of the dechne occurs are mstosols

(orgamc SOllS) where AI tOXICIty IS unhkely due to the mitIgatmg effects of orgamcs on SOll

SolutIon AI actiVIty

Thus, the SItuatIOn WIth respect to the AI hypotheSIS and red spruce dechne remams

very unclear There IS httle support for the AI hypothesIs m the northeast, where declme IS
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very severe Cook and Johnson (1989) concluded from extensIve tree nng and chmatic

analyses that red spruce has been out of eqUlhbnum wIth Its chmate for the last 150 years,

makIng it susceptIble to mJury from a vanety of causes, both naturally and anthropogemcally

induced. Given the soll solution AI levels found m southern AppalachIan red spruce forests,

the possIbility of some AI effect cannot be excluded, yet dechne m thIs regIOn IS much more

subtle (bemg eVIdenced pnmanly by somewhat controversIal tree nng analyses) and no

unexpected levels of mortahty have yet occurred Bmkley et al (1989) report that forests m

the South have responded most strongly to additIons of mtrogen and phosphorus, probably

because growth of most stands m thIs area have been mtrogen- and phosporus-hmited

10.5.6.3 Ecosystem-Level Responses to Nitrogen Deposition

Growth responses to mcreased mtrogen mputs may not always be regarded as deSIrable,

especially if they result m changes m specIes compOSItIon For mstance, Improved growth

and vitahty due to mcreased mtrogen depOSItIon may not be deemed desrrable m wllderness

areas DIfferent genera and specIes respond dIfferentIally to mcreased mtrogen avaIlability,

for instance, deciduous specIes (angIOsperms) generally have a greater demand for mtrogen

per umt biomass produced than do conIferous specIes (gymnosperms) (Cole and Rapp, 1981)

Tilman (1987) found marked changes m specIes composItIon as a result of expenmental

nitrogen additions to abandoned old fields m Mmnesota Thus, there IS a real pOSSIbility for

changes in ecosystem compOSItIon WIth mcreased mtrogen loadmg Changes from heathland

to grassland in Holland have been attrIbuted to hIgh rates of mtrogen depOSItIon (Roelofs

et al ,1987). Ellenberg (1987) pomts to further specIes changes m Central European

ecosystems as a hkely consequence of elevated mtrogen He states that "more than 50% of

the plant SpecIes m Central Europe can only compete on stands that are defiCIent m mtrogen

supply. "

There may be significant ecosystem-level effects of mtrogen Via host-pathogen

interactions. Increased mtrogen mputs can affect tree reSIstance to msect and dIsease eIther

positively or negatively. NItrogenous fertIlIzers are known to reduce the productIOn of

phenols m plant tIssues, thereby reducmg reSIstance to InfectIOn by pathogemc fungI (ShIgo,

1973). Hollis et al (1975) noted that additIOns of phosphorus and mtrogen to SItes defiCIent

in these elements mcreased the mCIdence of fusIform rust m slash pme On the other hand,
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mcreased mtrogen mput will mcrease resIstance to bark beetle and other msect attacks If It

Improves tree nutnent status (Weetman and Hill, 1973). In addItIon to changes m tree

phYSIOlogy, mcreased mtrogen mp~ts cause changes m stand structure that result m changes

m understory composItIon and mIcroclImate that could eIther mcrease or decrease the

lIkelIhood of msect or dIsease attack Brunstmg and Heil (1985), addressmg the recent

changes from heather (Calluna sp ) to grasses in the Netherlands, noted that mtrogen

fertthzatIOn (56 kg mtrogenlha) leads to mcreased growth of grasses only when Calluna

stands are opened up by beetle attacks By mcreasmg the mtrogen concentratIOn of heather

fohage, htgh mtrogen mput stImulates larval growth and mcreases body weIght of beetles

The effects of mcreased mtrogen addItIOns on host-pathogen mteractIOns remam largely

speculatIve Most research to date has been conducted m fertthzed forest plantatIons

InsufficIent research has been done on the responses of the eIther plantatIOns or natural

ecosystems to pathogen attack under condItIons of mcreased atmosphenc mtrogen deposItion

to make any defimtIve statements Nonetheless, these mteractIons are potentially very

Important, gIven the devastatIOn that pathogens can produce, and further attentIOn should be

gIven to the Issue of effects of mcreased mtrogen depoMtIon, both pOSItIve and negatIve, on

host-pathogen interactIons

10.5.7 Critical Loads for Atmospheric Nitrogen Deposition

Recently, there have been efforts to set cntIcalloads for mtrogen deposItIon for natural

ecosystems (Nilsson and Gremrfelt, 1988, Fox et al , 1989, Schulze et al , 1989) (also see

SectIOn 10 4 3) In that the values for these cnticalloads may take on consIderable pohtIcal

Importance, It IS appropnate to examme the assumptIOns that have been made m de:fmmg

them

The Workshop held at Skokloster, Sweden ill March 1988 (Nilsson and Gremrfelt,

1988) adopted the followmg de:ftmtIon for a cntIcalload "A quantItatIve estImate of an

exposure to one or more pollutants below whtch sIgmficant harmful effects on specIfied

senSItIve elements of the enVlfonment do not OCCUl accordIng to present knowledge" In tills

document (Nilsson and Gremrfelt, 1988) and the subsequent pubhcation syntheslZmg much of

It (Shulze et al , 1989), mtrogen cntIcalloads were aImed "to protect soils from long-term

chemICal changes WIth respect to base saturatIon" (Nilsson and Gremrfelt, 1988, Schulze
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et al., 1989) The cntIcalloads for mtrogen are estnnated from two equatIOns The first

equation IS posed as a one that must be satisfied m order to mamtam a constant exchangeable

base cation pool in the sod

BC leachmg :::;; BC weathenng + BC depOSltlOn - BC growth, (10-4)

where BC represents base cations EquatIOn 10-4 IS perhaps best understood by rearrangmg

BC leachmg + BC growth :::;; BC weathenng + BC depOSltlOn ~ (10-5)

EquatIOn 10-5 is snnply a statement of mass balance for the soIl catIOn exchange

complex and states that removal rates VIa leachmg (BC leachmg) and plant uptake (BC

glow/h) must be equalled or exceeded by mputs VIa depOSItion and weathenng (the release of

base cations from unavaIlable, mmeral forms to Iomc states avaIlable for plant uptake,

leachmg, or replemshing catIOn exchange SItes) m order to keep soIls from aCIdIfymg (keep

base saturation constant) ThIs IS followed by another equation descnbmg the roles of N03

and 801- m causmg soilleachmg

nltrate leachmg + sulfate leachmg < BC leachmg (10-6)

Ndsson and GrennfeIt (1988) state that Equation 10-6 assumes that all base catIOn

leaching IS caused by mtrate and sulfate, Ignonng the potentially substantial catIon leachmg

by naturally produced carbomc and organIc aCIds (e g , Johnson et al ,1977) However, the

use of the "less than or equal to" SIgn m EquatIOn 10-6 does, m fact, allow for leachmg by

naturally produced carbomc and organIc aCIds Base catIon leachmg will be less than mtrate

plus sulfate leaching If AI3 + and H+ are present to sIgmficant extent m SOlI solutIOns

Combmmg EquatIons 10-4 and 10-6, the authors obtam

acceptable nztrate leachmg :::;; BC weathenng + BC depOSltlOn

- BC growth - sulfate leachmg
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In obtammg EquatIon 10-7, the authors assumed (wIthout statmg so) that only the

"equal to" and not the "less than" sIgn m EquatIon 10-6 apphed, m short, they assumed that

all base catIon leachmg was due to mtrate and sulfate leachmg, and that no H+ and Al3+

leachmg occurred

To estImate mtrate leachmg, the authors use the mtrogen balance equatIOn

N mput < N growth + N Immoblllzatlon - N mmerallzatlOn

+ N demtnjicatlOn - N jixanon + N leachmg,

where N represents mtrogen Agam, this equatIOn IS best understood by rearrangmg

N leachmg > (N mput + N jixanon + N mmerallzanon)

- (N growth + N Immoblllzanon + N demtnjicanon)

(10-8)

(10-9)

EquatIOn 10-9 can be thought of as a mass balance equatIOn for the soil morgamc

mtrogen pool, wIth the first three terms bemg mputs to that pool and the second three terms

bemg outputs from that pool other than leachmg The mputs consIst of atmosphenc

deposItIOn (N mput), fixatIOn (Njixanon) , and release from soil orgamc matter durmg

decomposItIOn (N mmerallzanon) The nonleachmg outputs mc1ude plant uptake (N growth),

heterotrophic uptake (N Immoblllzanon) , and demtrificatIon (N demtnjicanon) The

remamder must be leachmg (N leachmg) It IS assumed m therr analysIs that mtrogen

demtnfIcatIOn and mtrogen fixatIOn are neghgible ill forest ecosystems and that mtrogen

ImmobIhzatIOn mmus mtrogen mmerahzatIOn, which IS the net annual mtrogen accumulatIOn

m the soil, equals only 1 to 3 kg mtrogen/ha/year The latter numbers are based on an

estImate of the net mtrogen accumulatIOn m soils of S",eden smce the last glaCiatIOn

(obtamed by divIdmg nommal soil mtrogen content values by the number of years smce

glaCiatIOn) Soil mtrogen accumulatIOn rates can be much higher Jenkmson (1970)

documents net annual soil mtrogen accumulatIOns of over 50 kg/ha/year over an 81-year

penod (from 1883 to 1964) after a former agncultural Mte (Broadbalk) was allowed to revert

to forest at the Rothamsted Expenment StatIon m England ThIs high rate of soil

mtrogen accumulatIon was greater than thought possIble from atmosphenc depOSItion alone
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and may have been m part due to the actIOn of free-hvmg mtrogen-fIxers m the soil LImmg

may have played some role m stImulatmg these hIgh accumulatIOn rates, a nearby SIte

(Geescroft) that had not been hmed showed mtrogen accumulations of only 23 kg/ha/year

over the same penod (Jenkmson, 1970)

Given these equations and estImates of the vanous parameters withm them, the authors

calculate cntIcal loads for VarIOUS forest ecosystems These values range from a low of

3 to 5 kg mtrogenlha/year for raIsed bogs to a hIgh of 5 to 20 kg mtrogen/ha/year for

deciduous forests A cntIcal concentratIOn for mtrate m groundwater (10 mg mtrogen/L) IS

then calculated based on an assumptIOn of preCIpItation surplus (preCIpItatIOn mmus

evapotranspiration) of 100 to 400 mm/year, gIvmg values of 10 to 40 kg mtrogen/ha/year

In contrast to the rather quantitative approach taken at the Skokloster Workshop, a far

more subjective approach IS taken m determmmg cntIcal mtrogen loads for wilderness areas

m the U S Forest Service-sponsored workshop held at Cary Arboretum m Millbrook, NY,

m May 1988. In thIs case, rather than attemptmg to come up WIth specIfIc cntIcalloads, the

workshop partiCipants were asked to estabhsh "green" and "red" hnes, the former bemg

values below whIch deletenous effects are very unlIkely to occur, and the latter bemg values

above whIch deletenous effects will very hkely occur The "ratIOnale used m selectmg

mtrogen values" for terrestnal ecosystem cntIcalloads conSIsts of a bnef overvIew of the

mtrogen cycle and some educated guesswork, m VIew of the fact that "data on mtrogen

cychng m wilderness areas IS qUIte scarce at best, and m many areas completely lackmg "

Despite the lack of mtrogen cychng data, the authors proVIde guesses at green- and red-hne

values for specIfIc wilderness areas rangmg from 3 to 10 kg mtrogen/ha/year for green

values and 10 to 15 kg/ha/year for red values These values were quantitatively SImilar to

those obtained m the Skokloster workshop, and actually show very lIttle spread between

green and red hnes

10.5.8 An Evaluation of Critical Loads Calculations for Nitrogen
Deposition

There are a number of pomts that need to be emphaSIZed before the Skokloster cntIcal

load values are used for assessment or pohcy-makmg FIrst, the assumption that soils can

accumulate only 1 to 3 kg mtrogenlha/year IS certamly not vahd over the short term m most
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forest ecosystems, as shown amply by a number of forest fertilIzation studIes descnbed m

Section 105 3 Havmg stated that, however, It should also be noted that both heterotroph

and ecosystem-level recovery of atmosphencally deposIted mtrogen seems to be lower than

that of fertIlIzer mtrogen, as also noted m SectIon 10 5 3 The authors of the cntical load

document (Nlisson and Grennfelt, 1988) recognIZe that mtrogen retentIon m the soli can be

qUIte hIgh on a temporary baSIS, but they assume that only net mcrement m trees IS

sIgnIficant over the longer term (1 e , harvest rotatIon lengths of 50 to 100 years)

Nonetheless, even "temporary" retention of atmosphencally depOSIted mtrogen could be

sIgmficant If mtrogen-deficient systems can retaIn as much as 600 kg mtrogenlha m the soli

by heterotrophs (see Table 10-13), an atmosphenc mtrogen mput of 25 kg/ha/year could be

retaIned for 24 years Recall that JenkInson (1970) found an average annual mtrogen

accumulatIOn of about 25 kg/ha/year m solis at the Rothamsted Expenment Station m

England over an 74-year penod (1888-1962) ThIs accumulatIOn, whIch was calculated by

dIfferences m measured soli mtrogen content over time, IS of specIal mterest m that It

actually exceeded estImated atmosphenc mtrogen deposltIon over that penod It seems clear

that estImates of atmosphenc mtrogen mputs to these SItes are low, due eIther to

underestImates of dry depOSItion or mtrogen :fIXatIOn

A cntIcal unknown m soli heterotrophIc mtrogen retention IS the change (If any) m the

relatIve competitIveness of trees, heterotrophs, and mtnfiers, as noted earher There IS some

eVIdence to suggest that mtnfiers become more competItive WIth slow, steady mputs (Johnson

and Todd, 1988) Also, It IS clear that tree mtrogen from the lITIgation and fertIlIzer

expenments noted above (Aronsson and Elowson, 1980, Ingestad, 1981, Landsberg, 1986)

can mcrease substantially WIth mcreasmg mtrogen depOSItion rate, bnngmg mto question

calculations of mtrogen sequestenng by trees from areas that are not mtrogen saturated

Also mherent m at least the final calculatIOns IS the assumptIOn that no natural leachmg

processes are currently contnbutmg to soli aCIdIficatIOn That IS, all base cation leachIng IS

attnbuted to sulfate and mtrate ThIs assumptIOn IS clearly false, carbomc and orgamc aCIds

are present m all soli systems and contnbute to leachIng and aCIdIfymg processes to varymg

degrees (Johnson et al , 1977, RIchter et al , 1983, Ulnch, 1980) The net result of thIs

assumptIOn, lfomcally enough, IS to underestImate soli ,lcidIficatIOn (1 e , the aCIdIfication by
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carbonic and organic aCIds do not enter mto the calculatIOns) and, therefore, set cntIcalloads

(as dermed m these calculatIons) too low

The weakest link m thIs cham of calculatIOns IS, as always, base catIon weathenng

Although the chemIcal transfonnatIOns of many weathenng reactions are well known

(Lindsay, 1979), quantIficatIon of weathenng rates under field condItions has remamed

elUSIve The weathenng numbers used m calculatmg these cntIcalloads are crude mass

balance estlIDates based on amounts of mmerals and cation nutnents left m soils 8,000 to

12,000 years after the last glaCIatIon (when fresh mmerals were :fIrst exposed) These

calculations do not account for changes m weathenng rates wIth tIme (rates were hkely much

faster initially WIth fresh mmerals than later dunng the course of weathenng), nor do they

account for the pOSSIbility of mcreased weathenng rates WIth mcreased aCIdIficatIOn pressure

or WIth vegetation rooting (e g , Boyle and VOIgt, 1973)

The entire cntIcalloads concept that fonned the baSIS of the Skokloster document IS

based on preventIng soil aCIdIficatIOn Imphclt m thIs goal IS the assumptIOn that SOlIs reach

and remain m some kmd of steady-state, nonacId condItIOn m nature, an assumptIOn that IS

probably fallacious gIven the presence of extremely aCId soils m pnstme, unmanaged forests

(e.g., Johnson et al ,1977) Furthennore, It IS not at all clear that soil aCIdIficatIOn IS

always hannful As shown in the red alder/Douglas :fIT succeSSIOn example above, the

benefits of mtrogen depOSItIon may well outweIgh the detnments of soil aCIdIfication

It should be kept in mmd that forests of the northern hemIsphere have hIstoncally been

nitrogen deficient, and that growth mcreases brought about by fertIhzatIon (often at levels far

in excess of cnticalloads) have been regarded as benefiCIal, at least m commerCIal forest

lands. Value Judgments ineVItably come mto play m settIng cntIcalloads for pollutant

deposillon of nutnents, especIally m the case of mtrogen

The green and red hnes for mtrogen depOSItIon estabhshed for wilderness areas m the

Cary Arboretum workshop (Fox et al , 1989) were almost totally subjective guesses and are,

therefore, open to many cnticisms and arguments GIven the fact that wilderness areas,

especially those in the western Umted States, are very hkely mtrogen-hmlted, even the green

lines are not a guarantee of havmg no effect, as IS acknowledged by the authors They state,

however, that "in our judgement, the Green Lme levels are suffiCIently low that perceptible

deleterious effects upon plant health, changes m specIes compOSItIon, or degradatIOn of water

10-82



quahty are unlIkely" In VIew of the very low mtrogen deposItIon rates m some parts of the

western Umted States, (1 to 2 kg/halyear, Table 10-13), It seems lIkely that mcreases of up

to 10 kg/ha/year will result m some mcreases m plant growth and plant health, and, qUIte

possIbly, changes m specIes composItIon The judgment that deletenous effects on plant

health and water quahty are unlIkely to occur at these levels seems to be a reasonable one for

the short term (1 e , until bIOlogICal mtrogen demand IS satIsfied m these slow-growmg

ecosystems), but remam open to senous questIOn over the long term

10.5.9 Conclusions

There IS httle doubt that, because of ItS role m plant growth, mtrogen deposItIon has

had an effect on many, If not most terrestnal ecosystems Because most forest ecosystems m

North Amenca are mtrogen deficIent, one of the most notIceable lilltIal changes m response

to mcreased mtrogen deposItIOn IS lIkely to be a growth mcrease (Gessel et al , 1973, Aber

et al ,1989) Whether such a growth mcrease IS deemed desll-able or undesrrable m a

partIcular ecosystem IS entrrely a matter of management objectIves (tImber productIOn or

speCIes preservatIOn), and, ultImately, a value judgment by socIety

All current mformatIOn mdicates that "mtrogen-safurated" forests are relatIvely rare and

hmited m extent (e g , Cole and Rapp, 1981), especIally m managed forests Forest

management practIces, espeCially wIth respect to harvestmg and fire, will have a major effect

on the degree to whIch forests become mtrogen saturated The cntIcalload values gIven m

the Skolster document (Nilsson and Grennfelt, 1988) an~ unlIkely to produce mtrogen

saturatIon m lughly productIve, mtensively managed fOlests of the tImberbelts m the

southeastern and northwestern Umted States that are frequently harvested and/or subjected to

control bummg Indeed, there IS consIderable concern that mtensIVe management practIces

m these forests are causmg mtrogen depletIOn (Boyle and Ek, 1972, Knnmms, 1977, SmIth

et al , 1986)

Because of the great vanatIon m both natural forest nitrogen uptake rates and

management mtensIty, It IS not reasonable to aSSIgn one cntIcalload for all forest

ecosystems IntensIVely managed, short-rotatIOn forests: mIght benefiCIally utilize up to

100 kg mtrogen/ha/year, whereas a value as low as 10 kg mtrogen/ha/year may produce

undeSIred growth mcreases m very slow-growmg VIrgIn forests m wilderness areas
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In summary, It IS clear that both the assumptIOns and the mechanIcs for calculatIons of

critical loads are senously faulted SpecIfically, the assumptIon that soil aCIdIficatIOn should

be the primary conSideratIon for settmg cntIcalloads IS not supported by a substantIal body

of literature indicating that mtrogen status Itself IS most often the determmant of forest

ecosystem prodUCtIVIty Also, the assumptIon that a smgle or even a senes of cntIcalloads

can be set for forest ecosystems of WIdely varymg ages and site conditIons IS certamly not

valid. Fmally, calculatIons of cntIcalloads fail to account for natural processes of soil

acidification, and imphCItly assume that (1) mtrogen fIxatIon IS neghglble and (2) soils are

naturally m a steady-state condItIOn

10.6 TERRESTRIAL ECOSYSTEM EFFECTS-VEGETATION

Ecosystems respond to environmental stresses through theIr constItuent organIsms (see

Section 10.2) Plant populatIOns, when exposed to any envIronmental stress, can exhIbIt four

different reactions (1) no response-the mdIvlduals are resistant to the stress, (2) severe

response-mortalIty of all mdivlduals and local extInctIon of the extremely sensItIve

population, (3) phySIOlOgical accommodatIon-the growth and reproductive success of

individuals are unaffected because the stress IS phySIOlogICally accommodated, and

(4) dIfferential response-members of the populatIon respond dIfferentially, WIth some

individuals exhIbiting better growth and reproductIve success due to genetIcally determmed

traits (Taylor and PIteIka, 1992, Garner, 1992) DIfferentIal response results m the

progressive ehmmation over several generatIons of sensItIve mdIvlduals and a shIft m the

genetic structure of the populatIOn toward greater reSIstance (mlcroevolutIon) PhySIOlogical

accommodation and ffilcroevolutIon, with only the latter affectIng bIOdIversity, are the most

likely responses for exposure to chromc stress (1 e , stresses that are of mtermedlate-to-Iow

mtensity and of prolonged duratIon) (Taylor and Pltelka, 1992) The pnmary effect of alI

pollution on the more susceptIble members of the plant commumty IS that they can no longer

compete effectIvely for essentIal nutnents, water, hght, and space, and are ehmmated The

extent of change that may occur ill a commumty depends on the conditIon and type of

community, as well as the pollutant exposure (Garner, 1992)
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Plant responses are fohar or soil mediated. Subsequent to the dry and wet depositlon of

mtrogen forms from the atmosphere (SectiOn 10 4), mtrogen-contaimng compounds can

Impact the terrestnal ecosystems when they enter plant leaves and alter metabohc processes

(Chapter 9) or by modlfymg the mtrogen cycle and associated soil chemIcal propertIes

(SectiOn 10 5) Changes m biOchemIstry that result m reduced vIgor and growth and

decrease the plant's ability to compete for hght, water, space, and nutnents can be

mamfested as changes m plant populatiOns, commumtws, and ultImately, ecosystems

(Chapter 9, SectiOn 10 2) Interpretatlon of the effects of wet and dry depOSIted mtrogen

compounds at the ecosystem level IS dlfficult because of the mterconverSiOn of mtrogen

compounds and the complex mteractlons that eXist between biOlogICal, phySIcochemIcal, and

chmatlc factors (SectiOns 10 2 and 105, US Envrromnental ProtectiOn Agency, 1982)

Nevertheless, reactIve mtrogen compounds have been hypothesIZed to Impact ecosystems

through modIficatiOns of mmvldual plant phySiOlogICal processes upon entenng plants

through the fohage, or through alteratiOns m the mtroglen status of the ecosystem

10.6.1 Foliage-Mediated Vegetation Effects

Reactlve mtrogen compounds can have an Impact on terrestnal ecosystems through

ambIent arr exposures by entenng plants, usually through the leaves, and dlsturbmg "normal"

phYSiOlogICal processes However, m the Umted States, concentratiOns seldom reach

phytotoXiC levels (Chapters 7 and 9) Because mformaltIon on the drrect effects of NO and

N02 alone and m combmatIon WIth other pollutants have been descnbed m detail m

SectiOns 9 3 through 9 6, they will not be dISCUSSed here

Very httle mformatiOn IS available on the direct effects of HN03 vapor on vegetatlon,

and essentIally no mformatiOn IS available on ItS effects on ecosystems Norby et al (1989)

reported that HN03 vapor (0 075 ppmv) mduced mtrate reducmse actIVIty (NRA) m red

spruce fohage Because the mductiOn of NRA IS a step m the process leadmg to the

formatiOn of orgamc mtrogen compounds (ammo aCIds), the mtrate from HN03 could

functIon as an alternatIve source of mtrogen for plant growth However, m plants under

stress, the reductiOn of mtrate to ammo aCIds consumes energy needed for alternatIve

metabohc processes, a potentIally shght negatIve Impact
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The effects of NH3 , a reduced mtrogen gas, have been summanzed by Van der Berden

(1982). However, NH3 concentratIons seldom reach phytotoXIC levels ill the Umted States,

consequently it will not be extenSIvely dIscussed here (U S Envlfonmental ProtectIon

Agency, 1982) In contrast, mgh NH3 concentratIOns ill Europe have been observed

(Van DIjk and Roelofs, 1988) Van der Berden (1982) summanzed available mformatIon on

the response of crop and tree specIes to NH3 fumIgatIon and concluded that the followmg

concentratIons produced no adverse effects 0 107 ppmv (75 p.,g/m3
) yearly average,

0.858 ppmv (600 p.,g/m3
) daily average, and 143 ppmv (10,000 p.,g/m3

) houdy average

Submicron, ammomum sulfate aerosols have been shown to affect fohage of Phaseolus

vulgarzs L (Gmur et al ,1983) At a concentratIOn of 26 mg/m3 (37 ppmv), 3 weeks of

exposures produced leaf ChlOroSIS, necroSIS, and loss of turgor Gmur et al (1983) reported

that these fohar symptoms were not correlated WIth changes m shoot or root dry mass, and

suggested that no relationsmp to plant growth was expected However, the 3-week

expenment was not long enough for sIgmficant changes ill dry matter to be observed The

level of NH3 producmg the leaf effects (37 ppmv) exceeds normal ambIent levels for the

United States, but It is representatIve of reported mgh concentratIon epIsodes ill Europe

(Gmur et al ,1983) Cowlmg and Lockyer (1981) reported benefiCIal effects of NH3 on the

growth of Lolium perenne L due to sorptIOn of NH3 mtrogen through leaves Van Hove

et al. (1989b) studIed the effects of 50 and 100 p.,g/m3 NH3 on Populus euramerzcana L

over a 6- to 8-week penod and found illcreases ill photosynthesIs at 100 p.,g/m3
, but no

changes in stomatal charactenstIcs up to that level of NH3

10.6.2 Soil-Mediated Vegetation Effects

Effects of dry mtrogen depOSItIon to terrestnal ecosystems result from the addItIon of

mtrogen to ecosystem soils at a rate above that expenenced dunng normal succeSSIOnal

processes. (The effects of mtrogen depOSItIon on sOlls has been dIscussed ill SectIOn 10 5 )

Growth responses to added mtrogen would be antICIpated ill many cases because many

natural systems are mtrogen hnnted (Krause, 1988, NatIOnal Research Councll, 1979, see

also Sections 105 and 107) However, IT atmosphenc addItIons of mtrogen exceed the

"buffenng" capacity of an ecosystem, alteratIOns m sOll chemIstry are expected to take place

(Section 10.5) Inputs of mtrogen to natural ecosystems alleviate defiCIenCIes and allow

10-86



mcreased growth of some plants, but m domg so, also can 1ll1pact mterplant competItIve

relatIOnshIps and alter specIes composItIon and dIversIty m sensItive ecosystems

(U S Envlfonmental ProtectIon Agency, 1982, Ellenberg, 1987, Kenk and FIscher, 1988)

Schulze (1989) also has proposed that exceSSlVe addItIOns of mtrogen lead to nutnent

deficIencIes of other elements (Ca, Mg) Symptoms of Mg deficIency and drought are

frequently associated wIth large amounts of sou mtrate Aber et al (1989) stated that when

mtrogen becomes readuy avauable, some other resources (e g , P for plants or C for

mlcroorgamsms) become 1llll1tmg

In addItion to the potentIal for mcreasmg plant prodUCtiVIty through fertilization, the

depoSItion of mtrogen from the atmosphere to ecosystems has been hypothesIZed to alter

normal nutnent cycles and physIOlogICal processes, resultmg ill mcreased susceptibility of

forests to other envlfonmental stresses (SectIOns 10 5 and 10 6, Lmdberg et al , 1987,

Nililgard, 1985, McLaughlm, 1985, Schulze, 1989) PhYSIOloglcal1ll1balances resultmg from

exceSSIve mtrogen addItIons are also hypothesIZed to dlsrupt the wmter hardenmg process

(Nililgard, 1985, Fnedland et al , 1984, Warmg, 1987), produce nutnent trnbalances

(Nililgard, 1985, Warmg, 1987, Schulze, 1989), and alter carbon allocatIOn patterns Wlthm

plants (Nililgard, 1985, McLaughlm, 1985) Changes m mtrogen supply can have an 1ll1pact

on an ecosystem's nutnent balance and, as dlscussed m the preVIOUS section, alter many plant

and sou processes mvolved m mtrogen cyclmg (Aber et al ,1989) Among the processes

affected are (1) plant uptake and allocatIOn, (2) htter production, (3) 1ll1mobilizatIOn (illcludes

ammomficatIOn [the release of ammomum] and mtnficcltIOn [the converSIOn of ammomum to

mtrate dunng the decay of htter and sou orgamc matter]), (4) N03- leachmg, and (5) trace

gas emISSIOns (Aber et al , 1989 [FIgure 10-17]) Aber et al (1989) have developed an

mtegrated set of hypotheses that portray the progressIon of changes ill major plant and sou

processes m northern forest ecosystems ill response to chromc mtrogen depOSItion and

conclude that these ecosystems have a 1lllllted capacity to accumulate mtrogen NItrogen

flXatIon IS usually mhIblted at hIgh levels of avauable mtrogen (Wanng and Schlesmger,

1985)

An illcrease ill the mtrogen htter content and ill htter decomposltIon rates and an

alteratIon ill mtrogen cyclmg have been observed m the more hIghly polluted areas when

compared WIth moderate- and low-polluted areas of the San Bernardmo Mountams of
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Figure 10-17. Nitrogen cycle (dotted lines indicate processes altered by chronic nitrogen
deposition)•

Source Garner (1992)

Southern CalIfornia (penn and Dunn, 1989) A pollutant concentratIOn gradient eXists with

24-h 03 concentratIOns at the hlgh Sites ill the west averagmg 0 1 ppm or hlgher, moderate

Sites rangmg from 0 06 to 0 08 ppm, and low Sites m the east averagmg 0 05 ppm or less

(penn, 1991) Nitrogen and sulfur compounds also occur m the pollutant mIXture to whlch

the mountams downwmd of the Los Angeles Basm are exposed (See 10 2, Bytnerowlcz

et al., 1987a,b, Solomon et al ,1992) A mtrogen deposillon gradient from west to east

parallels the decreasmg 03 gradient DepOSItion of mtrogen exceeds that of sulfur (Fenn and

Bytnerowicz, 1992) Annual average HN03 concentratIOns m 1986 ranged from 1 2 ppb

near the Southern CalIforma coast to 2 7 ppb m the San Gabnel Mountams (Solomon et al ,

1992).
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The effects of 0 3 exposure and mJury to ponderosa (Pmus ponderosa Laws) and

Jeffrey pine (P Jeffreyl Grev & Balf) on a mIXed conIfer forest m the San Bernardmo

Mountams, east of Los Angeles, have been studIed for many years (Miller, 1973, Miller,

1984, U S EnVIronmental ProtectIon Agency, 1986) The htter layers under trees severely

mJured by 03 IS deeper than that under trees less severely mJured (Fenn and Dunn, 1989)

A companson study of htter decomposItIOn rates of L-layer htter mdicates that htter from the

more polluted areas m the west decomposed at a sIgm:ficantly (p = 001) faster rate than

htter from moderate to low pollutIon levels (Fenn and Dunn, 1989, Fenn, 1991) NItrogen

content of htter was greatest at the hIgh pollutIon SItes and was pOSItIvely correlated WIth the

htter decomposItIOn rate The hIgher mtrogen and lower Ca content of the htter suggests

that htter m the western plots ongmated from younger needles than at the less polluted SItes,

posSIbly due to 0Tmduced needle abscIsSIOn Fungal dIversIty was also greater m the htter

from the western San Bernardmo Mountams (Fenn and Dunn, 1989)

When the factors associated WIth enhanced htter decomposItIon were mvestIgated, It

was found that mtrogen concentratIOns of soil, fohage, and htter of ponderosa and Jeffrey

pme were greater m the plots where pollutIOn concentratIons were hIgh than m moderate- or

low-pollutIOn SItes ThIs was also true for sugar pme (Pmus lamberuana Dougl ) and for

mcense cedar (Calocedrus decurrens [Torr] Flonn ), two 03-tolerant specIes The rate of

htter decomposItion for all three pme specIes was greater at the hIgh-pollution SItes

Therefore, the mcreased rate of htter decomposItion m the hIgh-pollutIOn plots does not

appear to be related to 03 sensItiVIty or premature needle abscIsSIon, but rather due to hIgher

levels of mtrogen m the soils (Fenn, 1991)

NItrogen IS the mmeral nutnent that most frequently hnnts growth m both agncultural

and natural systems (Chapm et al ,1987) The uptake of mtrogen and ItS allocatIOn IS of

ovemdmg Importance m plant metabohsm and governs, to a large extent, the utIhzatIOn of

phosphorus, potaSSIUm, and other nutnents, and plant growth As mdIcated earher

(SectIOn 10 1), plants usually obtam mtrogen by absOlbmg ammomum (or ammoma) or

mtrate (or mtnte) through theIr roots or through fIXatIOn by symbIOtIc orgamsms NItrogen

availability Via the mtrogen cycle typICally controls net pnmary prodUCtiVIty Normally, the

acqUISItIon of mtrogen IS a major carbon expense for plants Plants expend a predommant

fraction of the total energy available to them m the form of carbohydrates m the acqUISItIOn
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of nitrogen through the processes of (1) absorptIOn, bnngmg mtrogen mto the plant from the

enVIrOnment, (2) translocatIOn, movmg morgamc mtrogen Wlthm the plant, and

(3) assImilatiOn, converSIOn of morgamc to orgamc mtrogen (Chapm et al , 1987)

AbsorptIon of mtrogen from the soil requITes constant and extenSIve root growth to meet the

needs of a rapIdly growmg plant because the soil pools of mmeral mtrogen, ammomum, or

nitrate in the ImmedIate VIClllity of the roots are usually so small that they are qUIckly

depleted (SectIon 105) A crude estImate suggests that the fractIOn of carbon budget spent

on absorption, translocatIon, and aSSImilatIon ranges from 25 to 45 % for ammomum, 20 to

50% for nitrate, 40 to 45 % mtrogen fixatIOn, and 25 to 50% for formatIOn of mycorrlnzae

(Chapm et al., 1987)

NItrogen uptake mfluences photosynthesIs because m the leaves of plants WIth

C3 photosynthesIs (the pathway used by most of the world's plants), approXImately 75 % of

the total mtrogen is contamed m the choloroplasts and IS used dunng photosynthesIS The

nitrogen-photosynthesIs relatIonshIp IS, therefore, cntIcal to the growth of trees (Chapm

et al ,1987). As a rule, plants allocate resources most effiCIently when growth IS equally

limited by all resources When a specIfic resource such as mtrogen lImIts growth, plants

adjust by allocatmg carbohydrates to the organs that acqurre the most strongly lImltmg

resources (FIgure 10-18)

Among boreal and subalpme comfers, mtrogen added to the soil may not mcrease

growth Depending on the plant specIes, mtrogen use effiCIency above a cntIcallevel

decreases. All plants do not necessanly benefit from the added mtrogen m the leaves More

nitrogen in the soil IS not mmored drrectly by mcreased mtrogen uptake except at low levels

(Section 105) ThIs IS partIcularly true of comfers that are adapted to low-resource

envrronments and tend to have low potentIal growth rates The photosynthetIc capaCIty of

conifer foliage is low and not greatly enhanced by mcreased mtrogen content (Wanng, 1985,

Chapin, 1991) HIgh leaf mtrogen content IS not always an advantage when other resources,

among whIch are hght and water, are lImIted

Nitrate reductase IS the enzyme that catalyses the reductIOn of mtrate to mtnte

Its levels of actIVIty are determmed by the supply of mtrate (SectIOn 9 3 2) The mtrate

reductase enzyme actIVIty m roots and shoots determmes the pattern of mtrate aSSImilatIOn

Increases in root mtrate supply are associated WIth large mcreases m the shoot NItrogen
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Figure 10-18. Impact of a reduced supply of carbon to the shoot, or water and nitrogen

to the roots, on subsequent allocation of carbon.

Source WIDner and AtkInson (1986)

source and envIronmental condluons such as hght, temperature, pH, CO2 and molecular

oxygen (02) tenSIOns, and water potenual, factors that regulate mtrate reductase actIVIty,

exert a regulatory effect on the supply of reduced mtrogen to the plant (Haynes, 1986)

Studies millcate that the smgle most lillportant mtrogenous component hmitmg

photosynthetic capaCity is nbulose-I,5-biphosphate carboxylase-oxygenase (RUBISCO), the

pnmary COT :f1xmg enzyme m C3 and the ultimate COT :f1xmg enzyme m plants With C4 and

CAM photosynthetic pathways (Chapm et al ,1987) In mdividualleaves, mtrogen

availability durmg growth controls the RUBISCO level The lillportance of photosynthesis

hmitatIOn by RUBISCO vanes With hght and CO2 avaJ.1ability and With the partitIOnmg of

mtrogen among potentially llillitlng factors Sun plants mvest more mtrogen m RUBISCO

than shade plants, m low hght, mcreased RUBISCO is not bene:f1cial When photosynthesis

is measured at hght saturatIOn, leaf mtrogen IS closely correlated With photosynthetic

capaCity But when hght is low, photosynthesis mcreases very httle, IT at all, With mcreasmg

leaf mtrogen (Chapm et al ,1987) In dense coniler forests, lack of sunhght makes the

metabohc converSIOns of mtrate mef:f1cient because photosyntheSIS (i e , the productIOn of
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large amounts of carbohydrates) and other hght-dnven reactIOns become lnmtmg (Zeevaart,

1976). Altered carbohydrate allocation results

Patterns of carbohydrate allocatIOn dIrectly mfluence growth rate Excess mtrate alters

carbohydrate allocation between shoots and roots (FIgure 10-18) It slnfts carbohydrate

allocatIon to the shoots, mcreases production of fohage, and provIdes mtrogen ill a form

difficult for the plant to metabolIze (Warmg, 1987) The capaCIty of gymnosperms m

general, and subalpme and boreal specIes m partIcular, to synthesIZe the enzymes reqUIred to

reduce the increased mtrate m fohage or roots appears to be hmIted Reduced allocatIOn of

carbohydrates to the roots, on the other hand, IS assocIated WIth the accumulation of ammo

acids m fohage (Warmg, 1987) Comfers are plants charactenstIc of resource-poor

environments and tend to have low potential growth rates When mtrogen IS no longer

limiting, defiCIenCIes of other nutnents may occur (Aber et al , 1989, Kenk and FIscher,

1988). CompetItion under the above CIrcumstances favors decIduous tree speCIes, and other

plants charactenstIc of resource-nch envIronments, rather than comfers (Warmg, 1987)

Altered shoot root ratios resultIng from dIfferent patterns of carbon allocatIOn can lead

to increased susceptIbility to drought because shoots grow at the expense of roots under Ingh

mtrogen avaIlability (Freer-SmIth, 1988, Norby et al , 1989, McLaughhn, 1985, Warmg,

1987). Changes in carbon mtrogen ratios of tissues resuItmg from an exceSSIve supply of

nitrogen can also result ill altered host-pathogen, mycorrhIZal, and pest-plant mteractIOns

(Chapin et al , 1987, Grennfelt and Hultberg, 1986, NIhlgard, 1985)

Although much has been hypotheSIZed about the Impact of exceSSIve mputs of mtrogen

into forest ecosystems, drrect expenmental Information to prove or dIsprove these hypotheses

IS not widely avaIlable Margohs and Warmg (1986) showed that fertIlIzatIOn of Douglas fIr

with nitrogen could lengthen the growmg season to the pomt where frost damage became a

problem However, Klem and PerkIns (1987) presented other eVIdence that showed no

additional wmter mJury of high elevation comfer forests when fertIlIzed WIth 40 kg total

mtrogenlhalyear On the other hand, De Temmerman et al (1988) proVIded data showmg

increased fungal outbreaks and frost damage on several pmes speCIes exposed to very Ingh

NH3 depOSItion rates (> 350 kg/halyear) Numbers of specIes and frmtmg bodIes of fungI

have also increased concomitantly WIth mtrogen depOSItIon m Dutch forests (Van Breemen

and Van Di]k, 1988) An illcrease m total ammo aCId concentratIons ill needles known to
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take place m :response to dry deposItIOn of NOx (SectIOn 10 4) has also been suggested to

favor outbreaks of msect pests (Warmg and PItman, 1985, White, 1984) Schulze (1989)

presents a clear progressIOn of eVIdence that md1cates that canopy uptake of mtrogen together

wIth root uptake has caused a mtrogen Imbalance m Norway spruce leadmg to ItS declme

Van DI]k et al (1990) conducted a greenhouse study to detennme the impact of ammomum

m ramwater on three comferous trees (Douglas :fIr, CorsIcan pme, and Scots pme) and found

no SIgn of detenoratIOn m seedlmgs receIvmg mtrogen at the :rate of 48 kg/ha/year At the

very high rates of apphcatIOn of 480 kg mtrogenlha/year, mcreases m shoot root ratIo and

reductIOns m fme root and mycorrlnzal bIOmass were observed However, this level of

mtrogen addItIon (1 e , SImulated depOSItIOn) IS approXimately one order of magmtude greater

than most rates of depOSItIon ill North Amenca or Europe Kenk and FIscher (1988)

summanzed fertIhzatIOn expenments on German forests and found httle eVIdence for growth

hmItmg effects, but smce 1960, some mdicatIOn of mcreased growth that could be the result

of atmosphenc mtrogen depOSItIon was mdicated for Norway spruce. Further, they pomt out

that atmosphenc depOSItIon has ehmmated or WmImshed the former WIdespread mtrogen

defiCIencIes Miller and Miller (1988) concluded that fertIlIZer tnals are not appropnate for

extrapolatIon as mdicators of forest response to mtrogen depOSItIon (1 e , the tlmmg of

apphcatIOns IS typICally qUIte dIfferent), but nevertheless they also suggested that results of

such tnals ought to be reconcIlable WIth the "natural" phenomenon

In addItIon to these mdrrect soIl-mediated effects on mdividual plants, Ellenberg (1987)

has suggested that current balances of mterspecIfIc competItIon m some senSItIve ecosystems

can be altered by addItIonal sources of mtrogen and result in the displacement of eXistIng

speCIes by plants that can utIhze the excess mtrogen more effiCIently (see SectIOn 10 5 4)

Because the competItIve eqUlhbnum of plants many commumty IS fmely balanced, the

alteratIOn of anyone of a number of parameters (e g , mcreases m mtrogen) can alter

ecosystem structure and functIOn (Skeffmgton and WIlson, 1988) For example, Roelofs

et al (1987) proposed that NH3/ammomum depOSItIon leads to heathland changes Via two

modes (1) aCIdIfIcatIOn of the soIl and aSSOCiated loss of catIOns such as K+, Ca2 +, and

Ml+, and (2) mtrogen ennchment, which results m ".abnormal" plant growth rates and

altered competItIve relatIOnships

10-93



ExcessIve nitrogen mputs to terrestnal ecosystems can cause drfferentIal competItIve

advantage among plants WIthin a heathland (Hell and Bruggmk, 1987, Hell et al , 1988)

(see also Section 10744) The authors estabhshed that the changmg nature of unmanaged

heathlands m the Netherlands, where Calluna vulgans (L ) Hall IS bemg replaced by grass

specIes, is a result of the eutrophIc effect of aCIdlc ramfall and large mtrogen mputs ansmg

from intensive farmmg practIces m the regIOn Both Calluna vulgans (L ) Hall and Molzma

caelUlea (L) Moench are stress-tolerant specIes (Gnme, 1979), but they have dIfferent

growth patterns Calluna IS an evergreen, but ItS long growmg season can normally

compensate for Its slow growth rate, so that It competes successfully WIth the faster growmg

Moll1lza under normal nutnent-hmItlng condItIOns A large mcrease m the mtrogen supply,

however, mlproves the competItIve advantage of Molmza, mcreasmg Its growth rate so that It

becomes the dommant specIes m the heathland

In support of hypotheses that mtrogen deposItIon IS altermg mterspecIfic competItIOn,

Roelofs et al (1987) have observed that mtrophl1ous grasses (Molmza and Deschampsla) are

dIsplacing slower growmg plants (Enca and Calluna) on heathlands m the Netherlands, and

the authors suggest that a clear correlatIOn eXIsts between thIs change and mtrogen loadmg

StatistIcal data for the correlatIOn was not provIded These changes m the Netherlands have

taken place under mtrogen loadmgs of between 20 and 60 kg mtrogen/ha/year LI1]elund and

Torstensson (1988) have shown clear SIgns of vegetatIOn changes m response to mtrogen

depositlon rates of 20 kg/ha/year Van Breemen and Van DI]k (1988) summanzed data for

heathlands showing a substantial dIsplacement of heathland plants by grasses from 1980 to

1986. They summanze data showmg mcreases m the presence of mtrophl1ous plants m the

herb layers of forests It was observed also that the frmtmg bodIes of mycorrhIZal fungI

have decreased ill number Ellenberg (1988) has also suggested that long before tOXIC effects

appear on mdivldual plants, Iomc mputs (N03- and NH4+) have mfluenced competItIOn

between organisms

10.6.2.1 Foliage and Soil-Mediated Effects-Combined Stress

The enVIronment IS seldom optImal m eIther natural or agncultural commumtIes It IS

not unusual, therefore, for plants growmg m natural habItats to encounter multIple stresses

Plant responses to multIple stresses depend on resource (carbon and mtrogen) mteractlOns at

10-94



levels rangmg from the cell to the ecosystem (Chapm et al., 1987) At the present tnne, data

dealmg wIth the response of trees or other vegetatIon to the combmed stresses of

03 exposure above ground and mtrate depOSItIon through the soil are sparse Tjoelker and

Luxmoore (1991), however, have assessed the effects of soil mtrogen availability and chromc

03 stress on carbon and nutnent economy m l-year-old seedlmgs of loblolly pme (Pmus

taeda L) and yellow poplar (Lmodendron tullpifera L) Elevated 0 3 concentratIOns altered

bIOmass partItIOnmg to needles of the current year Ozone concentratIons of 0 108 ppm

reduced the bIOmass of current-year needles m loblolly pme seedlmgs grown at the hIghest

(172 p,g/g) mtrogen supply by 20%, but not those grown wIth a low (59 p,g/g) supply of

mtrogen The mteractIOn between 03 and mtrogen suggests that plants grown wIth a hIgh

mtrogen supply are more senSItive to chromc 03 stress ill terms of bIOmass reductIOn

(Tjoelker and Luxmoore, 1991) SnnIlar results m the growth of domestIc radIsh (Raphanus

satlva L ,cv Cherry Bell) were obtamed by Pell et al (1990) Brewer et al (1961) and

Harkov and Brennan (1980) observed mcreased fohar maury when plants were grown wIth an

adequate mtrogen supply

10.6.3 Nitrogen Saturation, Critical Loads, and Current Deposition

Ecosystem mtrogen saturatIOn and the defImtIOn of the cntIcallevels of total

mtrogen depOSItIon at which changes or negatIve nnpacts begm to appear m ecosystems have

been the subject of several recent conferences m Europe} (Nilsson and Grennfelt, 1988,

Brown et al , 1988, Skeffmgton and Wilson, 1988) Miller and Miller (1988) proposed three

defImtIons for mtrogen-saturated ecosystems (1) no response to addItIonal mtrogen,

(2) growth reductIons m response to added mtrogen, and (3) added mtrogen leads to

mcreased losses of mtrate m stream water, and conclud(~ that the thIrd was the most

reasonable (see also SectIOn 10 3) Brown et al (1988) reported that a recent workshop

concluded that mtrogen saturatIOn could be best defmed as occurrmg when mtrogen outputs

from ecosystems exceeded mputs ThIs conclUSIOn was based on a model of plant/soil

mtrogen saturatIOn put forth by Agren and Bosatta (1988) Aber et al (1989) snnilarly

defme mtrogen saturatIon as the availability of ammomum and mtrate m excess of total

combmed plant and mIcrobial nutntIOnal demands The concept of mtrogen saturatIOn leads

to the possIbIhty of defmmg a cntIcal mtrogen load (depOSItIon rate) at whIch no change or

10-95



deletenous Impacts will occur to an ecosystem (NIlsson and Grennfelt, 1988) It IS Important

to recognIZe that the magmtude of such a "cntIcalload" will be sIte- and specIes-specIfic,

being hIghly dependent on InltIal soIl cheffilstnes and bIOlogICal growth potentIals (1 e ,

nitrogen demands)

10.6.3.1 Critical Nitrogen Loads That Have Been Proposed

Skeffmgton and Wilson (1988) summarIZed and dISCUSSed the followmg pOSSIble cntena

as potentially useful for defimng appropnate cntIcal mtrogen loads on ecosystems

• prevent nitrate levels m dnnIo.ng or surface waters from nsmg above
standard levels,

• ensure proton productIon IS less than weathenng rate,
• maintenance of a fIxed NHrbase catIon balance,
• maintam mtrogen mputs below mtrogen outputs (the mtrogen saturatIOn approach),

and
• minImIZe acceleratIOns m the rates of ecOlOgICal succeSSIon (vegetatIOn changes due

to altered mterspecIfic competItIon)

De Vries (1988) has also defmed cntena for a combmed cnucalload for mtrogen and

S for Dutch forest ecosystems based on the followmg mtrogen contents of fohage, mtrate

concentratIons in groundwater, NH4/K ratIos, CalAI ratios, and AI concentratIOns m soIl

solution Based on these critena, De Vnes concluded that current rates of mtrogen and

S depOSItion in the Netherlands exceed acceptable levels

Schulze et al. (1989) have also proposed cntIcalloads for mtrogen depOSItion based on

an ecosystem total amon and cation balance TIns approach makes the assumption that

processes deteImImng ecosystem stability are related to soIl aCIdlf1catIOn and mtrate leachIng

(see also Section 105.6) They concluded that m order to hmit the mobI1IZatIOn of

aluminum and other heavy metals resultmg from aCIdlf1catIOn and mtrate leachmg (a negative

result), critical mtrogen depOSItion rates could not exceed 3 to 14 kg mtrogenlhalyear for

silicate soils or 3 to 48 kg mtrogenlhalyear for calcareous-based soIls Other cntlcal loads

have been proposed at rates of mtrogen depOSItIOn rangmg from as httle as 1 kg to levels

near 100 kg mtrogenlhalyear, dependmg on the Impacts conSIdered acceptable and the

criteria used to defme the cntIcalload

Critical loads less than 20 kg/halyear have been proposed based on cntena to milllffiIZe

species changes (Van Breeman and Van DI]k, 1988, LIl]elund and Torstensson, 1988)
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VegetatIOnal changes from heathland to grassland occurred m the Netherlands when mtrogen

deposItion was greater than 20 kg/ha/year Changes m the beech and oak woodlands m two

areas of southern Sweden were observed when mtrogen deposItIOn ranged from 20 to

30 kg/ha/year (LIlJelund and Torstensson, 1988) Changes m the specIes compOSItIOn of

softwater pools were noted when NH4+ deposItion was m the 10- to 20-kg mtrogenlha/year

range NItrogen deposItIon would have to decrease to less than 6 kg/ha/year to return both

terrestnal and aquatIc vegetation to the flora that was abundant decades ago (Van Breeman

and Van DI]k, 1988) LIljelund and Torstensson (1988) pomt out that estabhshmg cntIcal

_ loads depends on the cntena used One cntIcalload would be requrred to prevent specIes

change, whereas another would be reqUIred to prevent C'ommumty change Usmg the cntena

that ecosystem mtrogen mputs should not exceed outputs, cntIcalloads have been proposed

as low as 1 to 5 kg mtrogenlha/year for poorly productlLve SItes WIth low prodUCtIVIty or m

the range from 5 to 30 kg mtrogen/ha/year for SItes havmg medIUm quahty soils and for

common forested systems (Boxman et al , 1988, Rosen, 1988, Skeffmgton and Wilson, 1988,

World Health OrgamzatIOn, 1987)

In therr summary of a recent conference on cntIcal mtrogen loadmg, after dIscussing

vanous options for settmg a cntical mtrogen load, SkefHngton and Wilson (1988) concluded

that "we do not understand ecosystems well enough to s.et a cntIcalload for mtrogen

depOSItion m a completely objective fashIon" Brown et al (1988) further concluded that

there was probably no umversal cntIcalload defImtIOn 1hat could be apphed to all

ecosystems, and a combmatIOn of SCIentIfIc, pohtIcal, and economIC conSIderatIOns would be

requIred for the apphcatIon of the cnticalload concept

The followmg terrestnal ecosystems have been suggested as bemg at nsk from the

depOSItion of mtrogen-based compounds

• heathlands with a hIgh proportIon of hchen cove'r,
• low meadow vegetation types used for extenSIve grazmg and haymakmg, and
• comferous forests, especIally those at hIgh altitudes (World Health

OrgamzatIOn, 1987, Aber et al , 1989)

These ohgotrophIc ecosystems are conSIdered at nsk from atmosphenc mtrogen mputs

because plant specIes havmg hIgh potential growth rates, but normally restncted by low

nutnent concentratIOns, can gam a competitIve advantage, and theIr growth at the expense of

eXlstmg specIes changes the "normal" specIes compOSItion and dIsplaces some specIes
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entIrely (Ellenberg, 1987, Wanng, 1987) SenSItIve natural ecosystems, unhke hIghly

manipulated agncultural systems, may be prone to damage from exposure to dry-deposIted

mtrogen compounds because processes of natural selectIOn whereby tolerant mdIviduals

survive may not be keepmg pace WIth the current levels of atmosphenc mtrogen deposItIon

(World Health OrgaruzatIon, 1987, Wanng, 1987)

10.6.3.2 Current Rates of Total Nitrogen Deposition

Application of the concept of cntIcal mtrogen loadmg has not yet been WIdely adopted

in North Amenca (based on the very hnnted pubhshed data), but a companson of total

nitrogen depositIon data for North Amenca and proposed cntIcalloads Just discussed should

provide a reasonable companson of the status of terrestnal systems WIth respect to changes

expected from elevated levels of mtrogen deposItIon Tables 10-14 and 10-15 summanze

information regardmg the total deposItIon of mtrogen to a vanety of ecosystems/forest types

in North America Table 10-14 summanzes InformatIOn regardmg the total deposItIon of

mtrogen to a vanety of ecosystems/forest types or regIOnal areas m North Amenca and

Europe.

Nitrogen deposition can be diVIded mto four categones, dependmg on ItS ongm cloud

water, precipItation, dry partIcles, and gaseous forms FIgure 10-19 summanzes wet

deposited nitrate and ammomum depOSItIon data for vanous states that were part of the

National ACId DepOSItIon Program (NADP) Table 10-15 specIfically addresses the Issue of

relationships between ecosystems' mtrogen mputs and outputs Data m these tables mdicate

that total deposition of mtrogen m North Amenca, partIcularly the eastern Umted States, IS

comparable to that found for many areas m Europe North Amencan SItes would appear to

have total nitrogen deposItIon rates less than 25 kg mtrogen/ha/year It IS also ObVIOUS from

these summary tables that much of our InformatIOn on mtrogen deposItIon IS hmited to

information on mtrate and ammomum deposItIon m raInfall Lmdberg et al (1987)

concluded that the lack of data on multlple forms of mtrogen depoSItIon hmitS our abIhty to

accurately determine current levels of mtrogen loadmg

Olsen (1989) summanzed mtrate and ammomum concentratIOn and wet deposItIOn data

for the Umted States and southern Canada for the penod from 1979 through 1986 For

1986, the greatest annual rates of ammomum and mtrate deposItIon were 10ca1lzed m the
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TABLE 10-14. :MEASUREMENTS OF VARIOUS FORMS OF
ANNUAL NITROGEN DEPOSITION TO NORTH AMERICAN AND

EUROPEAN ECOSYSTEMS

Forms of NItrogen DeposItion (kg/ha)a

SIte LocatIOn! Wet Dry

VegetatIOn Cloud Ram Particles Gases Totalb Reference

Umted States

Cahforma, Chaparral 82 23c Riggan et al (1985)

Cahforma, SIerra Nevada (2) WIllIams and Melack
(1991a)

GeorgIa, Loblolly pme 37 10 42 9 Lovett (1992)

North Carolma, Loblolly pme 87 22 4 1 15 Lovett (1992)

North Carolma, Hardwoods 48 05 53 Swank and Walde (1988)

North Carolma, WhIte pme 37 09 27 7 Lovett (1992)

North Carolma, Red spruce 87 62 36 86 27 Lovett (1992)

New Hampsmre, DeCIduous 70 (7) LIkens et al (1970)

New Hampsmre, DecIduous 93 (9) LIkens (1985)

New York, Red spruce 73 6 1 02 23 16 Lovett (1992)

New York, MIXed decIduous 48 08 25 8 Lovett (1992)

Tennessee, MIXed decIduous 29 4 1 6 1 13 Kelly and Meagher
(1986)

Tennessee, Oak forest #1 32 44 40 12 Kelly and Meagher
(1986)

Tennessee, Oak forest #2 29 44 40 11 Kelly and Meagher
(1986)

Tennessee, Oak forest #1 69 13 8 Kelly (1988)

Tennessee, Oak forest #2 60 12 7 Kelly (1988)

Tennessee, Oak forest 45 18 38 10 Lindberg et al (1986)

Tennessee, Loblolly pme 43 06 14 9 Lovett (1992)

Washmgton, Douglas fir 29 13 06 5 Lovett (1992)

Washmgton, Douglas fir 10 (1) Henderson and Hams
(1975)

US RegIOns

AdIrondacks 63 47 11 Dnscoll et al (1989a)

MIdwest 42 29 7 1 Dnscoll et al (1989a)

Northeast 217 22 Munger and EisenrelCh
(1983)

Northwest 166 17 Munger and E1senrelch
(1983)

Southeast 206 21 Munger and Eisenreich
(1983)

Southeast Appalacmans 42 3 1 73 Dnscoll et al (1989a)
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TABLE 10-14 (cont'd). :MEASUREMENTS OF VARIOUS FORMS OF
ANNUAL NITROGEN DEPOSITION TO NORTH AMERICAN AND

EUROPEAN ECOSYSTEMS

Forms of Nitrogen DepOSItion (kg/ha)a

Site Location! Wet Dry

Vegetahon Cloud Ram Particles Gases Totalb Reference

Canada

Alberta (southern) 73 122 195 Peake and DaVidson
(1990)

Bnhsh Columbia 55 (5) Feller (1987)

Ontano 37 (4) Lmsey et al (1987)

Ontario (southern) 23 14 37 Ro et al (1988)

Federal Repubhc of Germany

Spruce (Southeast slope) 165 165 Hantschel et al (1990)

Spruce (Southwest slope) 243 243 Hantschel et al (1990)

Netherlands

Oak-birch 24-56c Van Breemen and Van
DI]k (1988)

Deciduous/spruce 21-42c Van Breemen and Van
DI]k (1988)

Scots pme 17-64c Van Breemen and Van
DI]k (1988)

Douglas fir 17-64c Van Breemen and Van
DlJk (1988)

Douglas fir 193 957d 115 Draal]ers et al (1989)

Norway

Spruce 103 07 02 112 Lovett (1992)

3-19c Royal Society (1983)
Umted Kmgdom

Spruce forest 19 80 13 5 234 Fowler et al (1989a)

Cotton grass moor 04 80 40 124 Fowler et al (1989a)

:~=~::sd:~on~ ::~:~~::~::::t~~:~::~I~~::~~I:a;~t::~;:~tImateprobably underestimate
total mtrogen depOSItion and are enclosed m parentheses

c.rotal mtrogen depOSItion was based on bulk depOSItion and throughfall measurements and does mclude
components of wet and dry depOSItion

dIncludes depOSition from gaseous forms
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TABLE 10-15. NITROGEN INPUT/OUTPUT RELATIONSHIPS
FOR SEVERAL ECOSYSTElVIS

Inputs Effluxa

SIte/VegetatIOn (kg/ha/year) (kg/ha/year) Reference

Umted States

Flonda, Slash pme S 9b 0 Van Miegroet et al (1992)

GeorgIa, Loblolly pme 90b 0 Van Miegroet et al (1992)

Mlllilesota, Spruce 7 Sb 0 Van Miegroet et al (1992)

North Carolma, Loblolly pme 150b 0 Van Miegroet et al (1992)

North Carolma, Oak/hIckory 8 2c 32 Cole and Rapp (1981)

North Carolma, Red spruce 271b 11 0-200 Van Miegroet et al (1992)

North Carolma, WhIte pme 8 8c 02 Cole and Rapp (1981)

North Carolma, WhIte pme 74b 0 Van Miegroet et al (1992)

New HampshIre, N hardwood 65 40 Bonnann et al (1977)

New HampshIre, N hardwood 236 174 Likens et al (1977)

New York, DecIduous 80b 10 Van Miegroet et al (1992)

New York, Red spruce 15 9b 30 Van Miegroet et al (1992)

Oregon, Douglas fir 20 15 Sollms et al (1980)

Tennessee, Loblolly pme 87b 0-2 0 Van Miegroet et al (1992)

Tennessee, Hardwood 13 2b 44 Kelly and Meagher (1986)

Tennessee, Hardwood 130 3 1 Henderson and Hams (1975)

Tennessee, Hardwood 87 18 Cole and Rapp (1981)

Tennessee, Oale forest 70-80d 125 Kelly (1988)

Tennessee, Oalc forest 11 Sb 32 Kelly and Meagher (1986)

Tennessee, Shortleaf/pme 87 18 Cole and Rapp (1981)

Tennessee, Yellow/poplar 77 35 Cole and Rapp (1981)

Washmgton, Douglas fir 1 7 06 Cole and Rapp (1981)

Washmgton, Douglas fir 47b 0 Van Miegroet et al (1992)

Washmgton, Red alder 700b 710 Van Miegroet and Cole (1984)

WashIngton, SIlver fir 13 27 Turner and Smger (1976)

Wisconsm, N hardwoods 56 005 Pastor and Bockhelm (1984)

Canada

Ontano, Maple 78 182 Foster and NIcolson (1988)

Federal RepublIc of Germany

Norway spruce 218 149 Cole and Rapp (1981)

Beech 218 44 Cole and Rapp (1981)

Netherlands

Oak 450 220 Van Breemen et al (1987)

Oak/buch 540 780 Van Breemen et al (1987)

Oak 560 280 Van Breemen et al (1987)

MIXed deCIduous 630 680 Van Breemen et al (1987)
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TABLE 10-15 (cont'd). NITROGEN INPUT/OUTPUT RELATIONSHIPS
FOR SEVERAL ECOSYSTEMS

Inputs EffluxR

SlteIVegetallon (kglha/year) (kglha/year) Reference

Norway

Spruce 112b 0 Van Miegroet et a1 (1992)

Sweden

Comferous 2 1 06-10 Rosen (1982)

UOIted Kmgdom

MIXed hardwood 58 126 Cole and Rapp (1981)

USSR

Norway spruce 1 1 09 Cole and Rapp (1981)

aAn estllnate based on mtrogen losses from the soIl profile or from stream flow out of a watershed
bIncludes precipitallon, cloud (where appropnate), partIculate, and gaseous fonns of mtrogen deposItion
~ncludes mtrogen mputs from precIpItation and partIculate fonns of deposItion
dMean of two oak forests m eastern Tennessee

northeastern United Sates and southern Canada (Olsen, 1989) Peak values were 5 and

25 kg/ha/year for ammomum and mtrate, respectively SunIlar wet depOSItion data for 1987

showed peak depOSItion rates of 3 5 and 16 kg/ha/year for ammomum and mtrate,

respectively (National Atmosphenc DepOSItIOn Program, 1988) Zemba et al (1988)

summanzed wet mtrate depOSItion data from 77 statIOns located III eastern North Amenca

and found that peak mtrate depOSItion (> 20 kg/ha/year) occurred between Lakes MIchIgan

and OntarIo. They also found the temporal pattern of mtrate depOSItIon was qUite even

throughout the year (Schwartz, 1989) Wet depOSItion of NlJ4+ III Europe ranges between

3.5 and 173 kg NH4+fha/year (BUIJsman and Ensman, 1987, HeIl-et al ,1987) Bonng

et al. (1988) have also pubhshed an extensIve reVIew of the sources, fates, and unpacts of

nitrogen inputs to terrestnal ecosystems

For an oak-hickory forest in eastern Tennessee, dry depOSItion made up greater than

80% of the total atmosphenc deposillon of mtrogen Ions (LIlldberg et al ,1986) Bame and

SiroIS (1986) est1mated that dry depOSItion contnbuted 21 to 30 % of total N03- depOSItion III

eastern Canada Lovett and LIlldberg (1986) also concluded that dry deposillon of mtrate IS

the largest fonn of Illorgamc nitrogen depOSIted to oak-hIckory forests III eastern Tennessee

Significant nitrogen inputs from the depOSItion of N02 have been predIcted (Hanson et al ,
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1989; Hill, 1971; Kelly and Meagher, 1986) Duyzer et al (1987) has also predIcted that

dry deposition of NH3 can reach levels as hIgh as 54 kg/ha/year m areas of hIgh ambIent

concentratIOn (0017 ppmv) TypIcal values of NH3 deposItion m central Europe and

Scandinavia range between 20 and 40 kg/ha/year (Grennfelt and Hultberg, 1986)

Based on the current rates of mtrogen depositIOn (loadmg) occurrmg m North Amenca

(Tables 10-14 through 10-16), one might conclude that current rates of mtrogen deposItion m

North America are suffiCIent to mduce at least mmor changes m some ecosystems (1 e , rates

of deposition m North Amenca exceed some of the cntIcalload levels proposed for Europe)

However, because ecosystems have a vanable capacity to buffer changes caused by elevated

inputs of mtrogen, and because depoSItion has been takmg place for so many years, It IS

dIfficult to make general conclUSIOns about the type and extent of change resultmg from

nitrogen deposition m North Amenca Furthermore, current estImates of total mtrogen

deposition to ecosystems and regIOns of the Umted States (Tables 10-14 through 10-16)

usually do not account for gaseous mtrogen losses from ecosystems (e g , N20 and NH3),

therefore, the estimates of net mtrogen depOSItion may be overestImated (Wetselaar and

Farquhar, 1980, Bowden, 1986, Anderson and Levme, 1987, Scmmel et al ,1988) Melillo

et al (1989) mdicate that losses of mtrogen from ecosystems m the form of N20 are lIkely to

average in the range of 2 to 4 kg mtrogen/ha/year Higher levels of atmosphenc mtrogen

deposition are also expected to lead to increased rates of N20 emISSIons

10.7 ECOSYSTEM EFFECTS-WETLANDS AND BOGS

10.7.1 Introduction

The diverse ecosystems that make up the bIOsphere mteract through the cyclmg of

essential elements and compounds The availability of these essential elements determmes

the rates of biological processes Withm a gIven ecosystem For example, the avaI1abIhty of

nitrogen in the form of N03- or NH4 +, whIch cycles through an enormous atmosphenc pool

of N2, is an Important determmant of the produCtivIty of ecosystems Ecosystems mteract

and function m different ways WIth complex feedback mechamsms, they mfluence the cycles

of essentIal elements and, to some extent, even the earth's chmate
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TABLE 10-16. BULK DEPOSITION OF NITROGEN IN NORTH AMERICAN
WETLANDS (kg nitrogel1/ha/year)a

SIte NH
4
+ N03- Org-N Tot-N Reference

Chesapeake Bay, nvenne tidal 27 43 47 117 Jordan et al (1983)
emergent marsh

Massachusetts, salt marsh 14 23 39 76 Vallela and Teal (1979)

Massachusetts, basm bog 25 50 NR Hemond (1983)

Mmnesota, spruce bog 1 7 17 38 73 Verry and TImmons (1982)

Mmnesota, spruce bog 30 20 05 55 Urban and Elsenrelch (1988)

Iowa, pralne marsh 40 40 NR DaVIS et al (1983)

Flonda, everglades 30 96 NR Flora and Rosendahl (1982)

Mamtoba, emergent marsh NR NR NR 66-1208 Kadlec (1986)

Ontano, poor fen NR 3 1 NR Bayley et al (1987)

a +NH4 = Ammomum Ion
N03- = NItrate Ion
Org-N = Orgamc mtrogen
Tot-N = Total mtrogen
NR = Not reported

Wetlands fulfill an nnportant role m these global cycles as net sources and sInks for

bIogenic gases They transfer to the atmosphere globally sIgmficant quantItIes of methane

(CH4) (Harnss et al , 1982, 1985) and reduced sulfur gases (Steudler and Peterson, 1984)

Elkms et al (1978) dISCUSS the possIbility that coastal marshes may functIOn as net sInks for

N20 Because of the anaerobIc nature of theIr waterlogged soils, decomposItIon of orgamc

matter m wetland soils IS mcomplete Consequently, wetlands functIOn as sInks and long

term storage reservOIrS for orgamc carbon It has been estImated that wetlands once

sequestered a net of 57 to 83 X 106 metrIc tons of caIbon per year worldwIde, although

recent WIdespread draInage of wetland soils has shrfted the carbon balance (Annentano and

Menges, 1986) Although thIs rate of carbon uptake IS small m companson to other global

carbon fluxes, such as the annual release of carbon from combustIOn of fossil fuel (5 to

6 x 109 metnc tons/year, Rotty, 1983) or the net uptclke of CO2-carbon by the ocean

(1 6 x 109 metnc tons/year, Tans et al , 1990), It IS lmportant when the net balance between

large fluxes IS consIdered and It IS certamly nnportant over geologIc tIme scales (Annentano

and Menges, 1986)
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These gases (CH4 , N20, and reduced sulfur compounds) modIfy atmosphenc chemIStry

and global climate. The destruchon of 03 m the upper atmosphere by Its reactIOn wIth N20

is one example CombustIon sources are currently raIsmg the atmosphenc concentration of

N20 (Hao et al ,1987) The nse m anthropogemc releases of NOx to the atmosphere also

increases the deposItIon of bIOlogically avaIlable forms of mtrogen onto the landscape, wIth

potential effects on produchvity (or other aspects of functIOn) and commumty structure

Locally, wetlands funchon as habItats for wIldltfe, flood control systems, stabilIZers and

sinks for sedIments, storage reservOIrS for water, and bIOlogICal fIlters that mamtam water

quality Studies of npanan forests, for example, generally mdicate that they exert a posItive

influence on the water qualIty of recelvmg streams by mterceptmg and removmg nutnents

from runoff (yates and Shendan, 1983, Brmson et al , 1984, PeteIJohn and Correll, 1984,

Qualls, 1984). And as sedIment traps, salt marshes bke those on the LoUISIana coast can

accumulate annually an ImpreSSIve 0 76 cm of sedIment (DeLaune et al ,1983) These

functIons are a great monetary value to society (Westman, 1977)

Wetlands also harbor a dIsproportIOnate (relatIve to habitat area) share of flora that are

threatened by exnnction Of the 130 plant specIes from the contermmous Umted States that

are fonnally listed as endangered or threatened (Code of Federal RegulatIOns, 1987),

18 species (14%) occur prmcipally m wetland habItats On the natIOnal hst of plant specIes

that are identified as endangered (Status LE or PE), threatened (Status LT or PT), or

potentIally threatened (Status 1 or 2), 1,776 specIes are hsted for the contermmous Umted

States (Federal Register, 1985), and 302 (17%) of these occur prmclpally m wetland habitats

The national hst of plant specIes that occur m wetlands mcludes 6,728 entnes (Reed, 1988),

and because this hst includes plant species found pnmanly m upland habItats as well as

plants from the entire Umted States and Its temtones, we can estImate conservatively that the

endangered or potenhally threatened wetland plant species represent an alarmmg 4 5 %

(302/6,728) of thIs total

Wetland plants are undoubtedly threatened because of loss of habitat, whIch m the

United States, has been largely a consequence of agncultural development mvolvmg draInage

(Tiner, 1984). Total wetland area, mcludmg mtertldal and palustrme areas, m the

contenninous United States (FIgure 10-20) totaled 437,609 km2 durmg the mId-1950s and

decreased to 400,567 km2
, or 5 1% of total land area, by the mId-1970s (Frayer et al ,
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Figure 10-20. Map of the United States showing location of the major groups of inland
freshwater marshes. Contours delinE~te physiographic regions.

Source Hofstetter (1983)

1983) The net loss of wetland habItats dunng these two decades IS eqUIvalent to an annual

rate of loss of 1,852 km2/year (715 mI2/year) However, It can also be concluded that

current rates of atmosphenc mtrogen depOSItIon ill pan S of Europe, elevated by

anthropogemc emISSIons, alter the competItIve relatIomlhIps among plants and threaten

wetland speCIes adapted to mfertile habItats Those data are IevIewed here, and on thIs

baSIS, we can antICIpate sunilar effects of atmosphenc mtrogen depOSItIon ill the

Umted States

10.7.2 Atmospheric Nitrogen Inputs

Atmosphenc mtrogen mputs occur as both wet and dry depOSItIon Most studIes of

atmosphenc mtrogen mputs mto wetlands focus only on wet depOSItIOn or bulk depOSItIon

Accurate measurements of wet depOSItIon are CarrIed out by analyzmg mtrogen ill

preCIpItatIOn unmedlately followmg a precIpItatIon event Frequently, however, ramfallIS
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accumulated over some period of tune before It IS analyzed, and the resultmg measurement

of deposition rate is usually referred to as bulk deposItIon Bulk deposItIon rates combme

wet deposition wIth some component of dry deposItIon Where dry deposItIon has been

carefully measured, It has been concluded that (1) the relatIve Importance of wet and dry

deposition vanes geographIcally, (2) that dry deposItion can exceed wet depoSItIon (Bormg

et al., 1988), and (3) that bulk precIpItatIOn samplers underestImate the combmed dry plus

wet deposition rate (Dillon et al ,1988) The avaIlable wet surface area of vegetatIon, onto

which nitrogen gases will dIffuse, sIgmficantly affects the dry deposItIon rate (Hell et al ,

1987). Levy and MOXlffi (1987) modeled the fate of NOx emISSIons to the atmosphere and

concluded that dry deposItion accounts for greater than one-half of the total NOx deposItIon

in North America.

The rate of bulk N03- deposItion has been shown to be posItIvely correlated wIth the

concentration of N02 m the arr Press et al (1986) measured atmosphenc concentratIons of

N02 and bulk: deposItIon of N03- at several SItes m northern Bntam for 18 mo NItrogen

dioxide concentrations (2-week averages) ranged from near zero to 25 p,g/m3 and were

correlated significantly (p < 0001) WIth concentratIons of N03-, collected m bulk samplers,

that varied from near zero to about 3 mg mtrogeniL

A thIrd, and rarely measured, mechamsm of depOSItIOn that IS locally Important IS the

interceptIon or capture of fog or cloud droplets by vegetatIOn Lovett et al (1982) estImated

that the cloud depOSItion of N03- m an alpme habItat m New Hampshrre was 101 5 kg

nitrogenlha/year, compared to a bulk depOSItIon rate of 23 4 kg mtrogen/ha/year The same

phenomenon was observed by Woodm and Lee (1987), who collected 1 45 tImes as much

water as "throughflow" (collected beneath vegetatIOn) passmg through expenmental

Sphagnum mats m the field as from adjacent bulk depOSItIon gauges TheIr data also suggest

that the depositIon of solutes by thIs mechamsm IS Important, and that bulk precIpItatIOn

samplers underestunate total depOSItIon

Table 10-16 summanzes several studIes that report wet or bulk depOSItIon rates of

nitrogen m North Amencan wetlands From the data presented, It may be concluded that

bulk deposition rates of Nl4+, N03-, and orgamc mtrogen vary geographIcally and theIr

relative importance vanes In general, however, mputs of N03-, NH4 +, and orgamc

nitrogen are all of the same order of magmtude, and theIr combmed rate of depOSItIon vanes
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from 5 5 to 12 1 kg mtrogenlha/year Other studI.es, however, mdI.cate that wet N03

deposIuon alone exceeds 15 kg mtrogenlha/year over most of the mIdwest and 20 kg

mtrogenlha/year m portIOns of the northeast Umted States (Zemba et al , 1988)

Rates of mtrogen deposIuon, and NH4+ depOSItion m partIcular, m areas of western

Europe are greater than m North Amenca In areas of Bntaill, bulk depOSItion rates of

43 and 46 kg/ha/year have been reported (Press and Lee, 1982, Ferguson et al., 1984) The

combmatIOn of N03- and NH4+ depOSItion downwmd of Manchester and LIverpool IS

reported to be 32 kg mtrogenlha/year (Lee et al., 1986) NItrogen deposItion m fens near

Utrecht was 21 kg mtrogenlha/year of morgamc mtrogen and 3 to 5 kg mtrogenlha/year of

orgamc mtrogen m bulk precIpItatIOn and 18 kg mtrogenlha/year of morgamc mtrogen m dry

deposItion (Koerselman et al ,1990) Roelofs (1983) reported that wet deposIuon of

mtrogen m the Netherlands averages 15 kg mtrogenlha/year and IS as great as 20 to 60 kg

mtrogenlha/year m areas of mtensive stockbreedmg, 75 to 90 % of tills being depOSIted as

NH4+ In Europe, 81 % of total NH3 emISSIons are from hvestock wastes, WIth the greatest

emISSIon densIues concentrated m the Netherlands and Belgmm (BUlJsman, 1987) Annual

NH3 emISSIons from anlIDal excreta m the Netherlands are reported to be 230 kt/year

(Van der Molen et al , 1989) or about 60 kg/ha/year country-wIde

The chemIstry of surface runoff from watersheds IS probably of greater SIgnificance to

most wetlands than the chemIstry of drrect deposIuon, lbut the mtrogen load of surface runoff

probably mcreases WIth mtrogen deposItIOn and WIth the SIZe of the catchment area

Atmosphenc deposIuon accounts for a large fractIon of the total mtrogen entermg watersheds

(Robertson and Rosswall, 1986) Atmosphenc depOSItion apparently has become a major

source of N03- to surface waters m North Amenca, especIally m the east and upper mIdwest

(SmIth et al , 1987a), and mcreases m total mtrogen concentratIOn at stream momtormg

stations are strongly aSSOCIated WIth illgh levels of atmosphenc mtrate depositIOn (SmIth

et al ,1987b) However, the drrect contnbutIOn made by atmosphenc depOSItIOn to the

mtrogen load m surface water because of mtrogen m surface runoff IS unknown.

Measurements by Buell and Peters (1988) of stream chemIstry m Georgia mdicated that 93 %

of the precIpItatIOn mputs of Nl4+ and N03- were retamed by the watershed A study by

Correll (1981) of mass nutnent balances of a small watershed of the Rhode River estuary on

the Chesapeake Bay showed that total wet mtrogen depOSItion to 88 ha of udal marshes and

10-109



mudflats was 740 kg mtrogen (8 4 kg/ha) ill 13 mo, compared to total mtrogen ill runoff

from 2,050 ha of watershed of 10,000 kg mtrogen Only about 7% (740 kg/l0,740 kg) of

the mtrogen entering the wetland was from drrect deposItion However, ill as much as

nitrogen deposItion onto the watershed (8 4 kg/ha X 2,050 ha = 17,220 kg) exceeded total

runoff from the watershed to the wetland (10,000 kg), deposItion could have contnbuted the

majority of nitrogen entenng the wetland illdrrectly through runoff But the contnbutIOns of

other nitrogen sources to runoff, such as fIxatIOn, fertIhzer, and anImal waste, were not

given.

10.7.3 The Wetland Nitrogen Cycle

The feature of wetlands that sets them apart from terrestnal ecosystems IS the anaerobIc

(oxygen-free) nature of therr waterlogged sOlls, whIch alters the relative Importance of

various microbIal transfonnatIOns of illorgamc and orgamc mtrogen compounds Generally,

the absence of 02 retards the decomposItion of orgamc matter (Tate, 1979, DeLaune et al ,

1981; Van der Valk and Atuwill, 1983, Godshalk and Wetzel, 1978, Clark and GI1mour,

1983) Complex aromatic nng structures are more reSIstant to mIcrobIal attack under anoXIC

conditIons (Tate, 1979), leadmg to the fonnatIOn and bUlldup of peat ill wetland

envrronments AnOXIC sOlls also favor the rapId converSIOn of N03- to N20 or N2 ThIs

process is accomphshed by bactena and IS referred to as demtnfIcatIon or diSSImllatory

nitrate reductIon, and It results ill quantItatively Important losses of mtrogen from wetland

ecosystems Fmally, the hydrology of wetlands favors dIffuSIve exchanges of mtrogen

compounds to and from sedIments and advectIve transport (CarrIed by water) of mtrogen

compounds between ecosystems ThIs often results ill movements of NH4+ from anoXIC

sedIments to the OXIdIZed surface sedIment or water column, where mtnfIcatIOn (the

oxidation of NH4+ to N03- by bactena) can occur, and the return movement of N03- to the

anoxic sediment layers, where demtnfIcatIon can occur The mtrogen cycle ill wetlands has

been reviewed recently by Reddy and Patnck (1984), Savant and De Datta (1982), and

Bowden (1987) Important steps ill the mtrogen cycle are summarIZed ill Section 10 3

Table 10-17 presents the mtrogen budgets of wetlands that exhIbIt a WIde range of

nitrogen rnputs. The two bog SItes (Table 10-18) are representative of wetlands that contam
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TABLE 10-17. NITROGEN BUDGETS OF' SELECTED WETLANDS
(kg nitrogenlha/year)a

UK MA Dutch Dutch
Salt Salt Rech DISC French MA MN

Location and Wetland Type Marshb Marshc Fend Fend Heathe Bogf
Bo~

INPUTS

PreCipItation NR 79 437h 420h 8 1 75 86

FIxatIOn 336 680 2 1 127 13 336 05

Surface, ground or tidal water 4341 6680 73 209 0 0 0

Total 7439 53 1 756 94 109 091

INTERNAL CYCLE

Plant assnmlatlOn 2254 214 oJ 274 Ok 90 Ok 820 380 660

MmeralizatIon 1949 193 oJ 244 d 7901 740 260 500

OUTPUTS

DemtnficatlOn 378 1430 1 4 1 1 NR 10 18

Ammoma volatIhzatlOn NR 035 NR NR NR Trace NR

Surface or subsurface DIN export 24m 1020 2 1 67 30 20 0

Surface or subsurface ON export 43 Om 5520 458n 804n 30 10 20

Total 7974 493 882 40 38

aUK = Umted Kmgdom
MA = Massachusetts
MN = Mnmesota
NR = Not reported
DIN = DIssolved morgamc mtrogen
ON = DIssolved and partIculate orgamc mtrogen

bAbd Az1z and Nedwell (1986a,b) salt marsh dommated by Pucaneilla marltlma (a grass)
cVahela and Teal (1979) salt marsh dommated by Spartma alterniflora
dKoerselman et al (1990) Dutch eutrophic recharge and mesotrophIc dIscharge fens, respectively
~oze (1988) mesophilous heathland (shrub bog) dommated by Enca cllians (heath) and Wex mmor
fUrban and EisenrelCh (1988) ombrotrophIc Sphagnum bog forested WIth black spruce (Ptcea mariana) and
WIth an understory of shrubs and sedges

gHemond (1983) ombrotrophIc bog dommated by Sphagnum
hIncludes bulk plus dry depOSItion of morgamc and orgamc mtrogen
lRepresents the net exchange of mtrate Ion (the major component) .md small particulate orgamc mtrogen rather
than an absolute rate

JCalculated from Moms et al (1984) and Vahela et al (1984)
kFrom Verhoeven et al (1988), assummg a root shoot quotient of 10
IFrom Verhoeven et al (1988)
ffiRepresents the net exchange of dIssolved orgamc mtrogen (the major component), ammomum lOn, and large
partIculate orgamc mtrogen rather than an absolute rate

nIncludes pnmarlly hay harvested by mowmg
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TABLE 10-18. RESULTS OF NITROGEN FERTILIZATION EXPERIMENTS
IN WETLAND ECOSYSTEMS

Rate of
Nltrogen Length of Control Nltrogen-

Apphcatlon Study BlOmass Percent Form
Salt Marsh Ecosystems (kg/halyear) (years) (g/m~a Increaseb Apphedc Reference

Spartrna 200 1 1,660 16 NH4+ Patnck and Delaune
(1976)

Spartrna 200 1 816 25 NH4N03 Gallagher (1975)

Spartrna 220 3 320 131 Sludge Vallela et al (1975)

Spartrna 650 3 320 269 Urea Vahela et al (1975)

Spartrna 670 2 250 120 Sludge Vallela and Teal (1974)

Spartlna 1,040 1 450 100 NH4+ Hames (1979)

Spartrna 3,120 2 235 413 NH4+ Moms (1988)

PtlCCrnell,a 320 2 64 175 NH4+ Carglll and Jeffenes
(1984)

Pliccinelila 320 2 64 73 N03- Carglll and Jeffenes
(1984)

earex 320 2 65 146 NH4+ Cargtll and Jeffenes
(1984)

Panictlm hemltomon 30 1 1,320 6 NH4+ DeLaune et al (1986)

Panictlm hemltomon 100 1 1,320 42 NH4+ DeLaune et al (1986)

Typha glatlca 1,350 2 1,726 36 NH4N03 Neely and Davls (1985a)

Sparganlllm etlrycarptlm 1,350 2 637 86 NH4N~ Neely and Davls (1985a)

bog 300 1 180 25 Urea SanvIlle (1988)

bog 7 1 200 10 Sludge Sanvllle (1988)

fen 450 1 350 57 Mmeral-N Vermeer (1986)

wet grassland 450 1 400 68 Mmeral-N Vermeer (1986)

llControl blOmass is the maxlmum, nonfert1hzed aboveground standmg crop
bpercent mcrease mdlcates the response of control blomass dunng the year of fertl1lzatlon at the mdlCated rate

cOf aP-fhcahon, computed as 100 x (Expenmental-Control)/Control
NH" = Ammomum lon
NH4N03 = Ammomum mtrate
N03- = Nltrate lon
Mmeral-N= Mmeral mtrogen

plant specIes that are adapted to low levels of mtrogen They are examples of ombrotrophIc

bogs, meaning that they receIve nutrIents exclUSIVely from precIpItation They develop

where precipitation exceeds evapotransprratIOn and where there IS some ImpedIment to

drainage of the surplus water ~tsch and Gossehnk, 1986) Bogs are dommated by

Sphagmun spp. and may be sparsely forested The Sphagnum builds a dense layer of peat,
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raIsed above the elevatIOn of the surroundmg land so th,lt they receIve neIther runoff from

uplands nor mputs from groundwater Peat-formmg bog ecosystems are widely dIStnbuted

throughout the northern hemIsphere, but they are most common ill formerly glacIated

regIOns The dIstnbutIon of peatIand area m North Amenca IS shown in FIgure 10-21 The

bog ecosystems represented ill Table 10-17 are located ill Mmnesota (Urban and EisenreIch,

1988) and Massachusetts (Hemond, 1983)


~

05-10%
Peatland Area

> 10% Peatland

Figure 10-21. Distribution of North American peatlands.

Source MItsch and Gosselmk (1986)

In bog ecosystems, the most Important mtrogen mputs are from wet and dry depOSItion

(see the row labeled "precII>ltatIOn" m Table 10-17) The total mput of mtrogen m these

examples IS about 10 kg mtrogenlha/year, and atmosphenc deposItion accounts for most of

this (Urban and EisenreIch, 1988, Hemond, 1983) Also note that the total mtrogen outputs
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from the system are approXllllately 4 kg mtrogen/ha/year The outputs are accounted for by

demtrificatIOn (1 to 1 8 kg mtrogen/ha/year) and by export m runoff of dIssolved morgamc

nitrogen (as NH4+) and dIssolved orgamc mtrogen (DON) No export of particulate orgamc

nitrogen was reported, mtrogen accumulated m plant tissues is largely recycled Withm the

bog.

Bog wetlands are representative of one end of a contmuum, but there are also other

wetlands where atmosphenc mtrogen depOSitIOn represents a sigmficant fractIOn of the total

input of inorganic mtrogen For example, wetfall contnbuted more than 95 % of the NH4+

and N03- entenng the 1,000-km2 Shark River Slough, the major fresh water dramage of

Everglades NatIOnal Park (Flora and Rosendahl, 1982) However, the lmportance of orgamc

nitrogen m the surface mflow may be conSiderable, dependmg on how easuy or rapidly it is

mineralized by the Inlcrobial commumty In this ecosystem, ramfalliS about 84% of total

water input, and one can generalize that the sigmficance of atmosphenc mtrogen depOSition

increases in wetlands as ramfall mcreases as a fractIOn of the total water budget

The French heathland or shrub bog (Table 10-17) is another example of a wetland With

low nitrogen inputs and outputs, but With an mtennedmte rate of mternal cyclmg The

moderate sIZe of the mternal mtrogen cycle depends on the accumulatIOn of a large quantity

of organic nitrogen in the sou humus (Roze, 1988) A fractIOn of this orgamc pool

mmeralizes each year and IS asslmuated by the plant commumty Orgamc and morgamc

mtrogen in the sou is about 91 % of total mtrogen m this heathland ecosystem, With the

remaIning 9 % bemg contamed Wlthm the plant bIOmass A moderate rate of mtrogen

mineralIzation m the SOlliS balanced by asslffiuatIOn by the plant commumty, and mtrogen is

largely conserved WIthin the ecosystem

In the Dutch fens (Table 10-17), the mputs and outputs of mtrogen are mtennediate

between those of the bogs and salt marshes Both fens are mfluenced by their close

proximity to heavuy fertillZed pastures, by atmosphenc mtrogen depOSitIOn, and by annual

mowing and harvest of aboveground vegetation The fen that occupies a Site of groundwater

recharge is influenced by water that IS diverted from the highly polluted River Vecht dunng

periods of high evapotranspIratIOn, and the discharge fen is mfluenced by nutnents m

groundwater (Verhoeven et al ,1988) However, atmosphenc mtrogen depOSition m these

fens supphes more mtrogen than all other mputs combmed (Table 10-17)
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The coastal salt marsh ecosystems m Table 10-17 are charactenstIc of wetlands that are

adapted to large mtrogen mputs Coastal salt marshes have a temperate, worldwIde

dIstnbutIOn They eXIst wIthIn the mtertIdal zone and are alternately flooded and dramed

daIly by the action of the tides The example from Massachusetts IS a salt marsh dommated

by the grass Spamna altemiflora (ValIela and Teal, 1979) The salt marsh example from the

Umted KIngdom m Essex IS dommated by the grass Puccmellza manama (Abd AzlZ and

Nedwell, 1986b)

In salt marsh ecosystems, the most Important mtrogen mputs are from those brought

mto the marsh m tIdal water and, m some cases, groundwater Input of partIculate orgamc

mtrogen from sedImentatIOn and/or N03- IS apparently lhe dommant mechamsm by whIch

these ecosystems remove mtrogen from surface water h~ause the dIffuSIOn gradIents for

NH4 + and DON normally favor dIffuSIOn out of the se<:hment These surface and

groundwater sources of mtrogen are one to two orders of magmtude greater than mputs from

precIpItatIOn (Table 10-17) In the Massachusetts salt marsh, groundwater mputs of N03

and DON are Important and account for 60 and 56 kg mtrogenlha/year, respectively, of the

total mputs (ValIela and Teal, 1979) In contrast, the Essex, Umted KIngdom, marsh IS not

mfluenced by groundwater (Abd AzlZ and Nedwell, 1986b) Both salt marshes have large

mtrogen mputs from tidal water, and in the Massachusetts marsh, these are largely as Nl4+

(54 kg mtrogen/ha/year), DON (337 kg mtrogen/ha/year), and partIculate orgamc rutrogen

(139 kg mtrogen/ha/year) (Vallela and Teal, 1979) There are addItIOnal mputs and outputs,

such as depOSItIOn of bIrd faeces and shellfish harvest, but these are mSIgmficant m

companson to other rates (ValIela and Teal, 1979)

The large mputs of mtrogen m salt marshes are balanced by equally large outputs

(Table 10-17), but there are Important transformatIOns that take place Withm the marsh

DemtnficatIOn accounts for 17 9 % of the total mtrogen loss from the Massachusetts marsh

Because the demtnficatIOn rate IS greater than the comlbmed mputs of N03-, thIs Imphes that

rates of mtnficatIon are large In both marshes, the greatest rutrogen losses occur m tidal

water exchange, and m the Massachusetts marsh, there IS a net loss of all forms of dIssolved

mtrogen m tIdal water The Massachusetts marsh expo rts large amounts of NH4+ (73 kg

mtrogen/ha/year), N03- (25 kg mtrogenlha/year), DON (380 kg mtrogenlha/year), and

partIculate orgamc mtrogen (17 kg mtrogenlha/year) (ValIela and Teal, 1979)
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NItrogen mputs and outputs m tidal water were giVen as net exchanges of dIfferent

nitrogen components m the Essex, Umted KIngdom, study (Abd AzJZ and Nedwell, 1986b),

rather than as absolute rates TIns IS the reason for the discrepancy m the rates of

tidal-water lffiportS and exports of mtrogen m the Essex and Massachusetts marshes

(Table 10-17) However, vahd compansons can be made of the net exchanges There is a

large net export of DON (43 kg mtrogen/ha/year) from the Essex marsh (Abd AzJZ and

Nedwell, 1986b), and tms is consistent With the net DON loss m tidal water of 45 kg

nitrogen/ha/year from the Massachusetts marsh (Vahela and Teal, 1979) The marshes dIffer

in the net tidal-water exchanges of other forms of mtrogen

The rate of mtemal mtrogen cyclmg (asslffillatlOn and mmerallZatlOn) WIthin ecosystems

is directly propomonal to the rate of pflffiary productlOn (e g , Verhoeven and Arts, 1987),

although mgh rates of productivity can be supported by mgh external nutrient mputs when

conditions are unfavorable for mgh mmerallZatlOn rates (Verhoeven et al , 1988)

Mineralization rates differ greatly between the wetland types represented m Table 10-17

NItrogen assimilation by the plant commumties vanes from 38 to 66 kg mtrogen/ha/year m

the bog ecosystems, compared to 225 to 274 kg mtrogenlha/year m the salt marsh and fen

ecosystems, respectively The mtrogen cycle m the bog and heathland ecosystems IS largely

closed (FIgure 10-22) In contrast, the mtrogen cycle m salt marshes and fens is open, and

there is a great exchange of mtrogen wIth adjacent systems (Figure 10-21) In all these

ecosystems, the rate of mtrogen mmerallZation almost balances plant asslffillation m the

manner of a closed cycle (Table 10-17). However, It IS unlikely that the salt marsh could

function as a closed system and mamtam its productiVity or commumty structure LikeWise,

it IS unlikely that the bog ecosystem could mamtam itS commumty structure If the mtrogen

inputs were greatly mcreased by some means In general, as the mput rate of mtrogen

increases, there are concomitant mcreases m the output rate and magmtude of the mtemal

cycle (Table 10-17) In ecosystems With closed nutnent cycles and small rates of mtemal

cyclmg, like bogs, 1f mtrogen loadmgs mcrease sigmficantly, then we can predict that

prodUCtiVIty will mcrease, but as will be discussed later, the mcreased prodUCtiVIty will be

accompanied by changes m species compOSition to those adapted to an elevated nutrient

regime (FIgure 10-22)
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Figure 10-22. Conceptual relationships among trends in nitrogen cycling, productivity,
and species diversity along a gradient from oligotrophic (nutrient-poor) to
eutrophic (nutrient-rich) habitats.

10.7.4 Effects of Nitrogen Loading on Wetland Plant Communities

10.7.4.1 Effects on Primary Production

Numerous field expenments mvolvmg mtrogen feltilizatIon have documented that

pnmary productIOn m wetland ecosystems IS commonly lImIted by the avaIlability of

mtrogen Results of thIs type of expenment are presen1ted m Table 10-18 In all of the

fertilization expenments mcluded m the table, only sewage sludge, urea, or mmeral mtrogen

m the form of NH4 + or N03- were apphed Except m the case of sewage sludge

apphcatIons, where the numerous elements contaIned ill sludge preclude attrIbutIng the results
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to any specific element, the stmlUlatlOn of growth that was observed can be attnbuted solely

to apphcatlon of mtrogen Rates of apphcatlon ranged from 7 to 3,120 kg mtrogenlha/year

(Table 10-18), and m most studIes, these have been 1 to 2 orders of magmtude greater than

rates of atmosphenc depositlon (Table 10-16) These apphcatIons stimulated mcreases m

standing bIOmass by 6 to 413 % (Table 10-18)

Several studIes have mvestIgated the effects of dIfferent mtrogen sources Cargill and

Jefferies (1984) found that apphcatlOns of NH4+ mcreased production of Puccmellla

plzryganodes (a grass) in a subarctic salt marsh by 175 %, whereas eqUIvalent apphcatIons of

N03- mcreased production by only 73 % ApphcatlOns of N03- were perhaps less effective

than NH4+ because of demtnficatlOn of N03- by bactena m the anaerobIc marsh sedIments

This demonstrates the Importance of competitIOn between plants and mIcrobes for specIfic

inorgamc mtrogen compounds, WIth plants bemg the best competitors for NH4+

The greatest stImulatIOn of growth IS often achIeved when mtrogen apphcatlOns are

combined WIth apphcatlOns of other nutnents In the study of Cargill and Jeffenes (1984),

applicatlons of morgamc phosphate (PJ combmed WIth Nl4+ stImulated productIOn to a

greater extent than NH4+ alone Sanville (1988) observed that combmatlOns of mtrogen, m

the form of urea, and Pl stimulated productIOn m a Sphagnum bog to a greater extent than

nitrogen apphcatIons alone, and that smgular addItions of Pl had no SIgnIficant effect on

growth. These results demonstrate that other nutnents, Pl m these examples, become

secondanly hmItmg after mtrogen apphcatlOns reach a threshold

In one study of a wet heathland m the central Netherlands, total aboveground bIOmass

faIled to respond on expenmental SItes fertilized for 3 years at a rate of 200 kg

mtrogenlha/year, but SItes fertilized WIth 40 kg phosphorus/ha/year dId show a SIgnIficant

increase in bIomass (Aerts and Berendse, 1988) Thus, wetlands are not umversally hmited

by nitrogen However, as dIscussed above (see SectIOn 10 5 2), the Netherlands IS an area

of extreme hIgh mtrogen depOSItion, and the threshold for mtrogen hmitatIon IS perhaps

exceeded by anthropogemc mputs m thIs area

Fertilization expenments of salt marshes m Massachusetts by Vahela and Teal (1974)

and m LoUISIana by Patnck and Delaune (1976) mvolvmg smgular apphcatlOns of eIther

mtrogen or P l demonstrated that pnmary production was stImulated by mtrogen and not by

phosphorus. Vermeer (1986) obtamed the same result m freshwater fen and wet grassland
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commumties m the Netherlands However, fertt.bzatlOn wIth mtrogen mcreased the bIomass

and dommance of grasses at the expense of other specIes m fen and wet grassland

commumties Some Equlsetum spp (horsetaIl) had a smaller blOmass contnbutlOn upon

fertI.hzatlOn Tlus tendency toward a change m specIes composItion or dommance has also

been observed mother fertI.hzatlOn expenments Jeffenes and Perkins (1977) found

specIes-specIfic changes m stem denSity at a Norfolk, England, salt marsh after fertI.hzmg

monthly WIth 610 kg N03--mtrogen/ha/year or 680 kg NH4+-mtrogen/ha/year over a penod

of 3 to 4 years

A fmal concluslOn of the data m Table 10-19 IS that the stnnulation of pnmary

productlOn by mtrogen apphcatlOns IS not a hnear functlOn of the rate of mtrogen apphcation

Tlus can be seen by comparmg the results of fertI.hzatlOn studies of Sparnna (Table 10-18)

The greatest mcrease m standmg blOmass, both m tenus of absolute amount and m tenus of

the percent mcrease, was obtamed m studies where the control blOmass was low Tlus

nnphes that the m Situ mtrogen supply m some wetlands already IS near a threshold where

other factors become hmItmg Ultimately, available hght energy, water, and temperature are

the hmItlng factors

The data mcluded m Table 10-18 pertam to growth of aboveground bIOmass only

In several of these studIes, measurements of belowground blOmass were also made (Vahela

and Teal, 1974; Hames, 1979, Vahela et al , 1976, Gallagher, 1975) Results were vanable,

WIth some studies showmg a small decrease m hvmg belowground bIOmass (Vahela et al ,

1976), and others showmg small mcreases m belowground macroorgamc matter (Gallagher,

1975) or no change (Vahela and Teal, 1974) The nOl1mal techmque of conng sednnents to

measure belowground prodUCtion IS subject to great error (Smgh et al ,1984) However, the

eVIdence from controlled-growth expenments (Moms, 1982, Steen, 1984) clearly shows that

the response of leaf growth to mcreased mtrogen supply IS much greater than the response of

roots

It should be emphaSIZed that all of the fertthzatioltl studies summarIZed m Table 10-18

are short-tenn results m which mtrogen was apphed for 3 years or less We cannot assume

that long-tenu mtrogen apphcations will yIeld the same results StudIes of several wetland

ecosystems that have been fertI.hzed for long penods by mcreased atmosphenc mputs mdicate
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TABLE 10-19. RATES OF NITROGEN DEPOSITION IN SEVERAL
AREAS OF NORTH AMERICA

DeposItion Rate
(kg/halyear)

Area N03-a NH
4
+b Total Source

AIaskac 010 006 o16 Galloway et al (1982)
(poker Flat)

Sierra Nevada, CAd 111 119 230 WIlliams and Melack (1991a)
(Emerald Lake)

Ontano, Canadae 1 75 196 371 Lmsey et al (1987)
(Experimental Lakes Area)

Bntish ColumbIa, Canadae 364 182 546 Feller (1987)

Upper Midwestf 420 294 714 Dnscoll et al (1989a)

Southeastern Umted Statesg 756 252 1008 Lmdberg et al (1986)
(Walker Branch, TN)

New Hampshrree 650 280 930 Likens (1985)

CatskillsC 8 12 409 1224 Stoddard and Murdoch (1991)

AdIrondackl 826 266 10 92 Dnscoll et al (1989a)

aN -03 = Nitrate Ion
bNH..+ = Ammomum Ion
CO.ty depOSItion estImated as 35% of total deposItion
dDry deposition sampled as part of snowpack, no correctIOn for dry depOSItIon made
o.aulk precipitation measurements, no correctIOn for dry depOSItion made
fValues corrected for dry depOSItion based on ratios m HICks (1989)
tIncludes estimates for dry depOSItion and gaseous uptake of mtrogen areas, dissolved orgamc mtrogen can
occur m greater concentrations than the morgamc specIes (Moore and Nuckols, 1984)

that changes m species compOSItion and succeSSIOn accompany the mcreases m mtrogen

loadings and pnmary production These studIes are summanzed below

One Implication of a long-term increase m leaf growth IS that the demand for mmeral

elements and water from the soil will mcrease Howes et al (1986) observed that the rate of

evapotranspiration mcreased from a salt marsh dommated by Spartma alterniflora m SItes

where aboveground bIOmass was mcreased by mtrogen fertIhzatIOn Increased

evapotransprration can mfluence the dIrection of succeSSIOn of some wetlands by altenng the

water balance of the soil The feaSIbility of thIs mechamsm to alter bog succeSSIOn was
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demonstrated m a model by Logofet and Alexandrov (1984) TheIr model suggests that

mtrogen mputs greater than a threshold of 7 kg mtrogen/ha/year can change the dIrectiOn of

succeSSiOn from that of an open ohgotropInc bog to a mesotrophic bog dommated by trees

Furthermore, m flowmg water systems, hke salt marshes, an mcrease m aboveground

production should lead to an mcreased export from the system of nutnents that are

mcorporated m or leached from aboveground biOmass Therefore, the long-term ecosystem

and commumty responses to mcreased mputs of mtrogen can not be predIcted from results of

short-term field expenments hke those summanzed m Table 10-19

10.7.4.2 The Fate of Added Mineral Nitrogen

Expenments m the field and laboratory have followed the fate of apphed mtrogen by

usmg 15N as a tracer Thts stable Isotope, 15N, compnses 0 37% of naturally occurnng

mtrogen It can be quantIfied together wIth the more common Isotope of mtrogen,

mtrogen-14, wIth a mass spectrometer and IS used expl~nmentally much hke radIoactive

Isotopes, except that 15N IS normally used m greater than trace amounts due to the lower

sensItIVIty of the mstmmentatiOn used to detect It

Expenments m wInch dIfferent mmeral fonns of 15N were added to sedIments m the

absence of plants demonstrate that mmeral mtrogen IS rapIdly used by the mIcrobial

commumty SmIth and DeLaune (1985) added the eqUIvalent of 100 kg mtrogenlha m one

apphcatiOn as 15N-Iabeled NH4+ (15NH4+) to sedIments of a shallow salme lake They

found 15 days after the add1tiOn, 20 % had been converted to organIC mtrogen m the

sedIment, and the fractiOn m organIc matter remained constant at tIns level for the remammg

337 days of the expenment The amount of 15NH4+ m the sedIment decreased exponentIally

to a nondetectable level by Day 200 DIffuSiOn of NH4+ mto the water column and

demtnficatiOn accounted for a loss of 80 % of the 15NH4+ from the sedIment

Lmdau et al (1988) made smgle add1tiOns of eIther 15N-labeled N03- or 15NH4+,

eqUIvalent to 100 kg mtrogen/ha, to the floodwater Withm chambers contammg swamp
1'- +sedIment By Day 27, only 39 6 % and 6 2 % of the )N from NH4 and N03-, respectively,

remamed m the sedIment and overlymg water column The Iemammg fractIons had been

lost from the chambers by demtnficatlOn The loss of 60 % of the apphed 15NH4+ Withm

27 days demonstrates that NH4+ can be rapIdly converted to N03- by mtrIfymg bactena m
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aerobic parts of the system, and that N03- dIffuses mto the anaerobIc sedIments where

denitrificatIon occurs NItnficatIOn was apparently the rate htmtmg step because the loss of

15N by demtnfication was more rapId when It was apphed as N03-

DeBusk and Reddy (1987) made smgle addItIons of 15NH4+ to the floodwater above

cores of sediments taken from swamps that had been recelYmg prImary wastewater effluent

for 2 and 50 years pnor to the experIment The rate of apphcatIOn was eqUIvalent to 15 kg

nitrogenlha Mer 21 days, 0 5 to 2 3 % of the added mtrogen was recovered m the

floodwater, largely as N03-, and 13 6 to 17 8% was recovered m the sedIment, largely as

organic matter The remammg 80 % was apparently lost by demtnficatIOn, mdicatmg that

converSIOn of NH4 + to N03- and dIffuSIon of N03- to anaerobIc sItes of demtnficatIOn IS

rapid. This result IS consistent With that of Lmdau et al (1988) Furthennore, there was no

difference m the response of the two sedIment types, willch demonstrates that the

mtrificatIon-demtnficatIon potentIal of sedIments IS unchanged m sedIment recelYmg sewage

effluent for 50 years However, the bactena m the sedIments must have a contmuous supply

of suitable carbon substrates as well as mtrogen to sustam contmuous mtnficatIOn

denitrification reactIons

Short-tenn measurements of slurrys of marl and peat sedIments from the Flonda

Everglades (Gordon et al , 1986) demonstrated that 10 to 34% of N03- added at levels of

10 and 100 p.M (1 p.M = 14 p,g mtrogen/L) was rapidly demtnfied wlthm 24 h

Demtrification rates decreased followmg tills lllitIal burst of actIvity as the balance of the

added N03- was converted to NH4+ ThIs experIment suggests that the process of

dIssimilatory mtrate reductIon to ammomum (reammomficatIOn) competes successfully With

the denitrificatIon process However, tills experIment was conducted on sedIment slurrys that

were incubated under a nitrogen atmosphere, willch prevented mtnficatlon reactIons from

occurring. Under an oxygen atmosphere, mtnficatlon would have generated a contmuous

supply of N03- and demtnficatIon would then have consumed a greater fractIOn of the N03

over time.

The behavIOr of mineral mtrogen apphed to vegetated wetland sedIments IS qUIte

different from the results descnbed above and mdicates that plants successfully compete WIth

microbes for mineral nitrogen DeLaune et al (1983) followed the fate of 15NH4+ placed

below the sod surface m a LoUISIana salt marsh dommated by Sparuna altemiflora The
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smgular apphcatIOn of 15NH4+ was eqUIvalent to 72 kg mtrogenlha At the end of the fIrst

growmg season, 93 % of the added mtrogen was recovered m aboveground bIOmass, roots,

and sou An average of 28 % was m aboveground bIomass and 65 % was m sou and

belowground bIOmass The hIgh rate of recovery of 15N m vegetatIOn and SOUlS consIstent

WIth results of Buresh et al (1981) and Patnck and Delaune (1976) In the study of

DeLaune et al (1983), 15N recovered m sou and belowground bIOmass dechned to 50% by

the end of the second growmg season and to 43 % by the end of the thIrd growmg season

NItrogen m aboveground bIOmass decreased to 1 2 % of ongmal 15N by the end of the thIrd

growmg season The annual dec1mes were postulated to have occurred due to the loss of

mtrogen from the leaves, eIther by phYSICal transport of aboveground plant matenal off the

SIte or by decomposItion of leaf matenal at the sedIment surface followed by mtnfIcatIon

demtnfIcation reactIOns SImuar results were obtamed m a freshwater marsh dommated by

Pamcum hemltomon (maiden cane) DeLaune et at (1986) added 30 kg/ha of

15NH4+-mtrogen to sedIments and recovered a mean of 80% m the combmed aboveground

(18%) and belowground bIOmass and sou (62%) at the end of the fIrst growmg season

Dean and Blesboer (1985) apphed 15NH4+ to the floodwater m cyhnders contammg

sedIment only and m cyhnders contammg Typha lanfoba (broadleaved cattatl) AddItions

were made bIweekly dunng a smgle growmg season for a total apphcatIOn eqUIvalent to

82 kg mtrogenlha/season At the end of the growmg season, 3 weeks after the last addItIOn,

75 3 % of added 15N was recovered m the plant-sou system A total of 53 6 % was contamed

m the plants, mc1udmg both above- and belowground bIOmass, and 21 7% was contamed m

the sou In the sedIment-only system, only 34 6% of lhe added 15N was recovered, most of

thIs, 33 % of the added 15N, was m the sedIment The remaImllg 65 4 % was thought to have

been lost through mtnfIcatIOn-demtnfIcatIOn reactions

The expenments dIscussed above mdlcate that plant bIOmass IS the major smk for free

NH4 +, and that m the absence of plants, the major fate IS mtnficatIOn-demtnfIcatIon

It should be emphaSIZed that the mtnfIcatIOn-demtnfIcatIon process can dommate only m

envIronments, hke wetlands, that have separate and dl&tmct aerobIC and anoXiC zones of

mIcrobIal actIvIty where solutes freely dIffuse between them
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10.7.4.3 Effects of Nitrogen Loading on Microbial Processes

Changes m depoSItIon rate and the chelTI1cal form of rutrogen m depOSItIon can

potentially influence microbial processes and detaIls of the mternal rutrogen cycle of

wetlands. For instance, the decomposItIon rate IS sensItIve to the rutrogen concentratIon of

decomposing tIssues and of the surroundmg enVIronment Tissues With elevated rutrogen

concentratlons normally are observed to decompose at a faster rate than tIssues contammg

low nitrogen concentratIons (Marmuccl et al , 1983, Neely and DavIs, 1985b) The

difference m decompOSItIon rates can be Impressive For example, htter from rutrogen

fertlhzed Sparnna altemiflora decomposed 50% faster than control htter (Marmuccl et al ,

1983).

The dynamics of rutrogen Wlthm decomposmg htter IS also sensitive to the htter's

rutrogen status That is, htter of low ongmal rutrogen content often acts as a net rutrogen

sink during the fIrst months of decompOSItIon, whereas rutrogen-nch htter IS hkely to be a

exporter rather than an accumulator dunng decompOSItIon (Neely and DaVIS, 1985b) There

IS some controversy about the mecharusm of rutrogen ImmoblhzatlOn (Bosatta and Staaf,

1982; Aber and Mehllo, 1982, Bosatta and Berendse, 1984), but ItS Importance to the

wetland rutrogen cycle IS recogruzed (Bnnson, 1977, Moms and LaJtha, 1986, Damman,

1988)

Microbial rutrogen transformatIons are also affected by the rutrogen status of the

environment. It is well known that NH4+ mhlblts the actIVIty of rutrogen-flXffig bactena

(diazotrophs) (Buresh et al ,1980) It IS thought that NH4+ represses syntheSIS by bactena

of the nitrogenase enzyme (the enzyme m bactena that accomphshes the transformatIOn)

There may be dIrect mhlbltIon by NH4 + of enzyme actIvity, as suggested by Yoch and

Whiting (1986). Kolb and Martm (1988) observed a decrease m rutrogenase actIvity as well

as the proportIOn of dlazOtrophs among the heterotrophIc bactena m SOll after apphcatIon of

NH4N03• They suggested that the decrease m proportIOn of dlazotrophs represents a

competitIve suppression by nondlazotrophs m the presence of combmed rutrogen (NH4+ or

N03'). Dicker and SmIth (1980) observed a SImllar repressIOn of rutrogen fIXatIon m salt

marsh sedIments amended With either NH4 + or N03-

Acidification, whIch may be caused by depOSItIon of NOx or NH4 +, can Impact the

nitrogen cycle The decomposition rate IS decreased by aCidIficatIon (Leuven and Wolfs,
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1988, Hendnckson, 1985), but the degree of 1I1hlbitlOn IS dependent on the buffenng capacIty

of the htter (Gallagher et al ,1987) NItnficatIon IS al&O affected by aCIdIficatlOn

NitrIficatlOn was 1I1hlbited at pH 4 to 5 m cypress swamps (DIerberg and Brezomk, 1982),

and at pH 5 4 to 5 7 m lakes (Rudd et al ,1988) ACJl(IIficatIon blocks the mtrogen cycle by

mhIbItmg mtnficatlOn and leads to an accumulatlOn of NH4+ (Roelofs, 1986, Schuurkes

et al , 1986, 1987, Rudd et al ,1988) Also, the ratio of N20 N2 produced by demtnfymg

bactena IS apparently pH sensItive, WIth httle N20 bemg produced under anoXiC conditlOns at

pH 7 and almost 100% N20 bemg produced at pH 5 (Focht, 1974) ThIs IS sIgnIficant

because a sluft to N20 production upon aCIdI.ficatlOn of the envrronment could have a

deletenous effect on stratosphenc 03

Fmally, N03- and NH4+ have been shown to mfluence the relatIve and absolute

productlOn of end products of illssImllatory mtrate reductlOn (Blackmer and Bremner, 1978,

Knowles, 1982, Prakasam and Krup, 1982) King and Nedwell (1985) observed

approXImately equal reductlOn to eIther NH4+ or N20 (m the presence of acetylene, the gas

added to assay the rate of productlOn of N20) m sednnent slurrys mcubated anaerobIcally

WIth 250 p.M N03- As the mtrate concentration was mcreased up to 2 mM (1 mM =

14 mg mtrogenlL), the proportion of the mtrate that was demtrIfied to N20 mcreased up to

83 % HIgh mtrate concentrations have also been shown to favor N20 productlOn and 1I1hlbit

N2 productlOn, perhaps due to the competitive role that eXists between N03- and N20

termmal electron acceptors dunng anaerobIc resprratlOn (Cho and Sakdman, 1978, Blackmer

and Bremner, 1978) SeItzmger et al (1983, 1984) observed higher ratlOs of N20.N2

productlOn and higher absolute rates of N20 production from eutrophIc sednnents than from

unpolluted sednnents of Narragansett Bay, RI SmIth and DeLaune (1983) reported that N20

productlOn from salt marsh and brackish marsh sOlls mcreased from 0 22 and 0 04 mg

N20-mtrogenlm2/day, respectively, to 1 5 and 2 9 mg N20-mtrogenlm2/day after amendmg

the sedIments WIth 1 2 to 1 5 g NH4 +-mtrogenlm2 Others (Betlach and TledJe, 1981),

however, faded to observe an 1I1hlbitIon of N20 reductlOn m the presence of N03- LIttle IS

known about the SIgnIficance of this process m general or the potential for N03- or NH4+ m

deposItion to alter natural rates of N20 productlOn Only a small fraction of deposItional

mtrogen mputs are hkely to be evolved as N20 For e"ample, Pedrazzlill and Moore (1983)

recovered only 0 39 % of fertIhzer mtrogen as N20 from submerged sOllS amended WIth 34 g
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N03--nitrogenlm2 and 12 g NH4+-mtrogenlm2 m the laboratory However, on a global

basis, even small changes m the productIon of N20 are potentIally sIgmficant considermg the

role of N20 in the destructIon of stratosphenc 03 (Crutzen, 1970, Hahn and Crutzen, 1982)

10.7.4.4 Effects on Biotic Diversity and Ecosystem Structure

In the introductIon, It was pomted out that wetlands harbor about 17 % of the total

number of plant speCIes formally hsted as endangered m the Umted States Although It IS

beyond the scope of thIs reVIew to survey the phySIOlogICal ecology of these wetland plants,

several specIes on thIs hst are WIdely recogmzed to be adapted to mtrogen-poor or Infertile

envlfonments. These include the IsoetIds (Boston, 1986) and the msectIvorous plants (Keddy

and Wisheu, 1989, Moore et al , 1989, Wisheu and Keddy, 1989), hke the endangered green

pitcher plant, Sarracems oreophzla In eastern CanadIan wetlands, natIonally rare specIes are

found prinCIpally on Infertile SItes (Moore et al , 1989, Wisheu and Keddy, 1989)

Therefore, management practIces should recogmze that alteratIOns m competItIve

relatIonships between specIes occur when the fertility of the enVlfonment changes

These assertIons are supported by research on flonstic changes related to mtrogen

deposition in central Europe NItrogen supply IS a cntIcal factor m plant nutntIOn m many

natural ecosystems and m agnculture and grassland management as well Ellenberg (1988)

surveyed the mtrogen requrrements of 1,805 plant speCIes from West Germany and

concluded that 50% can compete successfully only m habItats that are defiCIent m mtrogen

supply. Furthermore, of the threatened plants, 75 to 80 % are mdicator speCIes for habItats

poor in mtrogen supply (1 e , they grow only m mtrogen-poor habItats) When stratIfied by

ecosystem type, It IS also clear that the trend of rare speCIes occurrmg WIth greater frequency

in nitrogen-poor habItats IS a common phenomenon across many ecosystem types

(Figures 10-23 and 10-24)

There is a hIstory m western Europe of changes m wetland commumty composItIon that

are thought to result from depOSItIon of atmosphenc pollutants Sphagnum specIes are

largely absent from ombrotrophIc peat bogs m areas of Bntam where they were once

common (TallIs, 1964, Ferguson et al , 1984, Lee et al ,1986) OmbrotrophIc wetlands

downwmd of the Manchester and LIverpool conurbatIons have been extensIvely modIfied by

atmospheric pollutIon for greater than 200 years, WIth the vrrtual ehmmatIon of the dommant
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Figure 10-23. Distribution of 2,164 Central European plant species on a nitrogen
indicator value gradient from very poor (1), to sufficient (5), to rich (7),
to surplus (9), due in part to nitrogen deposition. (a, c) Species with
unknown preference are indicated witll1 a"?", and those not influenced by
nitrogen supply are indicated with an "x". (b) Most threatened species
can compete only on nitrogen-deficient stands. (c) The fraction of
threatened species diminishes with increasing nitrogen until sufficiency
(5) is reached and then remains constant. In every type of ecosystem,
threatened species are concentrated in the poor to very poor portion of
th~ nitrogen gradient.

Source Ellenberg (1988)

peat-formmg Sphagnum mosses from more than 60,000 ha of bog (Lee et al ,1986) TIns

has led to a loss of water retention and WIdespread erosLon NItrogen pollutants from

atmosphenc depOSItion have been Imphcated m thIs process, although studIes of thIs

partIcular area should be mterpreted cautIously because of Its long hIstory of exposure to

multIple pollutants (Lee et al ,1986) The combmatlOn of N03- and NH4 + depOSItion, about

32 kg mtrogenlhalyear, IS more than double the depOSItLon rates m the Berwyn Mountams m

North Wales, whIch still support healthy Sphagnum commumtIes, and contnbutes
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Figure 10-24. Distribution of Central European plant species along a gradient of
nitrogen indicator values (see Figure 10-23) across ecosystem types.
In every analyzable type of ecosystem, threatened plant species are
concentrated in the poor (1) to very poor portion of the gradient.

Source: Ellenberg (1988)

sigmficantly to a supraoptnnal mtrogen supply (Lee et al ,1986) In the Netherlands, there

has been a great dechne dunng the past three decades ill commumties dommated by IOsetids

in soft water areas and therr converSIOn to later successIOnal stages dommated by grasslands

or by Jzmcus bulbosus (rush) and Sphagnum spp (Roelofs, 1983, 1986, Roelofs et al , 1984,

Schuurkes et al., 1986)
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Venneer and Berendse (1983) correlated bIOmass wIth specIes numbers and soIl

chemIcal charactenstIcs ill several fen and grassland commumtIes ill the Netherlands
+In fens, they found a negatIve correlatIon between bIomass and NH4 concentratIOn and a

posItIve correlatIOn between bIOmass and pH There was also a posItIve correlatIOn between

bIomass and number of speCIes In wet grasslands, a posItIve correlatIOn was found between

bIOmass and N03-, PI' and K+ In all wetland types mvestIgated, they report that speCIes

number was greatest when the standIng bIOmass of the SIte was ill the range of 400 to

500 g/m2 They concluded that dommatIOn by a few specIes IS associated WIth eutrophIc

condItIons at the hIgh end of the bIOmass scale as well as WIth condItIons unfavorable for

growth at the low end of the scale SImIlarly, ill wetl31lds of eastern OntarIo and western

Quebec, the greatest dIverSIty of speCIes (3 to 24 per 025 m2
) occurs at mtenned1ate

standmg crops (60 to 500 g/m2
) and the lowest denSIty of speCIes (2 to 5 per 0 25 m2

) at

standing crops greater than 1,500 g/m2 (Moore and Keddy, 1989, Wisheu and Keddy, 1989)

In Great Bntam, specIes denSIty m fens was greatest (about 12 per 0 25 m2
) at standIng

crops less than 1,000 g/m2 and lowest (3 per 0 25 m2
) when standIng crop was 4,000 g/m2

or greater (Wheeler and Giller, 1982) ExceptIOns to !tus trend are found where annual

mowmg and harvest of wetland vegetatIon milllffilZe the accumulatIon of surface htter

(Verhoeven et al , 1988), and pOSSIbly where mtense pressure from grazmg anImals favors

dommatIon by specIfic plant specIes (Jensen, 1985, Berendse, 1985)

10.7.4.5 Mechanisms of Nitrogen Control Over Ecoslystem Structure

NItrogen supphed m excess of a plant's nutntIOnal requrrements has a drrect tOXiC effect

on some speCIes The concentratIons of SIX elements m the tIssues of five Sphagnum speCIes

have been mvestIgated m relatIOnshJp to atmosphenc depOSItIon ill Europe (Ferguson et al ,

1984) When Sphagnum specIes were transplanted from a relatIvely clean-arr SIte to a

polluted SIte, the concentratIOns of mtrogen, sulfur, lead, Fe, and phosphate illcreased

sIgmficantly, but the concentratIOn of potaSSIUm dId not The greatest change observed was

for mtrogen, whIch mcreased by absolute amounts that vaned from 17 7 mg/g of tIssue ill

Sphagnum recurvum to 5 3 mg/g m Sphagnum caplllifollum above control levels of about

10 mg/g (1 % of dry weIght) Because the mtrogen supply ongmatmg from the soil probably

dId not dIffer, as mdicated by the sImIlanty ill total mtrogen concentratIon of the peat from
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the polluted and clean SIteS, It IS possIble that mtrogen deposItion had a dIrect effect on

nitrogen uptake in these specIes The authors concluded that the element supply from

deposItion at the polluted SIte, where mtrogen deposItion IS 43 kg mtrogenlha/year, IS

supraoptimal for growth of ombrotrophIc Sphagnum specIes They noted the eXIstence of a

Itgood lf Sphagnum cover at one SIte where a mtrogen deposItion rate of 20 kg

nitrogenlha/year was measured SImilarly, Press et al (1986) observed tissue mtrogen

concentrations as hIgh as 2 5 % of dry weIght m Sphagnum cuspldatum transplanted to a SIte

of high nitrogen deposItion m northern BntaIn and found that thIs level of mtrogen was

assocJated wIth decreased growth

Competitive relatIOnshIps among speCIes change wIth the mtrogen status of the

environment In weakly buffered ecosystems, a hIgh depOSItion of Nl4+ leads to

acichfication and mtrogen ennchment of soil Consequently, plant specIes charactenstIc of

poorly buffered enVIronments disappear Among the aCId-tolerant specIes, there will be

competItion between slow-growmg and fast-growmg mtrophIlous grasses or grass-lIke

specIes ThIs process contnbutes to the observed change from heathlands mto grasslands

Mollma caerulea (L) Moench and/or Deschampslajlexuosa (L) Tnn (grasses) expand at

the expense of Enca tetrallx or Calluna vulgans (L) Hall (shrubs) and other heathland

species (Berendse and Aerts, 1984, Roelofs et al , 1987, Aerts and Berendse, 1988, 1989)

In over 70 heathlands mvestIgated, the shrub bogs dommated by Enca tetralLX or Calluna

had dissolved NH4+ levels m the soil water of 55 and 84 p,M, whereas those dommated by

the grasses Deschampsla and Molzma had average NH4+ concentrations of 248 and 429 p,M

(Roelofs et al., 1987)

Several controlled-growth studies also have been conducted to IdentIfy the mechanIsms

of nitrogen control over specIes compOSItion ThIs IS a nontnvial task because there are a

great number of interaCtions among bIOchemIcal and geochemIcal processes There are

dIrect and indIrect effects of mtrogen depOSItIOn, and cause and effect can be dIfficult to

ascertam. Roelofs (1986), for example, states that aCIdlficatIOn, whIch can result from

depOSItion of NOx, S042-, or NH4+, can decrease the availability of dIssolved CO2 m water,

which leads to the complete elIIDmatIon of submerged plant speCIes DepOSItion of Nl4+

and Its subsequent mtrmcatIon or absorptIon by plants generates aCIdIty BIOchemICal

conversions of SO/- and N03- generate alkahmty These processes are medIated by
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bactena, macrophytes, and algae (Kelly et al , 1982, Raven, 1985) Atmosphenc depOSI1:lon

of mtrogen can sIgmficantly affect the mtrogen budget of some wetland ecosystems, theIr

aCIdIty, and theIr carbon budgets (Roelofs, 1986)

Schuurkes et al (1986) studIed effects of aCIdIficatIOn and mtrogen supply on growth of

several common wetland plants under controlled laboratory condioons All speCIes utthzed

NH4+ and N03- as a mtrogen source, except Sphagnum jlexuosum, whIch dId not assImuate

N03- When NH4+ and N03- were offered sImultaneously m equal amounts, N03- uptake

was the dommant form of nutntIOn (63 to 73 %) m planf s that are charactensoc of soft waters

(low Ca2+ and Mg2+), whereas NH4+ strongly dommated the nutntIOn (85 to 90%) m

specIes from aCId waters DIfferences m the sIte of uptake, eIther leaves or roots, among

specIes were also found They concluded that hIgh deposioon of NH4+ and SO/-, the most

Important sources of aCl<hficatIOn m the Netherlands, IS leadmg to an expansIOn of aCId

tolerant mtrophtlous plants

The nutntIOn of Sphagnum IS apparently speCIes specIfic Although S jlexuosum dId

not aSSImIlate N03- (Schuurkes et al , 1986), the acovity of mtrate reductase m

S cuspldatum (Press and Lee, 1982) and m S fuscum (WoodIn et al , 1985) clearly shows

that N03- can be utthzed by these specIes S magellamcum was shown to grow best when

gIven the eqUIvalent of 4 1 kg N03--mtrogen/ha/year plus 19 kg NH4 +-mtrogenlha/year m

SImulated ram, when gIven 0 25 tImes that amount of N03- and 1 5 t1mes (and 4 t1mes) as

much NH4+, growth decreased (Rudolph and VOIgt, 1986) Bayley et al (1987) reported

that the dommant Sphagnum spp m a poor fen mOntano, S fuscum and S magellamcum,

were able to assImuate an N03- mput of 471 kg mtrogenlhalyear, mcludmg 1 6 kg

mtrogenlha/year apphed m SImulated aCId ram, and growth mcreased at least durmg the first

year after the addioonal mtrogen was apphed Roelofs et al (1984) observed that growth of

S cuspldatum was greatest m a medIUm contammg 500 p.M NH4 +, and growth was less at

1,000 or 100 p,M NH4 + Press et al (1986) observed that the best growth of thIs same

speCIes occurred m mtrogen-free solutIOns, and that even small addioons (10 p.M) of eIther

NH4 + or N03- reduced growth It IS doubtless that some vanaoons m results of nutntIOnal

studIes are mfluenced by other vanables, hke pH

The genus Sphagnum IS an Important group m bogs everywhere, and It IS Important to

understand ItS nutnoonal phySIOlogy and ecology However, It should be emphaSIZed that
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the consequences of mtrogen fertIhzatIon m a natural envIronment, wIth fluctuatmg chInate

and competitIon among numerous specIes, can be qUIte dIfferent from what may be predIcted

from studIes of a smgle specIeS m laboratory culture For example, Aerts et al (1989) assert

that competitIon for hght dIctates the outcome of competItIon between speCIes that dIffer m

growth rate potentIal and nutrIent requrrement

In a 2-year greenhouse expenment deSIgned to dIfferentIate between aCId and mtrogen

effects, Schuurkes et al (1987) exposed mIXtures of dIfferent wetland plant specIes to

simulated rain contaming vanous combmatlOns of SO/-, NH4+, and N03- Marked changes

were observed in systems receIvmg ram WIth 510 and 1,585 p.M NH4+, plants typICal of

nutrient-poor soft waters (hke the IsoetIds Llttorella uniflora [shoreweed], Luronzum natans

[water plantain], and Pllulana globulzjera) were adversely affected at thIs level of mtrogen

input, whereas other species (Juncus bulbosus, Sphagnum cuspldatum, and the grass Agrostls

camna) expanded ACIdificatIon WIth none or only a small NH4+ addItIon had no clear

effects, although biomass of Sphagnum was shghtly hIgher WIthm sulfunc aCId treatments,

only pH 3.5 ram markedly aCIchfied the water Based on these expenments, Schuurkes et al

(1987) recommended that to preserve the remammg ohgotrophIc wetlands, aCId mputs should

not exceed 250 mollha/year, and that the annual mtrogen depOSItIon should not be greater

than 1,380 mollha/year or 19 4 kg mtrogen/ha/year (N03- + NH4+), except that the

potential acichfymg mfluence of thIs mtrogen mput, If m the form of Nl4+, exceeds the

allowable acid input ThIs hmIt IS supported by LI1Jelund and Torstensson (1988), who

concluded from their review that the hInIt for many specIes may be well below 20 kg

nitrogen/ha/year and for ohgotrophIc (nutnent-poor) bogs, IS probably about 10 kg

nitrogen/ha/year. These hmIts are exceeded currently m the Umted States, where wet mtrate

deposition alone exceeds 15 kg mtrogen/ha/year over most of the MIdwest, New York, and

New England (Zemba et al ,1988) The effects of the mtrate depOSItIon, however, are yet

to be determined
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10.8 AQUATIC EFFECTS OF NITROGEN OXIDES

10.8.1 Introduction

For a vanety of reasons, mtrogen deposItIOn has IllOt illstoncally been consIdered a

senous threat to the mtegnty of aquatic systems Most terrestI~al systems have been assumed

to retam mtrogen strongly, leadmg to a small probability that deposIted mtrogen will ever

make ItS way to the surface waters that dram these terrestnal systems NItrogen wlthm

aquatic ecosystems can anse from a vanety of sources, mcludmg pomt-source and

non-pomt-source pollutIOn and bIOlogICal fixation of gaseous mtrogen, m addition to the

deposItion of NOx In cases where mtrogen IS known to be affectmg aquatic systems, It has

been assumed that some source other than deposItion IS responsIble The amounts of

mtrogen provIded to aquatic systems by these other sou rces often outweIgh by a large margm

the amount of mtrogen potentially provIded by atmosphenc deposItion In the past decade,

however, our understandmg of the transformatIOns that mtrogen undergoes Wlthm watersheds

has mcreased greatly, and m areas of the country where nonatmosphenc sources of mtrogen

are small, we can begm to mfer cases where mtrogen deposItion IS havmg an tmpact on

aquatic systems

Estl1llatmg the effects of NOx emISSIOns and mtrogen depOSition on aquatic systems IS

made drfficult by the large vanety of mtrogen compounds found m arr, depOSItion,

watersheds, and surface waters, as well as the mynad of pathways through willch mtrogen

can be cycled m terrestnal andl aquatic ecosystems Th,ese compleXities have the effect of

decouplmg mtrogen depOSItion from mtrogen effects, and reduce our ability to attrIbute

known aquatic effects to known rates of mtrogen deposlltIon The orgamzatIOn of tills section

reflects tills compleXity Because an understandmg of the ways that mtrogen IS cycled

through watersheds IS cntIcal to our understandmg of Thltrogen effects, the section begms

WIth a bnef descnptIOn of the mtrogen cycle, and of the transformatIOns of mtrogen that may

occur m watersheds Each of the known pOSSIble effects of mtrogen depOSItion

(aCIdIficatIOn, eutropillcatIOn, and direct tOXICIty) IS discussed separately Wlthm these

dIScussIons, eVIdence for the tmportance of mtrogen m causmg observed effects IS dISCUSsed

separately from eVIdence that depOSItIOn IS the source of the mtrogen observed m affected

systems
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10.8.2 The Nitrogen Cycle

Atmospheric mtrogen can enter aquatic systems eIther as dIrect depOSItion to water

surfaces, or as mtrogen depOSItion to the terrestnal portIOns of a watershed (FIgure 10-25,

see also FIgure 10-1) NItrogen depOSIted to the watershed IS then routed (e g , through

plant biomass and sOIl microorgamsms) and transformed (e g , mto other morgamc or

orgamc nitrogen specIes) by watershed processes, and may eventually run off mto aquatIC

systems in forms that are only mdrrectly related to the ongmal depOSItion Much of the

challenge of determming when mtrogen depOSItion IS havmg an effect on aquatIC systems

depends on our ability to track mtrogen on ItS path through watersheds In most cases, thIs

tracking cannot be accomphshed outSIde of a carefully controlled research program, and we

are forced to make educated guesses about the hkehhood that the mtrogen observed m

aquatic systems was originally of atmosphenc ongm The strength of these educated guesses

will depend, to a large degree, on our ability to Identify whIch mtrogen transformatIOns are

occurring and whIch are not By ehmmatlng other pOSSIble sources or sInks of mtrogen, we

are in a stronger pOSItion to determme ill whIch cases observed mtrogen effects are caused

indirectly by atmosphenc depOSItion Our understandmg of the mtrogen cycle m terrestnal

and aquatIc ecosystems, therefore, plays a central role ill controllmg our understandmg of

depOSItIon effects The key elements of the mtrogen cycle, partIcularly those that are thought

to be important in determmmg whether atmosphencally denved mtrogen will have an effect

on aquatic systems, are dIscussed bnefly ill thIs sectIon (see also SectIOn 10 3)

10.8.2.1 Nitrogen Inputs

Watersheds are generally several orders of magmtude larger than the surface waters that

dram them, and so the maJonty of the atmosphenc depOSItIon that may potentIally enter

aquatIc systems falls fIrst on some portIon of the watershed NItrogen may be depOSIted to

the watershed, or drrectly to water surfaces, m a vanety of forms, mcludmg N03-, NH4+,

and orgamc nitrogen ill wet and dry depOSItion In addItIon, plants may absorb gaseous

nitrogen as NOx (Rowland et al , 1985) or RN03 vapor (Vose et al , 1989), and mtrogen

thus absorbed may subsequently enter the watershed mtrogen budget as htter fall, or through

the death of plant bIOmass (parker, 1983, Olson et al ,1985) These mtrogen constItuents

10-134



Deposition

Wet D

Plant

Biomass

fixation

nitrogen
Microbial
Biomass

assimilation

/ ! Dead
NH + ... 7(\.'---------j Organic

4 V mineralizatIOn Matter

mtrlflcatlonI;\,
- assimilation

'---"'--- NO 3

Leaching
Water

denitrification

Figure 10-25. A simplified watershed nitrogen cyclE'. Only the major pathways are
shown. The boxes represent major pools of nitrogen in terrestrial
ecosystems, and the lines represent the major pathways and processes
affecting nitrogen transformations. ']['he wavy line represents the soil
surface.
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are the same as those compnsmg dIrect depOSItion to terrestnal ecosystems recently descnbed

by Lmdberg et al (1986) (also see SectIOn 10 6)

Concentrations of N03- and NH4 + ill precIpItatIOn vary WIdely throughout North

Amenca, dependmg largely on the proxnmty of sampl.llllg SItes to sources of emISSIons

Galloway et al (1982) report mean concentrations of N03- and NH4 + of 2 4 j-teq/L and

2 8 j-teq/L, respectively, for a SIte ill central Alaska In the SIerra Nevada Mountams of
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California, mean concentratIOns of N03- and NH4+ for the penod 1985 to 1987 were

5.0 and 54 p,eq/L, respectively (WIlhams and Melack, 1991a) In a companson of mtrogen

depositIOn at lake and watershed momtonng sItes ill the northern Umted States and southern

Canada, Lmsey et al. (1987), found N03- concentratIOns rangmg from 15 to 40 p,eq/L and

Nl4+ concentratIOns from 10 to 50 p,eqfL ill areas conSIdered remote but mfluenced by

prairie dust and long-range aCIdIC depOSItion, neIther Ion dommated over the other In some

areas closer to anthropogemc mtrogen sources (e g , ill northeastern Umted States and

southeastern Canada), volume-weIghted mean N03- concentratIons range from 30 p,eqlL

(e.g., in the Adrrondack and CatskIll mountams of New York) to 50 p,eqlL (e g , ill the

eastern Great Lakes regIon), whereas mean NH4+ concentratIOns range from 10 to 20 p,eqlL

in the same areas (Stensland et al ,1986) Ammomum concentratIons are hIghest

(ca. 40 p,eq/L) ill the agncultural areas of the mIdwestern Umted States

Deposition of mtrogen will depend on the concentratIOn ill preCIpItation, the volume of

water falling as precIpItatIOn, and the amount of mtrogen ill dry depOSItIOn (see

Section 10 4 of thIs report, see also SIsterson et al ,1990) The last of these values (dry

depositIon) IS dIfficult to measure, and IS often estImated as a fractIOn (e g , 30 to 40 %) of

wet deposition (Baker, 1991) GIven the range of concentratIons mentIOned ill the preVIOUS

paragraph, and the volumes of precIpItatIon fallmg ill dIfferent regIOns of North Amenca,

estImates of mtrogen depOSItIon rates range from less than 0 2 kg/ha/year ill Alaska to

12 kg/ha/year in the northeastern Umted States (Table 10-19)

Generally N03- dominates over NH4+ at SItes close to emISSIon sources (Lmsey et al ,

1987, Altwicker et al ,1986) DIssolved orgamc mtrogen concentratIons are hIghly vanable

in precipitatIon, but often amount to 25 to 50 % of illorgamc mtrogen depOSItIon values

(Linsey et al., 1987, Manny and Owens, 1983, Feller, 1987)

10.8.2.2 Transformations

Because the majonty of mtrogen depOSItIon falls ['rrst on some portIOn of the watershed,

the transformatIons that nitrogen undergoes Wlthm the watershed (e g , ill soIls, by mIcrobIal

action, and ill plants) will playa major role ill determmmg what forms and amounts of

nitrogen eventually reach surface waters Much of the followmg dISCUSSIon IS, therefore,

focused on terrestnal processes that alter the forms and rates of mtrogen supply It IS these
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processes that, to a large degree, determme whether mt rogen deposItIOn will ever reach

lakes, streams, and estuanes, and, therefore, they are very Important m controllmg the

effects of mtrogen deposItIon Many of these same processes occur also Withm surface

waters, and a specillc dISCUSSIon of these processes, and theIr Importance, follows the

dISCUSSIOn of mtrogen transformatIOns

NItrogen Asszmilatzon

NItrogen assImIlatIon IS the uptake and metabohc use of mtrogen by plants

(FIgure 10-25) AssImIlatIon by both terrestnal and aquatIC plants will playa role m

determmmg whether mtrogen depOSItIOn affects aquatIc systems AssImIlatIon by the

terrestnal ecosystem controls the form of mtrogen eventually released mto surface waters, as

well as affectmg the aCId/base status of soIl and surface waters Terrestnal aSSImIlatIon IS a

major form of mtrogen removal m watersheds, and may m fact be suffiCIent to prevent all

atmosphencally-denved mtrogen from reaching surface waters (VItousek and Remers, 1975)

NItrogen IS the most commonly hmitIng nutrient llll forest ecosystems m North Amenca

(Cole and Rapp, 1981) Because the pnmary use of mtrogen m plant bIomass IS the

formatIon of ammo aCIds, and reduced mtrogen IS the most energetIcally favorable form of

mtrogen for mcorporatIOn mto amino aCIds, uptake of NH4+ IS generally favored over uptake

of N03- by terrestnal plant specIes ThIs demand for NH4 + over N03- and the hIgh catIOn

exchange capaCIty, typICal of most temperate forest soils, combme to create the common

pattern of low NH4+ concentratIons m waters draimng forested watersheds m the Umted

States The form of mtrogen used by terrestnal ecosystems strongly affects the aCIdJfymg

potentIal of mtrogen depOSItIon (FIgure 10-26) Ammomum uptake IS an aCldIfymg process

(1 e , uptake of NH4+ releases one mole of hydrogen per mole of mtrogen assImIlated)

+ +NH4 + R OH = R NH2 + H20 + H (10-10)

The bIOlogIcal uptake of N03-, on the other hand, IS aJtl aIkahmzmg process (1 e , uptake of

N03- consumes one mole of hydrogen per mole of mttogen assImIlated).
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Figure 10-26. The effect of nitrogen transformations on the watershed hydrogen ion
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water (+1) or from the soil solution or surface water (-1) for every
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hydrogen ion production of +2 for every molecule of nitrate produced.

Source Skeffington and WIlson (1988)

(10-11)

Nitrification

NitrificatIOn IS the madatIon of NH4+ to N03-, and IS medIated by bactena and fungI

in both the terrestnal and aquatIc portlons of watersheds It IS an Important process In

controlhng the form of mtrogen released to surface waters by watersheds, as well as In

controlhng the aCId/base status of surface waters (FIgure 10-25) NltnficatlOn IS a strongly

acidifying process, producmg two moles of hydrogen for each mole of mtrogen (NH4+)

nitrified (FIgure 10-26):

(10-12)
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Because mtnficatlOn m forest soIls commonly transfomls NH4+ mto N03-, the aCIdrfymg

potentIal of depositlOn (the maxImum potentIal for aCIdlmcatIon that IS attnbutable to

mtrogen) IS often defmed as the sum of NH4+ and NO J-, assummg that all mtrogen will

leave the watershed as N03- (e g , Hauhs et al , 1989)

In most soIls, mtrIficatlOn IS lImIted by the supply of NH4+ (LIkens et al , 1970,

Vitousek et al , 1979), creatmg a hIgh demand for NH4+ on the part of mtrrfymg soIl

mIcrobes ThIs mIcrobIal demand for NH4 +, coupled WIth the demand for NH4 + on the

part of terrestnal plants (dISCUSSed above), leads to surface water concentratIons of NH4+

that are almost always unmeasurable NItrIficatIon rates may also be lImIted by madequate

mIcrobIal populatlOns, lack of water, allelopathIc effects (toXIC effects produced by mhIbitors

manufactured by vegetatlOn), or by low SOll pH Of these other potentIal1ImItmg factors,

soIl pH plays an obVIously VItal role m any dIScussIon of the aCIdIficatIon of surface waters

by mtrogen deposItIon NItrIficatIon has tradItIonally been thought of as an aCId-sensItIve

process (Dnscoll and Schaefer, 1989, Aber et al , 1989), but hIgh rates of mtrIficatlOn have

been reported from very aCId soIls (1 e ,pH <4 0) in the northeastern Umted States

(VItousek et al , 1979, NOVICk et al , 1984, Rascher et al , 1987) and m Europe

(Van Breemen et al ,1982) In the southeastern Umted States, Montagmm et al (1989)

were unable to fmd any effect of pH on mtrIficatlOn, or to stImulate mtnficatIon by buffermg

aCId soIls In a survey of SItes across the northeastern Umted States, McNulty et al (1990)

found no correlatIon between mtrIficatlOn rates and SOlI pH, but found a strong assocmtlOn

(i = 077) WIth rates of mtrogen depositlOn The weight of eVIdence suggests that

mtrIficatlOn will proceed at low soIl pH values as long as the supply of N:H4+ IS suffiCIent

Denztnjicatwn

Demtnfication IS the bIOlogICal reductlOn of N03 to produce gaseous forms of reduced

mtrogen (N2, NO, or N20) (Payne, 1981) DemtrIficatlOn IS an anaerobIc process (1 e , It

proceeds only m enVIronments where oxygen IS absent) whose end product IS lost to the

atmosphere (FIgure 10-22) In terrestnal ecosystems, demtnfication occurs m anaerobIC

soIls, espeCIally boggy, poorly dramed soIls, and has tradItlOnally been conSIdered a

relatIvely ummportant process outSIde of wetlands (Post et al ,1985) It has been suggested,

however, that demtnficatlOn could be an epIsodIC process, occurrmg after such events as
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spring snow melt and heavy ram stonns, when sOIl oxygen tensIOn IS reduced (Mehllo et al ,

1983). No single equatIon can descnbe the demtnficatIon reactIOn, because several end

products are possIble However, demtnficatIon IS always an alkahmzmg process, consummg

one mole of hydrogen for every mole of mtrogen demtnfied (FIgure 10-26) DemtnficatIon

can be mvolved in the productIon or consumptIon of N20, a product that may have

considerable sigmficance as a greenhouse gas (Matson and Vitousek, 1990, Hahn and

Crutzen, 1982) In a reVIew of the effects of aCIdIC depoSItIon on demtnficatIon m forest

soils, Klemedtsson and Svensson (1988) conclude that demtnficatIon rates are often lImIted

by the avatlabtltty of anerobiC soil zones, and may, therefore, be relatIvely msensitIve to

increases m nitrogen depOSItIon It has been suggested that the productIOn of N20 may

increase in acidified sOlls (Knowles, 1982), but few field data are available to test thts Idea

Rates of N20 productIon m sOIl waters have been shown to mcrease markedly after forest

clear-cutting (Bowden and Bonnann, 1986, Mehllo et al , 1983), and m areas of both htgh

nitrogen depositIon and mtensive forest management, N20 productIon may be of concern

Nitrous oxide production IS strongly mfluenced by sOIl temperature, sOIl N03- concentratIon,

and soli mOIsture, DaVIdson and Swank (1990) suggest that one or more of these factors may

commonly fumt N20 productIon m natural systems

Nitrogen Fixation

Gaseous atmosphenc mtrogen (N0 can be :fIXed to produce NH4+ by a WIde range of

single-celled orgamsms, mcludmg blue-green algae (cyanobactena), and vanous aerobIC and

anaerobIc bacteria SymbiotIc mtrogen-:ftxmg nodules are present on the roots of some early

successional forest specIes (Bormg et al ,1988) In headwater streams, nodules on rootmg

structures of ripanan vegetatIon (e g , Alnus sp ) can also be Important mtrogen :fIXers

(Binkley, 1986). Ordmanly, mtrogen :fIXatIon has no drrect effect on the aCId/base status of

soil or surface waters

(10-13)
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NItrogen fIxatIOn m excess of bIOlogICal demand, however, can lead to mtnfIcation or

mmerahzatIOn of orgamc mtrogen, and, ultImately, lead to aCIdIfIcatIon of soil or surface

waters (Franklm et al , 1968, Van Miegroet and Cole, 1985)

Mineralization

MmerahzatIon IS the bactenal decomposItIon of OJrgamc matter, releasmg NH4+ that

can subsequently be mtnfIed to N03- MmerahzatIOn IS an Important process m watersheds,

as It recycles mtrogen that would otherwIse be lost from the system through death of plants,

or as leaf htter (FIgure 10-22) In a comparatIve study of mmerahzatIOn m soils,

Nadelhoffer et al (1985) found mtrogen mmerahzatIOn rates rangmg from 50 to

100 kg/ha/year under decIduous tree specIes, and from 32 to 66 kg/ha/year under conIferous

speCIes These rates should be compared to mtrogen depOSItIon rates of 5 to 12 kg/ha/year

for hIgh depOSItIOn areas of the Northeast Nadelhoffer et al (1985) also report estImated

rates of mtrogen uptake that were 5 to 20% hIgher than rates of mmerahzatIOn, suggestmg

that mmerahzatIOn can supply the ma]onty, but not all, of the mtrogen needed for plant

growth m these forests

The effect of mmerahzatIon on the aCId/base status of drammg waters will depend on

the form of mtrogen produced The converSIOn of orgamc mtrogen (e g , from leaf htter) to

NH4+ consumes 1 mole of hydrogen per mole of mtrogen produced (FIgure 10-26), and can

be thought of as the reverse of the reactIOn m EquatIon 10-10 Orgamc mtrogen, whIch IS

mmerahzed and subsequently OXIdIzed (mtnfIed) to N03- (EquatIon 10-12), produces a net of

1 mole of hydrogen per mole of N03- produced Because the productIOn of orgamc mtrogen

(1 e , aSSIIDIlatIon) can eIther produce or consume hydrogen (dependmg on whether N03- or

NH4 + IS assIIDIlated), the net (ecosystem) effect of mmerahzatIOn depends both on the

speCIes entenng the watershed and on the specIes leavmg the watershed (FIgure 10-26)

In ecosystems where plant growth IS hmited by the availability of mtrogen,

mmerahzation IS also hmited by mtrogen, m the sense lehat addItIOns of mtrogen to the leaf

htter will speed decay and mcrease the rate at whIch mtrogen IS IIDmobIhzed by decomposers

(Mehllo et al , 1984, Taylor et al ,1989) NItrogen llImtatIon of decompOSItIon IS m part

due to the low mtrogen content typICal of htter, resultmg from the retranslocatIOn of mtrogen

out of leaves dunng senescence
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10.8.2.3 Nitrogen Saturation

Much of the debate over whether aquatic systems are bemg affected by mtrogen

deposItion centers on the concept of mtrogen saturatIOn of forested watersheds NItrogen

saturation can be defmed as a sItuation where the supply of mtrogenous compounds from the

atmosphere exceeds the demand for these compounds on the part of watershed plants and

microbes (Aber et al , 1989, Skeffmgton and Wilson, 1988) Under condItIOns of mtrogen

saturatIon, forested watersheds that prevIously retained nearly all of mtrogen mputs, due to a

high demand for mtrogen by plants and mIcrobes, begm to have hIgher loss rates of mtrogen

These losses may be m the form of leachmg to surface waters or to the atmosphere through

denitnficatIOn These two potential loss pathways have profoundly dIfferent Impacts on the

acid/base status of watersheds and surface waters (see followmg dISCUSSIon), and theIr

relative importance m advanced stages of mtrogen saturatIOn will be a deCISIve charactenstic

determinIng the seventy of the Impact of mtrogen saturatIOn

Aber et al. (1989) have proposed a hypothetIcal tIme course for a watershed response to

chromc nitrogen addItIOns (FIgure 10-27), descnbmg both the changes m mtrogen cyclmg

that are proposed to occur, as well as the plant responses to changmg levels of

nitrogen avaIlability Aber et al (1989) mc1ude m theIr hypothetical tIme course a tra.Jectory

for the loss of nitrogen to surface water runoff (FIgure 10-27), whIch suggests a SImple

response (nitrogen leachmg) m the later stages of mtrogen saturation One of the objectives

of this document IS to establIsh whether stages eqUIvalent to those shown m FIgure 10-27 can

be descnbed for surface waters, and to determme whether the response of surface waters to

advanced stages of mtrogen saturation IS as SImple as suggested m FIgure 10-27

Stage 0 of the Aber et al (1989) conceptual model IS the pretreatment condItion, where

inputs of nitrogen from depOSItion are at background levels and watershed losses of mtrogen

are neglIgible (FIgure 10-27) In Stage 1, mcreased depOSItion IS occurnng, but effects on

the terrestrial ecosystem are not eVIdent For a hmItmg nutnent such as mtrogen, a

fertilization effect mIght result m mcreased ecosystem productIOn and tree VIgor at Stage 1

RetentIon of mtrogen IS very effiCIent, and, on an annual baSIS, lIttle or no mtrogen would be

lost to surface waters that dram Stage 1 watersheds Many forested watersheds m the Umted

States would be conSIdered to eXist at thIs stage
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Figure 10-27. Hypothetical time course of forest ecosystem response to chronic nitrogen
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loss, bottom: relative changes in plant condition (e.g., foliar biomass and
nitrogen content, rme root biomass) and function (e.g., net primary
productivity and nitrate assimilation) in response to changing levels of
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Aber et al (1989)
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In Stage 2 of the Aber et al (1989) hypothetical tnne course, negative effects occur,

but they are subtle, nonVIsual, and/or reqUIre long time scales to detect Only m Stage 3 do

viSIble effects on the forests occur, resultmg m major envIronmental nnpacts Aber et al

(1989) emphaSIZe that dIfferent specIes and envIronmental condItions could alter the tnnmg of

effects illustrated m FIgure 10-27

A number of factors may contnbute to a watershed's progresslOn through the stages of

nitrogen loss, mcludmg elevated mtrogen depOSItion, stand age, and hIgh soil mtrogen pools

HIgh rates of mtrogen depOSItion play a clear role, as the ability of forest blOmass to

accumulate mtrogen must be :fImte At very hIgh, long-term rates of mtrogen depOSItion, the

ability of forests and soils to accumulate mtrogen will be exceeded, and the only remammg

pathway for loss of mtrogen (other than runoff) IS demtn:fIcatIon As mentioned earher, hIgh

rates of nitrogen depOSItion may favor mcreased rates of demtn:fIcatlOn, but many watersheds

lack the conditions necessary for substantial demtn:fIcatIon (e g , low oxygen tenslOn, hIgh

soil moisture, temperature) Another nnportant factor m mtrogen loss from watersheds IS the

age of the forest stands A loss m the ability to retam mtrogen IS a natural outcome of forest

maturation, as demand for mtrogen on the part of more slowly growmg tree speCIes may

plateau m later stages of forest development or dechne as forests achIeve a "slnftmg-mosaIc

steady statell (Bormann and LIkens, 1979) Uptake rates of mtrogen mto vegetatlOn are

generally maximal around the time of canopy closure for conIfers, and somewhat later (and

at higher rates) m decIduous forests due to the annual replacement of canopy fohage m these

ecosystems (Turner et al ,1990) Large soil mtrogen pools nnply that soil mICrobIal

processes that are ordmarIly hmited by the availability of mtrogen are mstead hmited by

some other factor (e g , availability of labile orgamc carbon), and large soil mtrogen pools

contrIbute to the hkehhood that watersheds will leach N03- (Johnson, 1992, Joshn et al ,

1992). Nitrogen saturation can be seen to occur m a sequence begmmng WIth the fulfillment

of vegetatIon mtrogen demand, followed by the fulfillment of soil mICrobIal mtrogen

demand; the eXIstence of large soil mtrogen pools suggests that the second of these

requirements may be easily met. The pOSSIble nnportance of all three factors (depOSItion,

stand age, and soil mtrogen) m slnftmg watersheds from one stage of mtrogen loss to another

will be dIscussed later m the context of surface water eVIdence of watershed mtrogen

saturatIon
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The loss of mtrogen from watersheds can also be seen to occur m stages, winch

correspond to the stages of terrestrIal mtrogen saturatIon descnbed by Aber et al (1989)

The most ObVIOUS charactenstIcs of these stages of mtrogen loss are changes m the seasonal

and long-term patterns of surface water N03- concentrallons, winch reflect the changes m

mtrogen cyclmg that are occurrmg m the watershed The mtrogen cycle at Stage 0 IS

dommated by forest and mIcrobIal uptake, and the demcmd for mtrogen has a strong

mfluence on the seasonal N03- pattern of receIvmg waters The "normal" seasonal N03

pattern in a stream drammg a watershed at Stage 0 would be one of very low, or

Immeasurable, concentratIOns durmg most of the year, cmd of measurable concentratIOns only

durmg snowmelt (m areas where snow packs accumulat{~ over the wmter months), or durmg

sprmg ram storms The small loss of N03- durmg the dormant season IS a tranSIent

phenomenon, and results because snowmelt and sprmg rams commonly occur m these

enVlfonments before substantIal forest and mIcrobIal growth begm m the sprmg (e g , wmter

mmeraltzatIOn of sod orgamc mtrogen may be an exceptIon to tins mactIvity [Foster et al ,

1989]) As a result, some of the mtrogen stored m sods and/or snowpack may pass through

the watershed durmg extreme hydrologIc events and may result m a pulse of elevated N03

concentratIon The key surface water charactenstIcs of Stage 0 watersheds are very low

N03- concentratIOns durmg most of the year, and maxunum sprmg concentratIOns of N03

that are smaller than concentratIOns typICal of depOSItIon

At Stage 1, the seasonal pattern typICal of Stage 0 watersheds IS amphfied It has been

suggested that tins amphficatIOn of the seasonal N03- SIgnal may be the :ftrst SIgn that

watersheds are proceedmg toward the chromc stages (1 e , Stages 2 and 3 m FIgure 10-27) of

mtrogen saturatIOn (Dnscoll and Schaefer, 1989, Stoddard and Murdoch, 1991), and tins

suggestIon IS consIstent WIth the changes m mtrogen cyclmg that are thought to occur at

Stage 1 A conceptual understandmg of these changes denves from the most common

deftmtIon of nutrIent ltmitatIOn ImphcIt m the deftmtlOn of nutnent ltmitatIon IS the Idea

that "the current supply rate (of a nutnent) prevents the vegetatIon from achievmg maxImum

growth rates attamable Withm other enVlronmental constramts" (emphaSIS added [Bmkley

et al ,1989]) Durmg the cold season, these envlfonme'ntal constramts can be severe, and

maxImum attamable growth rates are clearly much lower than m the warm months Much of

tins dISCUSSIon IS couched m terms of forest trees, but the same arguments also apply to sod
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microbial commumtles (e g , decomposers, mtnfiers), wInch may be as llTIportant as

vegetation m controlImg mtrogen loss from watersheds (Bmkley et al , 1989)

OveralllumtatlOn of forest growth (m the early stages of mtrogen saturatIOn) IS

characterized by a seasonal cycle of 1llTIitatlOns by phYSICal factors (e g , cold and dllTIImshed

light dunng late fall and wmter) and nutnents (prllTIanly mtrogen, dunng the growmg

season). The effect of mcreasmg the mtrogen supply (e g , from depOSItion) IS to postpone

the seasonal SWItch from phYSICal to nutnent lumtatIon dunng the breakIng of dormancy m

the spring, and to prolong the seasonal mtrogen saturatIOn that IS charactenstIc of watersheds

at this stage. At Stage 1, thIs SWItch IS enough delayed that substantial N03- may leave the

watershed dunng extreme hydrolOgiC events m the spnng Watershed loss of mtrogen at

Stage 1 IS still a seasonal phenomenon, and the annual mtrogen cycle IS still dommated by

uptake, but N03- leachmg IS less tranSIent than at Stage 0 The key charactenstIcs of Stage

1 watersheds are epIsodes of surface water N03- that exceed concentratIOns typICal of

deposition (e.g, FIgure 10-28) Elevated N03- dunng epIsodes may result from preferential

elution of anions from meltIng snow (Jeffnes, 1990, Johannessen and Hennksen, 1978) or

from the contnbutIon of mtrogen mmerahzatlOn to the soll pool of N03- that may be flushed

during high-flow periods (Rascher et al , 1987, Schaefer and Dnscoll, m press)

In Stage 2 of watershed mtrogen loss, the seasonal onset of mtrogen 1llTIitatlOn IS even

further delayed, with the effect that bIOlOgical demand exerts no control over wmter and

spring nitrogen concentratlons, and the penod of mtrogen 1llTIitatlOn dunng the growmg

season is much reduced. The annual mtrogen cycle, whIch was dommated by uptake at

Stages 0 and 1, IS instead dommated by mtrogen loss (through leachmg and demtnficatlOn) at

Stage 2, sources of mtrogen (depOSItion and mmerahzatIon) outweIgh mtrogen smks (uptake)

The same mechamsms that produce epIsodes of hIgh N03- dunng extreme hydrologIC events

at Stage 1 also operate at Stage 2 But more llTIportantly, N03- leachmg can also occur at

Stage 2 during periods when the hydrologIC cycle IS charactenzed by deeper percolatIOn

If biological demand IS suffiCIently depressed dunng the growmg season, mtrogen begms to

percolate below the rooting zone, and elevated groundwater concentrations of N03- result

Nitrification becomes an important process at Stage 2 (Aber et al , 1989, FIgure 10-27),

lowered bIOlogical demand leads to a bulldup of NH4+ m soils, and mtnficatIOn may be

stimulated. This is a PIVOtal change m the mtrogen cycle because mtnficatlOn IS such
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Figure 10-28. Temporal patterns in the chemical characteristics of stream water at
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a strongly aClChfymg process (FIgure 10-26) The key charactenstlcs of Stage 2 watersheds

are elevated base-flow concentratIOns of N03- that result from hIgh groundwater

concentrations (e g , FIgure 10-29). EpIsodIc N03- concentratlons are as hIgh as Stage 1,

but the seasonal pattern at Stage 2 IS damped by an mcrease m base-flow concentratIOns to

levels as high as those found m depOSItion

In Stage 3, the watershed becomes a net source of mtrogen rather than a sInk

Nitrogen retentlon mechamsms (e g , uptake by vegetatIOn and mIcrobes) are much reduced,

and mineralization of stored nitrogen may add substantlally to mtrogen leavmg the watershed

in runoff or in gaseous fonns As m Stage 2, mtnficatIOn rates are substantlal The

combmed inputs of mtrogen from depositlon, mmerahzatlOn, and mtnficatlOn can produce

concentrations of N03- m surface waters that exceed mputs from depositlon alone The key

characteristICS of Stage 3 watersheds are these extremely hIgh N03- concentratIOns and the

lack of any coherent seasonal pattern m N03- concentratlons

Conceptually, the stages of watershed mtrogen loss can be thought of as occurnng

sequentlally, as a single watershed progresses from bemg strongly mtrogen defiCIent to

strongly mtrogen suffiCIent ThIs IS conSIstent WIth the conceptual model presented by Aber

et al. (1989; FIgure 10-27), and can be supported by two lmes of eVIdence, presented m the

followmg sections of this paper The first lme of eVIdence comes from "space for time

substitutions" (m the sense of Pickett, 1989), where the occurrence of vanous stages across

a gradIent of present-day mtrogen depositlon IS used a surrogate for the temporal sequence

that a smgle SIte might undergo If It were exposed to chromcally elevated levels of mtrogen

depOSItion. This techInque IS commonly apphed to current enVIronmental problems where a

good hIstorical record IS not avaIlable (Sullivan, 1991) The second lme of eVIdence comes

from long-ternl temporal trends at smgle SItes, where mcreases m mtrogen efflux from

watersheds (observable as mcreasmg trends m N03- concentratIOn) and changes m the

seasonal pattern of N03- concentratlon can be drrectly attnbuted to the combmed effects of

chrome nitrogen depOSItion and other factors (e g , forest maturatIOn) The few cases where

individual sites have been observed to progress from Stage 0 to Stage 1 and!or Stage 2 of

watershed nitrogen loss are especIally useful m estabhshmg that mtrogen saturatIon occurs as

a temporal sequence m areas of hIgh mtrogen depositlon These lmes of eVIdence are

discussed m the followmg sectlons
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10.8.2.4 Processes Within Lakes and Streams

All of the transfonnatIons and processes dISCUSSed above (pnmanly m the context of

terrestnal ecosystems) also take place m lakes, streams, and estuanes The emphasIs on the

transformations that occur m the watershed, before mtrogen reaches surface waters, results

from the necesSIty to estabhsh a hnkage between mtrogen deposItIon and mtrogen effects m

aquatic systems, but should not be taken to suggest that mtrogen transformatIons Withm

aquatIc systems are of mmor Importance m the mtrogen cycle In a very real sense, mtrogen

cycling Withm the terrestrIal ecosystems controls whether mtrogen deposItIon will reach

aquatic systems (and in what concentratIons), whereas mtrogen cyclmg Withm lakes, streams,

and estuanes controls whether the mtrogen will have any measurable effect

Assimilation by aquatIc plants IS a key process m the potentIal eutropmcatIon of surface

waters by nitrogen, and may also playa role m theIr aCId/base status The followmg

diSCUSSIOn of mtrogen aSSImilatIon m aquatIc systems will deal mamly WIth the algal and

microbial commumty m phytoplankton (mIcroscopIc algal and bactenal speCIes suspended m

the water column) and penphyton (algal specIes growmg attached to surfaces) Although

macrophytes (macroscopIC algal speCIes) are also Important m the aSSImilatIOn of mtrogen,

the biomass of phytoplankton and smaller mIcrobes IS potentIally most reactIve to changes m

nitrogen supply Algal uptake IS a major component of the eutropmcatIon process, and forms

the basis of tropmc productIon m streams and lakes It can also playa large role m the

acid/base status of lakes Uptake of N03- m lakes IS an alkahmzmg process, consummg

1 mole of hydrogen per mole of mtrogen aSSImilated (Kelly et al , 1990)

LIke terrestrIal plants, aquatIc plants favor the uptake of NH4+ over the uptake of

N03-; N'l4+ uptake IS energetIcally favorable because N03- must fIrst be reduced before It IS

physiologically avaIlable to algae (Reynolds, 1984) In some cIrcumstances, organIC fonns

of nitrogen are also avaIlable for uptake by aquatIc plants (reVIewed by Healey, 1973) The

preferences by algae for the dIfferent fonns of mtrogen can be related to the mstory of

aVailability of mtrogen specIes In some algal speCIes, the syntheSIS of the enzyme (mtrate

reductase) requIred to utIlIze an N03- pool can be mduced by mgh concentratIons of N03- m

the absence of NH4 + (Healey, 1973) The productIon of mtrate reductase appears to be

repressed by the presence of NH4+ (Eppley et al , 1979)
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The potential uptake rate of morgamc mtrogen IS related to ambIent morgamc mtrogen

concentratIOns (e g , Syrett, 1953), that IS, cells transferred from mtrogen-deficient medIa to

mtrogen-sufficient medIa show hIgher rates of uptake than cells that are grown and remam m

mtrogen-sufficIent medIa McCarthy (1981) summanzed several studIes that conSIstently

showed that potential (saturated) NH4 + uptake rates were greatly enhanced m

mtrogen-deficlent cells ThIs relatIOnshIp IS now used along WIth VarIOUS other mdices as

a baSIS to IdentIfy the degree of mtrogen lImItatIon m phytoplankton (Vmcent, 1981, Suttle

and Hamson, 1988) Under mtrogen-replete condItIOns, saturated uptake rates are low, but

mcrease WIth mcreasmg mtrogen defiCIency

A cruCIal dIfference between aquatIC and terrestnatl ecosystems WIth respect to mtrogen

IS that mtrogen addItions do not commonly stImulate gmwth m aquatic systems, as seems to

be the case m terrestnal systems, and mtrogen lImItatIOn may m fact be the exceptIOn m

aquatIC systems rather than the rule Detennmmg whether mtrogen lImItatIon IS a common

occurrence m surface waters will play a large role m determmmg whether mtrogen

depOSItIon affects the trophtc state of aquatic ecosystems

The effects of mtrogen supply on uptake and growth rates m phytoplankton and

penphyton IS the subject of volumes of hterature, a summary of whIch IS beyond the scope

-of thIs sectIon However, certam aspects of the lImitahon of algal growth by the supply of

mtrogen and other nutnents will be dISCUSSed later as :l.t relates to ennchment effects from

mtrogen depOSItIon For other detaIls on algal nutntIOfl, the reader IS referred to reVIews by

Goldman and Ghbert (1982), Button (1985), KIlham and Hecky (1988), and Hecky and

KIlham (1988)

DemtnficatIOn plays a much larger role m mtrogen dynamICS m aquatic ecosystems

than It does m terrestnal ones In streams, nvers, and lakes, bottom sedIments are the mam

SItes for demtnficatIon (see SeItzmger, 1988a), although open-water demtnficatIon has also

been reported (Keeney et al ,1971) In lake and stream sedIments, the mam source of

N03-, although potentIally avaIlable from the water column, IS N03- produced when orgamc

matter IS broken down Withm the sedIments, and the resultmg NH4+ IS subsequently oXIchzed

(SeItzmger, 1988a) DemtnficatIOn IS an especIally Important process m large nvers and

estuanes, and will playa large role m dISCUSSIOns of rutrogen loadmg to estUarIes and near

coastal systems (see SectIOn 10 842) In a recent reVlew of demtnfication m freshwater
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and estuarine systems, SeitzInger (1988a) reported demtnficatIOn rates that were 7 to 35 % of

mtrogen inputs m large nvers, and 20 to 50% of Inputs In estuanes DemtnficatIon In

aquatic ecosystems IS an alkahmzIng process, consumIng 1 mole of hydrogen for every mole

of N03- demtrified

Estimates of demtnficatIon rates range from 54 to 345 Jtmol/m2/h m streams With hIgh

rates of orgamc matter depOSItion, 12 to 56 Jtmol/m2/h m (nutnent-poor) ohgotrophIc lakes,

42 to 171 Jtmol/m2/h m eutrophIc lakes, and 77 to 232 Jtmol/m2/h m estuanes (see

Seitzinger, 1988a) These values are In the range where demtnficatIon can deplete N03

pools Rudd et al (1990) have reported an mcrease m the rate of demtnficatIon from less

than 0.1 Jtmol/m2/h to over 20 Jtmol/m2/h m an ohgotrophIc lake when mtnc aCid was added

In a whole-lake expenmental aCidIficatIOn, suggestIng that freshwater demtnficatIOn may be

limited by N03- avaIlability DemtnficatIon can account for 76 to 100% of mtrogen flux at

se<bment-water mterfaces m nvers, lakes, and estuanes (SeitzInger, 1988a) In the Potomac

and Delaware nvers, where orgamc sedlillent depOSItion IS extreme due to sewage mputs, the

loss represents 35 and 20 %, respectively, of external mtrogen mputs In estuanes, It can

represent a 50% loss In the deep mud of slow-flOWIng streams, the process can effectively

reduce N03- concentrations ill the water column by as much as 200 Jteq/L over a 2 km

length of stream (Kaushlk: et al , 1975, Chatarpaul and RobInson, 1979) ThIs depletIOn

amounts to 75 % of the dally mput of N03- dunng a growmg season, and It has been

sufficient to conSider denitnficatIon as a method for N03- removal m the management of

some slow-moving streams havmg a deep orgamc substrate (Robmson et al , 1979)

Nitrogen fixation counteracts demtnficatIon losses of mtrogen from surface waters and

is fundamental to replemshIng fixed forms of mtrogen m all aquatic ecosystems It IS

thought to be the marn process responSible for marntammg surplus morgamc mtrogen m lakes

and streams and IS fundamental to the fact that pnmary production m most lakes and streams

is limited by phosphorus (SchIndler, 1977) In estuanes, however, there IS a hIgher loss of

nitrogen relatIve to that fixed or lillpOrted The loss may be due to hIgh rates of

denitrificatIon (SeitzInger, 1988a), whIch creates relative mtrogen defiCienCies

Rates of mtrogen fixation are generally related to trophIc status m freshwater Howarth

et al. (1988a) show that fixation m low-, medmm-, and hIgh-nutnent lakes IS generally

<0.02, 0.9 to 6.7, and 143 to 656 9 mmol mtrogenlm2/year, respectively FIXation IS also
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closely correlated wIth the abundance of blue-green algae (Wetzel, 1983), whIch suggests

that the algae, rather than bactena, dommate mtrogen fixatIOn m lakes Although mtrogen

fixatIOn does occur m sedtments, that source IS of mmor tmportance compared to that m the

water column Only m very nutnent-poor lakes, where mtrogen loadmg from all other

sources IS small, can mtrogen fIxatIOn m sed1IDents gaul some sIgmflcance (e g., 32% and

6% of total mputs m Lake Tahoe, CA, and MIrror Lake, NH, respectIvely, Howarth et al ,

1988a)

Unhke the mtrogen fIXatlon commumty m lakes, mtrogen fIXers m estuanes are

dommated by bactena, producmg rates of 0 I to 111 mmol mtrogenlm2/year (Howarth et al ,

1988a) The hIghest rates occur m deep orgamc sedIments, but even these are a relatlvely

small percentage of total mtrogen mputs to estuanes (revIewed by Howarth et al , 1988a)

As m terrestnal watersheds, rates of mtnflcatIOn m lakes and streams are often llIDited

by low concentratIOns of NH4+ Supply rates of NH4+ from watersheds are often low

(except ill cases of POillt-source pollutIOn), and mtnfymg orgamsms have httle substrate wIth

whIch to work Two exceptIOns to thIs generaltty are cases where NH4+ deposItIon IS

extremely hIgh, such as near agncultural areas, and cases where NH4+ IS produced Withm

the aquatlc system Expenments on whole lakes and m mesocosms ill Canada have

confmned the aCIdtfymg potentlal of ammomum addttlons from depositlon to surface waters

(Schmdler et al , 1985, SchIff and Anderson, 1987) Ammomum depositlon IS especIally

deceptlve because m the atmosphere, ammomum can combille as a neutral salt wIth SO/-,

resultmg ill precipItation wIth near-neutral pH values, .1S seen ill the Netherlands

(Van Breemen and Van DI]k, 1988) Once deposIted, however, the ammomum can be

asstmtlated, leavmg an eqUIvalent amount of hydrogen, or It can be mtnfled, leavillg tWIce

the amount of hydrogen There IS some eVIdence from CanadIan whole-lake expenments that

mtnflcation ill lakes IS an aCId-sensItlve process, Rudd et al (1988) presented data mdtcatmg

that mtnflcatllon was blocked at pH values less than 5 4 ill an expenmentally aCIdilled lake,

leadmg to a progreSSIve accumulatIOn of NH4+ m the water column

HIgh NH4+ concentratlons may also result ill lakes whose deeper waters become anoXIC

dunng penods of stratillcatIOn (usually late wmter or late summer) Productlon of Nl4+

(by decompOSItlon) can be substantlal under anaerobIc conditlons, and NH4+ may accumulate

m the anoXIC water NItnflcatlon of thIs NH4+ occurs when lakes mIX dunng spnng or fall,
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supplying the oxygen necessary for mtnfymg orgamsms to survIve (Wetzel, 1983)

In estuanes, the processes of mtnficanon (aerobIC) and demtnficanon (anaerobIC) may be

closely coupled at the secl1ment surface, WIth mmerabzatlOn m the anaerobIC sedIments

supplying NH4+ to nitnfiers at the sedIment/water mterface (Jenkms and Kemp, 1984)

Except m cases where the overlymg water becomes anoXiC (as may be common ill the

summer months), the mtrifymg orgamsms supply N03- back to the secl1ments for subsequent

denitnficanon. In both cases descnbed above (the annual cycle m lakes and the

sediment/water mterface cycle ill estuanes), the mam mfluence of mtnficatlOn IS to recycle

nitrogen within the system and to supply N03- to eIther demtnfiers or to mtrogen-deficient

algae.

In lakes, streams, and estuanes, water IS ill constant movement, and, to a large extent,

the effects of nitrogen cyclIng on bIota are regulated by the local hydrology In lakes,

OXidation and reducnon reacnons are perceIved to occur as cycles ill the sense that water has

a residence tlme lastlng from a few weeks ill small ponds to many years m large lakes

NItrogen specIes are assImIlated, they contnbute to blOlogical producnvIty, the orgamc forms

are subsequently minerabzed, and the resultlng morgamc forms enter vanous oXIdlZmg and

reducmg pathways medIated by a mIcrobIal commumty Wlthm a smgle body of water One

or more complete cycles can be followed Wlthm a smgle lake before export downstream

In streams, and to some extent ill estuanes, mtrogen dynamICS are more closely

dependent on the phYSICal movements of water As mtrogen compounds are cycled among

the biotic and abionc components of the stream ecosystem, they are subject to downstream

transport. Among stream ecologists, tills couplIng between nutnent cycles and water

movement IS termed "nutrient sprralmg" (e g , Elwood et al , 1980, Newbold et al , 1983)

According to tills concept, mtrogen cyclIng occurs m most streams, but httle or no recyclIng

occurs in anyone place NItrogen IS mstead regenerated or transformed at one pomt m the

stream and transported downstream before subsequent reutlllZatlOn or retransformatlOn

(Stream Solute Workshop, 1990) The movement of water can mcrease nutnent uptake rates

and growth rates ill freshwater algae (Willtford and Schumacher, 1961, 1964) by contmually

resupplymg nutnents at cell walls ThIs constant replemshment prevents steep concentranon

gradIents from becommg estabhshed, as can happen m less acnve lake water (Gavls, 1976)

It also mamtains high rates of producnon and nutnent assImIlanon BlOmass eventually
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sloughs from substrata, and dnfts as fme partIculate organic matter (Meyer and LIkens,

1979) for settlement, decomposItion, and minerallzation downstream Very mgh flows

associated WIth mtense precIpItatIOn events are physIcally dIsruptive and can mcrease the

concentratIon of partIculates transported downstream (Bl1by and LIkens, 1979, Holmes et al ,

1980) EffiCIencIes of nutnent uptake also decrease WI1h mcreasmg flows because of reduced

contact time that a gIVen IOn has WIth the reactive substrate (Meyer, 1979)

One lIDpOrtant consequence of nutnent sprrahng 111 streams IS that any block in the

mtrogen cycle upstream can have potential effects on rutrogen conmtIons downstream

Mulholland et al (1987), for example, have presented expenmental eVIdence that leaf

decomposItion (mmerallzatlOn) m streams IS mh1bIted at low pH values Because

mmerallzatlOn of organic matter IS an lIDpOrtant process m resupplymg mtrogen to organisms

downstream, the eXistence of aCIdIc headwaters could mfluence bIOtiC conmtlOns m

downstream portions of streams where aCIdlficatlOn IS not lIDportant

10.8.3 The Effects of Nitrogen Deposition Olll Surface Water Acidification

The aCIdlficatlOn processes of lakes and streams are conventIOnally separated mto

chromc (long-term) and epIsodIC (event-based) effects A great deal of emphasIs m the past

decade has been placed on chromc aCIdlficatIon m general, and on chromc aCIdlficatlOn by

sulfate m partIcular (e g , Galloway et al , 1983, SullIvan et al , 1988, Brakke et al , 1989)

ThIs emphasIs on SO/- has resulted largely because sulfur deposItIOn rates are often mgher

than those for mtrogen (sulfur deposItIOn rates are appIOXlIDately tWIce the rates of

mtrogen depOSItion m the Northeast, Stensland et al , 1986) and because N03- appears to be

of neghgible unportance m surface waters sampled dunmg summer and fall mdex penods

(Lmthurst et al ,1986) As mentIOned prevIously, summer and fall are seasons when

watershed demand for mtrogen IS very mgh, creatlng a low probability that mtrogen, m any

form, w111 be leached mto soil and surface waters unle~ls the watersheds have acmeved

mtrogen saturatIOn Under condItions of low mtrogen deposItIOn (or mgh mtrogen demand),

mtrogen leakmg from terrestnal ecosystems, as descnbed earher, IS more hkely to be a

tranSIent (or seasonal) phenomenon than a chromc one As a result, the pnmary lIDpact of

mtrogen m surface water aCIdlficatlOn will be observed dunng mgh-flow seasons, and

partIcularly dunng snowmelt It has been estlIDated that 40 to 640 % more streams m the
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eastern Umted States (Flonda to the Northern AppalachIan Plateau) are aClChc dunng spnng

epIsodes than are acidIC dunng spnng base flow, whereas the number of aCIdIc AdIrondack

lakes is estImated to be three tlIDes hIgher dunng the spnng than dunng the fall (Eshleman,

1988).

Surface waters are conventIonally consIdered aCIdIC IT theIr aCId-neutralIzmg capaCIty

(ANC) IS less than zero The ANC of a lake or stream IS a measure of the water's capaCIty

to buffer aCIdIc inputs, and results from the presence of carbonate and/or bIcarbonate

(or alkalimty), AI, and orgamc aCIds m the water (Sullivan et al ,1989) The mam purposes

of thIs sectlon are to evaluate the eVIdence for chromc aCIdrficatIon by mtrogen depOSItIon m

North Amenca, and to determme what role mtrogen depOSItIon plays m epIsodIc

acidlfication.

10.8.3.1 Chronic Acidification

In the United States, the most comprehensIve assessment of chromc aCIdrficatlon of

lakes and streams comes from the NatIonal Surface Water Survey (NSWS) conducted as part

of the National ACId PrecIpItation Assessment Program The NSWS surveyed the aCId/base

chemistry of both lakes and streams usmg an "mdex penod" concept The goal of the mdex

period concept was to Identrfy a smgle season of the year that exhIbIted low temporal and

spatial vanability and that, when sampled, would allow the general condItIon of surface

waters to be assessed (Lmthurst et al ,1986) In the case of lakes, the mdex penod selected

was autumn overturn (the penod when most lakes are mIXed unUormly from top to bottom),

and in streams, the chosen mdex penod was spnng base flow (the penod after spnng

snowmelt and before leaf-out) (Messer et al ,1988) Because of the strong seasonalIty of the

nitrogen cycle m forested watersheds (descnbed earher), the chOIce of mdex penod plays a

very large role m the assessment of whether mtrogen IS an lIDportant component of

acidification

The results of the Eastern Lake Survey (Lmthurst et al , 1986), based on a probability

samphng of lakes during fall overturn, suggest that mtrogen compounds make only a small

contnbution to chromc aCIdrficatIon m North Amenca Hennksen (1988) has proposed that

the ratIo of N03- N03-+SO/- m surface waters be used as an mdex of the mfluence of N03

on chromc acidrficanon status ThIs mdex assesses the lIDportance of mtrogen relatIve to the
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1lllportance of SO/-, whIch IS usually consIdered more 1lllportant ill chromc aCIdIficatIon (see

above) A value greater than 0 5 illdIcates that N03- hels a greater mfluence on the chromc

aCId/base status of surface waters than does SO/- Hennksen (1988) summanzed the ratIOs

for aCId-sensItIve sItes worldwIde, these results are repeated ill Table 10-20 In general,

Hennksen's results show that N03- can be almost as 1lllportant as SO/- m some parts of

Europe, but that ratIos are low m the Umted States(see also Hennksen and Brakke, 1988)

One problem wIth Hennksen's approach, however, IS that he compares data collected

mtenslVely (1 e , through multIple samples per year) wIth survey data collected durmg a

smgle mdex penod The data presented for AdIrondack lakes m Table 10-20, for example,

were collected monthly over a 2-year penod (Dnscoll and Newton, 1985), and the apparent

dIfference between the AdIrondacks and the rest of central New England (from the regIOnal

survey data) could well result from comparmg fall valm~s to annual mean values Annual

mean values mc1ude hIgh spong N03- concentratIOns ill runoff waters and will, therefore, be

hIgher than concentratIons measured only m the autum11l As a result, the ratIO values

reported m Table 10-20 for the AdIrondacks are an mdIcatIOn that N03- may be 1lllportant m

chromc aCIdIficatIOn (1 e , N03- makes up about 15% of aCId amons), but the low ratIos

reported for the Eastern Lake Survey are not mformatIve Unfortunately, no regIOnal lake

survey wIth representat1ve annual, or sprmg, values eXlsts for the Umted States, and

questIons concemmg the role of N03- m chromc lake aCIdIficatIOn remam unanswered for

areas outsIde of the AdIrondacks

Values of N03- N03-+SO/- ratIOs are also avaIlable for streams from the NatIOnal

Stream Survey (NSS) (Kaufmann et al , 1988), as well as from other regIOnal stream surveys

(e g , Stoddard and Murdoch, 1991) MedIan values for each of the regIOns covered m these

surveys are gIven ill Table 10-21 The NSS data have 1he advantage of havmg been collected

dunng a sprmg base-flow mdex penod ThIs penod 1S been shown to be a good mdex of

mean annual condItIon for streams (Messer et al , 1988, Kaufmann et al , 1988), but IS not

an est1lllate of worst case condItIOn, as concentratIOns taken dlllrmg sprmg snowmelt would

be The Catskill regIOnal data mc1uded m Table 10-21 are from a stream survey that

mcluded multIple samphngs per year (Stoddard and Murdoch, 1991) Several stream regIOns
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TABLE 10-20. CONCENTRATIONS OF NITRATE, SULFATE, AND RATIOS
OF NITRATE TO THE SUM OF NITRATE AND SULFATE IN RUNOFF WATERS

IN ACIDIFIED AREAS OF THE WORLDa

Concentration (J.teq/L) Ratio Samplmg

Location Year N03- SO/- - - 2- Methodb
pH N03 N03 + S04

West Germany

Lange Bmmke 1977 58 16 233 006 IntenSIve
Lange Bramke 1984 62 49 230 018 IntenSIve

Bayenscher Wald

Rachelsee 1985 45 77 135 036 Unknown
Gr Arbersee 1985 47 98 118 045 Unknown
Kl. Arbersee 1985 45 93 108 046 Unknown

Poland

The GIant Mountams
Maly Staw 1986 55 13 92 012 Unknown
Wlelkx Staw 1986 47 40 140 022 Unknown

Czechoslovakta

Tatm Mountams
av 53 lakes 1984 6 1 37 97 027 Unknown
Jameke 1980-82 44 2 171 001 Unknown
Popmdake 1980-82 66 40 111 026 Unknown
Vyshe Wahlenbugoro 1980-82 56 44 74 037 Unknown
Vyshe Furkotake 1980-82 63 42 110 028 Unknown

Bohemta

Carne 1986 45 93 152 038 Unknown
Certovo 1986 42 85 182 032 Unknown
Prasilsle 1986 45 40 120 025 Unknown
Plesne 1986 47 41 203 017 Unknown
Laka (man-made) 1986 55 45 61 042 Unknown
Zdarske (man-made) 1986 65 0 156 000 Unknown
Krusne hory Mountams 1986 52 118 1216 009 Unknown

Sumava Mountams

LIZ Apnl '86 589 136 390 026 Unknown
Albrechtec Apnl '86 622 36 358 009 Unknown

Norway

Birkcncs 1973-86 452 9 140 006 IntenSIve
Storgama 1973-86 456 12 77 013 IntenSIve

Sweden

Stromyra 1984-85 654 17 180 009 IntenSIve

Scotland

av 22 lakes ill

the Galloway area 1979 497 21 103 017 Unknown
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TABLE 10-20 (cont'd). CONCENTRATIONS OF NITRATE, SULFATE, AND
RATIOS OF NITRATE TO THE SUM OF NITRATE AND SULFATE IN RUNOFF

WATERS IN ACIDIFIED AREAS OF THE WORLD3

ConcentratlOn (p.eq/L) Ratio Samplmg

Location Year N03- 2- - - 2- Methodb
pH S04 N03 N03 + S04

Umted States

Adirondacks

BIg Moose Lake 1980s 5 1 24 140 015 Monthly
Cascade Lake 65 29 139 017 Monthly
Darts Lake 52 24 139 015 Monthly
MemamLake 64 26 141 016 Monthly
Lake Rondaxe 59 23 134 015 Monthly
Squash Pond 46 24 131 015 Monthly
Townsend Pond 52 27 154 015 Monthly
Wmdfall Pond 59 26 141 016 Monthly
Bubb Lake 6 1 16 131 011 Monthly
Constable Pond 52 17 149 010 Monthly
Moss Lake 64 26 141 016 Monthly
Black Pond 68 4 130 003 Monthly
Clear Pond 70 1 139 000 Monthly
Heart Lake 64 5 106 005 Monthly
Otter Lake 55 9 138 006 Monthly
West Pond 52 10 111 008 Monthly
Woodruff Pond 69 2 147 001 Monthly

Eastern Lake SurveyC

Southern Blue Ridge 1985 3 32 009 Fall mdex
Flonda 1 94 001 Fall mdex
Upper MIdwest 07 57 001 Fall mdex
Upper Great Lakes 06 50 001 Fall mdex
Wisconsm 10 57 002 Fall mdex
Penmsula, MIchigan 06 78 001 Fall mdex
Northeastern Mmnesota 09 62 001 Fall mdex
Mame 02 75 000 Fall mdex
Southern New England 08 141 001 Fallmdex
Central New England 03 101 000 Fall mdex

Canada

Expenmental Lakes
Area, Ontano 1980s 1 78 001 IntensIve
Sudbury, Ontano 1980s 2 252 001 IntensIve
KekImkuJIk, 1980s 2 152 001 IntensIVe
Nova Scotia 3 78 004

a -N03 = NItrate IOn
2-S04 = Sulfate lOn

bSamplmg methods are lIsted as UlIknown, monthly, mtensive (more frequent than monthly), or based on a
smgle fall mdex sample

cMedlan value for regIOnal population of lakes

Source Hennksen (1988)
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TABLE 10-21. CONCENTRATIONS OF NITRATE, SULFATE, AND RATIOS
OF NITRATE TO THE SUM OF NITRATE AND SULFATE IN STREAMS OF

ACID-SENSITIVE REGIONS OF THE UNITED STATES. VALVES ARE
MEDIANS FOR REGION (FIRST AND THIRD QUARTILES IN PARENTHESES)a

Concentration (fteg/L)

Location Year pH N03- sol N03- N03- + sol
Nattonal Stream survel
Poconos/CatskIlls 1986 696 6 169 003

(2-18) (154-184) (001-0 10)
Northern Appalacluans 660 30 171 014

(12-41) (135-347) (002-0 19)
Valley and RIdge 705 10 154 009

(3-31) (84-294) (001-022)
MId-Atlantic Coastal Plame 598
Southern Blue RIdge 699 8 17 028

(2-16) (10-27) (008-044)
PIedmont 680 2 48 003

(0-5) (19-63) (0-020)
Southern Appalacluans 733 16 58 032

(3-32) (30-104) (004-040)
Ozarks/Ouaclutas 662 1 59 002

(1-4) (48-83) (0-006)
Flonda 548 5 22 019

(1-10) (9-30) (010-025)
Catskdl Regional Survel
Median value for 51 streams 1984-86 660 29 138 017

(14-47) (125-151) (009-026)

tlN0S; = Nitrate Ion
504 == Sulfate Ion

bVatues for pH are for entire regIon (Kaufmann et al , 1988), medIans for N03-, solo, and the
N03- N03- + sol- ratio exclude SItes wIth potential agncultural or other land-use Impacts (Kaufmann et al ,
1991)

c.n.e mfluence of agncultural and land use practices could not be ruled out for any of the SItes m the
Mid-Atlantic Coastal Plam (Kaufmann et at , 1991)

dFrom Stoddard and Murdoch (1991)

exlubit ratios as high as those reported for the Adrrondacks by Hennksen (1988) Several

regions ill the southeastern Umted States exlubit hIgh ratIos ill part because theIr current

sol- concentrations are relatIvely low The Southern Blue RIdge, ill partIcular, has the

lowest N03- concentratIons found m the NSS, and the relatively hIgh N03- N03-+sol
ratios ill this region could be conSIdered misleadmg The stream data do suggest that the

Catskills, Northern AppalachIans, Valley and RIdge Provmce, and Southern AppalachIans all

show some potential for chrome aCIdIficatIOn due to N03- In all of the stream regIOns m
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Table 10-21, as well as the lake regIOns m Table 10-20, however, chromc aCIdIficatIOn IS

more closely tied to SO/- than to N03-

The data presented thus far m thIs sectIon estabhsb whIch regIOns of the country show

potentIal problems wIth chromc aCIdlficatIon by N03-, but do not mdicate whether the source

of the N03- IS atmosphenc depOSItIon As descnbed earher, several watershed processes

(e g , mmeraltzatIOn, mtrlficatIOn, mtrogen fIXatIon) may combme to produce N03- and may

be responsIble, at least m part, for hIgh N03- concentratIons observed m surface waters

On a regional scale, It IS not pOSSIble to attnbute surface water N03- to any smgle source,

but two efforts have been made to relate rates of mtrogen depOSItIOn to rates of mtrogen loss

from watersheds Data from the NSS (Kaufmann et al , 1991) suggest a strong correlatIOn

between concentratIons of stream water mtrogen (N03- + NH4 +) at spnng base flow and

levels of wet mtrogen depOSItIOn (N03- + NH4 +) m each of the NSS regIOns

(FIgure 10-30) The only exceptIOn to thIs relatIonshIp IS the Pocono/Catslall regIOn, where

mtrogen depOSItIOn IS hIghest (6 kg/ha/year), but where stream water mtrogen concentratIons

fall below what IS expected, based on results from the other regIOns The medIan stream

water N03- value for the Catslalls alone (from Stoddard and Murdoch, 1991, Table 10-21) IS

29 j.teq/L, and fits the relatIOnshIp much more closely, suggestmg that watersheds m the

southern portIon of thIs regIOn (the Poconos) are retanung mtrogen more strongly than the

northern portIOn Dnscoll et a1 (1989a) collected mpul/output budget data for a large

number of watersheds m the Umted States and Canada, and summanzed the relatIonshIp

between mtrogen export and mtrogen depOSItIon at all of the SIteS (FIgure 10-30) The

authors stress that the data Illustrated m FIgure 10-30 'Were collected usmg WIdely chf:fenng

methods and over vanous tIme scales (from 1 year to s(~veral decades) GIven the numerous

pOSSIble sources of N03- and the watershed pathways through whIch mtrogen may be cycled,

the relatIOnshIps illustrated m FIgure 10-30 should not be over-mterpreted, nor should they

be construed as an illustratIOn of cause and effect However, the relatIOnshIps do show that

watersheds m many regIOns of North Amenca are retammg less than 75 % of the mtrogen

that enters them, and that the amount of mtrogen bemg leaked from these watersheds IS

hIgher m areas where mtrogen depOSItIon IS hIghest ThIs pattern IS conSIstent WIth what we

would expect If large areas of the eastern Umted States were expenencmg the early stages of

mtrogen saturatIon Furthermore, both analyses suggest a threshold value of mtrogen
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Figure 10-30. Nitrogen deposition and watershed nitrogen loss. (a) Relationship
between median wet deposition of nitrogen (nitrate ions plus ammonium
ions) and median surface water nitrogen (nitrate ions plus ammonium
ions) concentrations for physiographic districts within the National
Stream Survey that have minimal agricultural activity. [Subregions are
Poconos/Catskills (ill), Southern Blue Ridge Province (2As), Valley and
Ridge Province (2Bn), Northern Appalachians (2Cn), Ozarks/Ouachitas
(2D), Southern Appalachians (2X), Piedmont (3A), Mid-Atlantic Coastal
Plain (3B), and Florida (3C)]. From Kaufmann et ale (1991).
(b) Relationship between wet deposition of nitrogen (nitrate ions plus
ammonium ions) and rate of nitrogen export for watershed studies
throughout North America. Sites with significant internal sources of
nitrogen (e.g., from alder trees) have been excluded.

Source Dnscoll et al (1989a), addItional data from Barker and WItt (1990), Edwards and Helvey (1991),
Kelly and Meagher (1986), Katz et al (1985), Buell and Peters (1988), Weller et al (1986), Owens
et al (1989), Feller (1987), Stoddard and Murdoch (1991)
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deposItIon (ca 3 kg/ha/year) above whIch substantIal watershed losses of mtrogen mIght

begm to occur

Chromc aCIdIficatIOn due to mtrogen deposItIon IS much more common ill Europe than

ill North Amenca (Hauhs et al ,1989) Many sItes show chromc illcreases ill mtrogen

export from theIr watersheds (e g , Hennksen and Brakke, 1988, Hauhs, 1989), and at sItes

WIth the hIghest stream water N03- concentratIOns (1 e , Lange Bramke and DIcke Bramke ill

West Gennany), N03- concentratIOns no longer show the seasonalIty that IS expected from

nonnal watershed processes (Hauhs et al ,1989) Hennksen and Brakke (1988) have

reported regIOnal chromc illcreases ill surface water N03- ill ScandInavIa ill the past decade

These illcreases ill N03- concentratIOn are assocIated wIth illcreasillg concentratIons of AI,

whIch IS tOXIC to many fish specIes (Hennksen et al , 1988, Brown, 1988) There IS some

eVIdence that N03- has a greater abIhty to mobIhze tOXIC AI from soils than does S042

(James and RIha, 1989) Chromc aCIdIficatIOn attnbutable to ammomum depOSItIon has also

been demonstrated ill the Netherlands (Van Breemen and Van DI]k, 1988, Schuurkes, 1986,

1987) As descnbed earher, ammomum ill depOSItIon can be mtnfied to produce both N03

and H+, whIch are subsequently leaked illtO surface waters :Rates of N03- and NH4+

depOSItIon are much hIgher ill Europe (ill some places deposItIon IS >2,000 eq/halyear,

Rosen, 1988) than ill the Umted States (Table 10-19), and It has been suggested that chromc

mtrogen aCIdIficatIon IS more eVIdent ill Europe than ill North Amenca because mtrogen

saturatIon (see dISCUSSIon above) IS further progressed 111 Europe

10.8.3.2 Episodic Acidification

In a recent comprehensIve examillatIon, Wigillgton et al (1990) reported that aCIdIC

epIsodes have now been observed ill a wIde range of geographIc locatIons ill ScandInavIa

(Norway, Sweden, Fmland), Europe (Umted KIngdom, Scotland, Federal Repubhc of

Gennany, CzechoslovakIa), and Canada (Ontano, Quebec, Nova ScotIa), as well as ill the

Umted States They noted that ill the Umted States, epIsodes have been regIstered ill surface

waters ill the Northeast, MId-AtlantIc, MId-AtlantIc Coastal Plam, Southeast, Upper

MIdwest, and West regIOns In the MId-AtlantIc Coastal Plam and Southeast regIOns, all of

the epIsodes cataloged to date have been assocIated wIth ramfall In contrast, most of the
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episodes m the other reglOns are related to snowmelt, although ram-dnven episodes

apparently can occur in all reglOns of the country

The regional importance and seventy of epIsodiC aCidIficatIon have not been quantIfied,

that is, the regional infonnatIon on chromc aCIdIficatIon that was gamed from the NSWS has

no parallel in eplsomc aCIdIficatlOn As a result, all of the mfonnatlOn we currently have

about the Iffiportance of epIsodes, and the mfluence of mtrogen deposItIon on episodes,

comes from site-specIfic stumes It IS Iffiportant to stress that even Withm a gIven area, such

as the Northeast, major dIfferences can be eVIdent m the occurrence, nature, 10catlOn (lakes

or streams), and tlillmg of episodes at dIfferent sites

Eshleman (1988) has used a slffiple stream mlXlllg model (Johnson et al , 1969) to

predict the number of streams m the NSS that would be aCImc durmg sprmg epIsodes, based

on theIr sprmg base-flow chemIStry In admtIon, Eshleman used an empmcal model relatmg

fall mdex penod lake cheIUlstry to sprmg episomc chemIstry, usmg data from the U S

Environmental ProtectIon Agency's (EPA's) Long-Tenn Momtormg project (Newell et al ,

1987), to pred1ct the number of Adrrondack lakes that undergo epIsodIC aCIdIficatIon HIS

results are repeated m Table 10-22 Eshleman's approach has been cntIclZed (see dIScussIon

below), largely because it assumes that all lakes, regardless of theIr basehne ANC, undergo

the same relative depresslOn ill ANC durmg epIsodes (1 e , that the relatIonshIp between fall

and spring ANC IS hnear) ThIs assumptlOn Ignores any effect of mcreased N03- durmg

episodes, which may be greater m low ANC lakes (Schaefer et al , 1990, Schaefer and

Driscoll, in press). Given thIs cntIcIsm, Eshleman's estlffiates of the number of epIsodIcally

acidified systems should probably be conSidered conservatIve

A number of processes contrIbute to the tlillmg and seventy of aCidiC epIsodes (Dnscoll

and Schaefer, 1989) The most lffipOrtant of these processes are

• dllutIon of base catIons (Galloway et al , 1980) by hIgh mscharge,
• mcreases ill orgamc aCId concentratlOns (Sullivan et al , 1986) durmg penods of hIgh

discharge,
• illcreases in SO/- concentratlOns (Johannessen et al , 1980) durmg penods of hIgh

discharge, and
• increases in N03- concentratIons (Galloway et al , 1980, Dnscoll and Schafran,

1984, Schofield et al , 1985) durmg penods of hIgh discharge

In addition to these factors, whIch produce the chemIcal condltlOns charactensttc of episodIC

events, the hkelihood of an aCIdIC episode IS also mfluenced by the chemIcal conmtIons
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TABLE 10-22. ESTIl\1ATES OF THE NUMBER AND PROPORTION OF
CHRONICALLY AND EPISODICALLY ACIDIC LAKES AND STREAM REACHES

IN THE EASTERN UNITED STATES. CHRONIC CONDITIONS BASED ON
RANDOM SAMPLE OF SYSTEMS DURING INDEX CONDITIONS (SPRING

BASE FLOW OR FALL OVERTURN). EPISODIC CONDITIONS ESTIMATED
FROM TWO-BOX MIXING MODEL (FOR STREAMS), OR EMPIRICAL

RELATIONSHIPS BETWEEN FALL INDEX PEIUOD AND SPRING SNOWMELT
CHEMISTRY (FOR LAKES)

Index Conditions (ANca < 0) EpisodiC Conditions (ANca < 0)

SubregiOn Number ProportiOn ( %) Number ProportiOn (%)

bStream SubregiOns

PoconoslCatslalls 209 64 746 230

Southern Blue Ridge 0 0 39 22

Valley and Ridge 636 49 1,126 86

Northern ApPalacman Plateau 499 58 3,224 372

OzarkslOuacmtas 0 0 75 18

Southern Appalacmans 121 25 364 74

Piedmont 0 0 0 0

Mid-Atlantic Coastal Plam 1,334 118 3,132 278

Flonda 678 392 963 557

Lake SubregiOns

Adirondacks 138 107 459 356

aANC = ACid-neutralizmg capaCity
bPor streams, all data are from the upper end of sampled stream reaches (Kaufmann et al , 1988), except for
the Southern Blue Ridge, where data from lower ends of stream ieaches were used

Source Eshleman (1988)

before the epIsode begms EpIsodes are more hkely to be aCIdIC, for example, If the base

flow ANC of the stream or lake IS low In thIs way, aCId amons, especIally sol-, can

contnbute to the seventy of an aCIdic epIsode, even though they do not mcrease durmg the

event, by lowermg the base-flow ANC of the stream o£ lake (Stoddard and Murdoch, 1991)

In many cases, all of these processes will contnbute to epIsodes rna smgle aquatIc

system DIlutIOn, for example, probably plays a role m all epIsodIc decreases m ANC and

pH m all regIOns of the Umted States (WIgmgton et a1 ,1990) DIlutIon results from the

mcreased rate of runoff, and channelmg of runoff through shallower soIl layers, that occurs
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during stonns or snowmelt, the shorter contact tIme produces runoff wIth a chemIcal

compositIon closer to that of atmosphenc deposItIon than IS typlCal of base-flow condItIons

(e.g, Driscoll and Newton, 1985, Peters and Murdoch, 1985, Stoddard, 1987a) Because

precipitation IS usually more dilute than stream or lake water, stonn runoff produces surface

waters that are more dIlute than dunng non-runoff penods In a sense, dIlutIon sets the

baseline condItion to winch the effects of orgamc aCIds and atmosphencally denved SO/

and N03- are added

Little infonnatlOn eXiSts about the effects of changes m orgamc aCIds dunng epIsodes

Driscoll et al. (l987a) and Eshleman and Hemond (1985) concluded that orgamc aCIds dId

not contribute to snowmelt epIsodes m the Adrrondacks or m Massachusetts, respectIvely

At Harp Lake in Canada, orgamc aCIdIty IS beheved to remam constant (Servos and MackIe,

1986) or decrease (LaZerte and Dillon, 1984) dunng snowmelt episodes Hames (1987) and

McAvoy (1989) have documented mcreases m orgamc aCIdIty dunng ram-caused epIsodes m

coastal Maine and in Massachusetts

Storage of SO/- m watersheds, and subsequent release of S042- dunng epIsodIC events,

is well documented m many parts of Europe (WIgmgton et al , 1990), but has not been

commonly found m the Umted States Sulfate epIsodes have been descnbed for the Leadmg

R.t.dge area of Pennsylvama (Lynch et al , 1986) and at Filsen Creek m MInnesota (Schnoor

et al., 1984), but are not widespread Sulfate does contnbute to epIsodIC aCIdity, however,

in the sense that concentratlons may remam Ingh dunng events, and contnbute to a lower

baseline ANC; the effects of other factors, such as mcreased N03-, will be m additIOn to any

constant effect of SO/- m lowenng the basehne ANC (Stoddard and Murdoch, 1991)

The main goal of tins section IS to detennme when mcreases m N03- concentratIons

playa significant role m episodIc aCidIficatIOn In the AdIrondacks, for example, strong

N03- pulses in both lakes (Galloway et al , 1980, Dnscoll and Schafran, 1984) and streams

(Driscoll et al , 1987b) are apparently the pnmary factor contnbutmg to depressed ANC and

pH during snowmelt. Schaefer et al (1990) exammed the same empmcal relatlOnslnps used

for the Adrrondack lakes by Eshleman (1988, Table 10-22) and concluded that the magmtude

of the episodes expenenced by lakes depends strongly on theIr base catIon concentratIOn

They concluded that lakes With Ingh base catIon concentratIOns (and, therefore, Ingh ANC

values) undergo episodes that are largely the result of dilutIOn by snowmelt Low ANC
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lakes, on the other hand, undergo epIsodes that result largely from mcreases m N03

concentratIOns At mtermedIate ANC levels, lakes are affected by both base catIon dilutIOn

and N03- mcreases, and, therefore, these lakes may undergo the greatest mcreases m aCIdIty

durmg snowmelt epIsodes (FIgure 10-31) The relatIOnshIp between sprmg and fall lake

chemIstry IS, therefore, not Imear, as assumed by Eshleman (1988), and the number of lakes

that become aCIdIc durmg spnng epIsodes IS probably larger than predIcted m Table 10-22

Dnscoll et al (1989a,b) report on a detailed study of mtmgen dynamIcs m

Pancake-Hall Creek m the Adrrondack Mountams ThIs stream IS hIghly aCIdIc, WIth low

and mvanant concentratIOns of base catIOns, and hIgh and mVarIant concentratIOns of S042

(FIgure 10-28) NItrate concentratIOns were lower than SO/- concentratIOns, and exlnbited a

dIStmCt seasonal pattern, peak concentratIons approached 100 p.eqIL Short-term changes m

N03- were hIghly correlated, and chemIcally conSIstent, WIth changes m the concentratIOns

of aCIdIC catIons (H+ and Al3 +) (Dnscoll et al ,1989a) As mentIOned earher, although

dilutIOn of base catIOns and mcreases m N03- appear to be the pnmary causes of epIsodIc

aCI<hficatIon ill Pancake-Hall Creek, these epIsodes are excurSIOns from an already low

baselme ANC, whIch can be largely attnbuted to hIgh SO/- concentratIOns

Stoddard and Murdoch (1991) have concluded that mcreases m N03-, base catIon

dilutIOn, and lngh baselme SO/- concentratIOns all contnbute to aCIdIC epIsodes m Catskill

Mountam streams (FIgure 10-29) In BISCUIt Brook, an mtenslVely-studIed stream m the

CatskIlls, concentratIOns of N03- approach those of SO/- during epIsodes (Murdoch and

Stoddard, m press a) Values for the ratIo of N03- N03- + SO/-, as presented m

Tables 10-20 and 10-21, illustrate both the general nnportance of N03- to the aCId/base

dynamICS of thIs stream, and the mcrease m nnportance of N03- durmg hIgh-flow events

(FIgure 10-29)

Researchers at the Hubbard Brook Expenmental Forest m New Hampshrre have been

studymg the hnks between atmosphenc depOSItIOn, watershed processes, and stream water

chemIstry smce 1963 (Likens et al ,1977) In reference Watershed #6, stream water N03

concentratIOns undergo strong seasonal cycles, WIth peak concentratIOns as hIgh as 85 p.eqIL

Both N03- and H+ concentratIOns mcrease durmg snowmelt at Hubbard Brook, and SO/

concentratIons decrease shghtly (Johnson et al , 1981, Likens, 1985)
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Figure 10-31. Effect of baseline acid-neutralizing capacity and episodic conditions in
Adirondack lakes. (a) Relationship between baseline acid-neutralizing
capacity and the springtime depression in acid-neutralizing capacity
(baseline acid-neutralizing capacity-minimum acid-neutralizing capacity)
for 11 lakes sampled in 1986 and 1987. (b) The relative contributions of
base cations and nitrate to the springtime acid-neutralizing capacity
depressions in Adirondack lakes. Lakes at intermediate acid-neutralizing
capacity values undergo the largest springtime depressions in acid
neutralizing capacity. Lakes with lower baseline acid-neutralizing
capacity are affected more by nitrate pulses, and lakes with higher
baseline acid-neutralizing capacity are affected more by base cation
dilution. Solid lines represent best-fit relationships.

Source. Schaefer et at (1990)
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The htghest recorded N03- concentratIons m streams drammg undIsturbed watersheds m

the Umted States come from the Great Smoky Mountams m Tennessee and North Carolma

NItrate concentratIOns m Raven Fork (Jones et al , 1983), Chngman's Creek, and Cosby

Creek (Elwood et al , 1991) range from 50 to 100 j.teq/L, and m all cases are comparable to,

or htgher than, SO/- concentratIOns In a survey of stream chemIstry at a large number of

SItes m the SmokIes, Silsbee and Larson (1982) reported N03- concentratIons rangmg from

0.2 to 90 j.teqlL, N03- concentratIOns were htghest at Ingher elevatIOns and m areas of old

growth spruce-fIr forest that have never been logged. ][n many cases, N03- concentratIons m

streams of the Smoky Mountams are htgher than mtrogen concentratIons m deposItion,

suggestmg both that rates of bIOlogICal mtrogen uptake are low, and that mmerahzatIon rates

are htgh (Joshn et al ,1987) Unfortunately, few data are available to suggest the ongmal

source of mtrogen now bemg mmerahzed m thts regIon Unless mtrogen fIxatIon rates have

been htstoncally qUIte htgh, at least some of the N03- now bemg leaked from watersheds m

the SmokIes must have ongmated as atmosphenc deposItIon The data of Silsbee and Larson

(1982) suggest strongly that forest maturatIOn IS Imked to the process of N03- leakage from

Great Smoky Mountam watersheds, mmerahzatIon of soil mtrogen appears to be htgh only m

old-growth forests (Elwood et al , 1991)

In Canada, the Influence of N03- on epIsodIC aCIdltficatIon IS less umversal Mo10t

et al (1989) and Dnscoll et al (1989a) report on numerous epIsodIc events m 15 streams m

the Harp, DIckIe, and PlastIc lake watersheds Most of these events were dnven by base

catIon dilutIOn, only one event was dommated by mcreases m N03- concentratIOn The

authors conclude that N03- plays at least a small role III most epIsodes, and that N03

mcreases playa greater role m aCIdIC systems than m nonaclCUC ones

Small mcreases m N03- concentratIons dunng hydrologIC events have been recorded at

SItes m a few remammg areas of North Amenca, mcludmg northeastern GeorgIa (Buell and

Peters, 1988), where maXImum concentratIons were approXImately 12 j.teqlL Several

studIes have reported the eXIstence of N03- epIsodes m the western Umted States, mcludmg

the North Cascades (Loranger and Brakke, 1988) and the Sierra Nevada (Melack and

Stoddard, 1991) In general, the maXImum concentratIOns of N03- observed m the West are

less than 15 j.teq/L, substantIally lower than m most of the eastern Umted States Lakes m

the mountamOUS West, however, tend to be much more dilute, and, therefore, more senSItIve
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to acidic deposinon than m the East TInrty-nme percent of lakes m the SIerra Nevada, for

example, have ANC values less than 50 p,eq!L, as do 26 % of the lakes m the Oregon

Cascades and 17% of the lakes m the North Cascades (Landers et al ,1987) Combmed

with base canon dllunon and small concentrations of SO/-, the N03- mcreases observed

during episodes at Emerald Lake, m the SIerra Nevada, have been suffiCIent to dnve the

ANC to zero on two occaSIOns m the past 4 years (Wllhams and Melack, 1991b) Data from

the outflow at Emerald Lake m 1986 and 1987 (FIgure 10-32) mmcate that mIDlIDum ANC

values are comcident with maxunum concentratIOns of N03- and diluted base cation

concentrations. It should be noted, however, that at no tIme has the pH of Emerald Lake

fallen below 5 5, a level commonly conSIdered the threshold for mJury to fish populations,

and that ANC values of zero can be caused by base cation dilutIOn alone (a natural process)

The state of episomc aCIdlficatIOn m the SIerra Nevada (and the rest of the West) remams,

therefore, uncertam, because few data eXist and the data that are available mdlCate ANC

depreSSIOns to a value of 0 p,eq!L, but not below

Fmally, there are some areas of North Amenca where no sIgnlficant affect of N0:3- on

epIsodIC aCIdlficatIon has been observed Morgan and Good (1988) report data on

10 streams in the New Jersey Pme Barrens, and found mean annual N03- greater than

1 p.eq/L only in msturbed streams (m reSIdential and agncultural watersheds) SWIstock

et al (1989) and Sharpe et al (1984, 1987, 1989) reported data on epIsodIC aCIdlficatIOn of

several streams m the Laurel Hill area of southwestern Pennsylvama and found that N03

played only a minor role m stream aCIdlficatIon and fish kills BaIrd et al (1987) exammed

episodic aCIdificatIon dunng snowmelt at Cone Pond, NH, and were unable to detect any

N03- in inlet water Cosby et al (1991) have exammed 7 years of data from two streams m

Virginia, and found no evidence of N03- epIsodes, N03- concentrations are always less than

15 p.eqlL in these streams Swank and WaIde (1988) reported data from seven undIsturbed

watersheds at the Coweeta HydrologIC Laboratory m North Carolma, where the

volume-weighted mean concentrations of N03- were less than 1 5 p,eq/L

Some broad geographIc patterns m the frequency of epIsodes m the Umted States are

now eVIdent. Acidic epIsodes dnven by N03- are apparently common m the AdIrondack and

Catskill Mountains of New York, especIally dunng snowmelt, and also occur m at least some

streams m other portIons of the Northeast (e g , at Hubbard Brook) NItrate contnbutes on a
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Figure 10-32. Outflow chemistry from two snowmeIlt seasons (1986 and 1987) at
Emerald Lake, a high elevation lake in the Sierra Nevada of California.
Nitrate episodes are smaller in magnitude than at sites in the eastern
United States, but western lakes may be more susceptible to episodic
acidification because of their lower baseline acid-neutralizing capacity
than most eastern lakes.

Source WIllIams and Melack (1991b)

10-171



smaller scale to epIsodes ill Ontano, and may play some role ill epIsodIC aCIdIficatIOn ill the

western Umted States There IS httle current eVIdence that N03- epIsodes are Important ill

the aCId-sensItIve portIons of the southeastern Umted States outsIde of the Great Smoky

Mountams We have no mfonnatIOn on the Importance of N03- ill dnvillg epIsodes ill many

of the subregIons covered by the NSS, illcludmg those that exlnbited elevated N03

concentrations at sprmg base flow (e g , the Valley and RIdge Provillce and MId-AtlantIc

Coastal Plam), because temporally-mtensive studIes have not been pubhshed for these areas

As was the case wIth chromc aCIdIficatIon dISCUSSed earher, the mere presence of N03

in aCIdIc epIsodes should not be construed as proof that mtrogen depOSItIon IS havmg an

acidifymg effect on surface waters, many other sources of mtrogen eXIst m watersheds

There IS currently httle dIrect eVIdence hnkmg mtrogen depOSItIon wIth those aCIdIc epIsodes

that are dnven by mcreases m N03- concentratIons, at least partIally because the type of data

necessary to hnk depOSItIon to stream water pulses of N0.3- are extremely chfficult to collect

HIgh concentratlons of N03- durmg snowmelt may SImply result when N03- stored m the

snowpack durmg the wmter months IS released whIle the forest IS still donnant The reduced

biological actIvIty typICal of the willter months creates less demand for mtrogen, and

snowpack N03- may SImply run off WIthout entermg the mtrogen cycle of the forest or

watershed Several mechamsms, however, will amphfy the SIgnal produced by atmosphenc

depositIon of mtrogen to snowpacks In areas WIth large snowpacks (e g , much of the

Northeast and all of the mountainous West), IOns have been shown to dram from the pack ill

the early stages of snowmelt, leadillg to concentratIOns that are much hIgher than the average

concentration of the snowpack Itself (e g , Jeffnes, 1990) ThIs dIfferentIal elutIOn of aCId

amons (hke N03") during the InItIal stages of snowmelt has been shown to be responsIble for

the elevated N03- concentratIOns observed ill parts of ScandillavIa (Johannessen and

Hennksen, 1978), Canada (Jeffnes, 1990), the AdIrondacks (Molhtor and Raynal, 1982), the

Midwest (Cadle et al , 1984), and ill the SIerra Nevada (WIlliams and Melack, 1991b)

Ammomum depOSIted to the snowpack as eIther wet or dry depOSItIon can be subsequently

nitrified to N03- ill soils, or whIle still ill the snowpack, and can produce N03

concentratlons elevated over those calculated from N03- depOSItIon alone (Galloway et al ,

1980; Schofield et al , 1985, Cadle et al , 1987, Schaefer and Dnscoll, ill press) Rates of

dry deposition of mtrogen compounds to the snowpack are dIfficult to measure, but
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potentIally nnportant, controls on N03- concentratIOns m snowmelt water (Galloway et al ,

1980, Cadle et al ,1987) Jeffnes (1990) presents a recent reVIew of snowpack storage and

release of pollutants dunng snowmelt

Some eVIdence does eXIst that mechamsms other than atmosphenc depOSItion contnbute

to N03- epIsodes, at least on a small scale Rascher et al (1987), for example, have shown

that mmerahzatIOn of orgamc matter m the sOlI dunng the wmter months, and subsequent

mtnficatIOn, contnbute substantially to snowmelt N03- concentrations at one SIte m the

AdIrondacks Schaefer and Dnscoll (m press) have suggested that a sJllll.1ar phenomenon

contnbutes to N03- pulses dunng snowmelt at 11 AdIrondack lakes, and that the contnbutIOn

from mmerahzatIon IS greater m low-ANC and aCl(hc lakes Stottlemyer and Toczydlowskl

(1990) also report that mmerahzatIOn contnbutes to snowmelt N03- at a SIte on the upper

penmsula of Micillgan It IS not currently known how widesplead tills phenomenon IS

Because maxnnum N03- concentratIOns are very snn:tlar among a large number of streams,

Murdoch and Stoddard (m press b) concluded that mmeralIzatIOn probably does not

contnbute substantially to N03- epIsodes ill the Catsk1ll MountaIns due to dtfferences m so:tl

qualIty, depth, and mOIsture, mmeralizatIOn rates are e}...pected to dIffer among watersheds,

and would produce varIability m concentratIOns of N03- among streams There also remams

some questIOn of whether N03- produced from mmera1lzatIOn nonetheless results from

atmosphenc depOSItion because mmerahzanon recycles nitrogen from leaf htter

MmerahzatIOn dunng the wmter may snnply recycle mtrogen from the leaf fall of the

prevIous autumn, some portIOn of the mtrogen mcorporated into leaves m the summer

undoubtedly ongmates as atmosphenc depOSItion In adilltIOn, chromc mtrogen depoSItion

has probably contnbuted to forest growth m the past (through fertilizanon), and mtrogen now

bemg mmerahzed may be the result of such "excess" storage of nitrogen m forest bIOmass

Earher ill tills document (see SectIOn 10 8 2 3) It was suggested that the seventy and

duratIOn of N03- epIsodes can be expected to mcrease as forests become more mtrogen

suffiCIent (see also Dnscoll and Schaefer, 1989, Stoddard and Murdoch, 1991) Some of the

best mformatIOn on whether atmosphenc depOSItiOn IS contnbUltmg to N03- epIsodes may,

therefore, come from an exammatIOn of long-term trends m surface water N03

concentratIOns

10-173



There is some evidence that the occurrence and seventy of N03- epIsodes are

increasing. Smith et al (l987a) exammed trends m N03- at 383 stream locatIons m the

Umted States between 1974 and 1981, and reported mcreases at 167 sItes, especially east of

the 100th mendian Many of the mcreasmg trends could be attnbuted to mcreased use of

fertilizers in agricultural areas, partIcularly m the MIdwest In addItIon to agncultural

runoff, Smith et al (l987a) IdentIfied atmosphenc depOSItIon as a major source of N03- m

surface waters, partIcularly m forested basms of the East (e g , New England and the MId

Atlantic) and Upper Midwest DespIte wIdespread use of fertilizers m most of the regIOns

covered by the SmIth et al study, they found a Ingh degree of correlatIOn between stream

basin yield of N03- and rates of nitrogen depOSItIon

Histoncal data are avm1able from 19 large streams m the Catskill MountaIns, some of

which have been momtored since early m tins century (Stoddard and Murdoch, 1991,

Stoddard, in review) Trend analyses mdicate that N03- concentratIOns have mcreased m all

of the streams (Table 10-23), WIth the ma]onty of the mcrease occumng m the past two

decades (1970s and 1980s) (Murdoch and Stoddard, m press b, Stoddard, 1991) These

increases are not attnbutable to other anthropogemc sources of mtrogen, and are SImIlar to

trends observed m eight headwaters streams momtored m the 1980s (Murdoch and Stoddard,

in press: a, Murdoch and Stoddard, m press b) At four Instoncal Catskill SItes where

stream discharge data are avm1able, the relatIOnslnp between N03- concentratIOns and

discharge have changed over the course of the past 4 decades (FIgure 10-33) In all cases,

the relationslnps are steeper m the 1980s than m the past, mdicatmg that most of the mcrease

in N03- has occurred at Ingh flows (1 e , epIsodIc N03- concentrat1ons have mcreased more

than base-flow N03- concentratIons) The compOSIte average atmosphenc N02

concentrations have been downward for the past 10 years Stream concentratIOns, however,

are based on mtrate deposIt1on, not atmosphenc concentratIons of N02

Trends m lake water N03- concentratIOns that are SImIlar to the Catskill stream trends

have been reported for AdIrondack lakes (Dnscoll and Van Dreason, m press, Table 10-24)

Nine out of 17 Adirondack lakes exlnbited sIgmficant mcreases m N~- concentratIOns,

whereas only 1 exlnbited a sIgmficant decrease (Table 10-24) It IS not statIstIcally pOSSIble

to determine whether epIsodIc N03- concentratIOns are mostly responsIble for the trends m

AdIrondack lakes because the data record IS short (1982 to 1989) Plots of temporal N03-
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TABLE 10-23. SLOPES OF NITRATE TRENDS (lteq/L/year) IN
CATSKILL STREAMS BEFORE 1945, BETWEEN 1945 AND 1970,

AND BETWEEN 1970 AND 1990. SLOPES FOR EACH PERIOD ARE
CALCULATED FROM BEST-FIT RlH:GRESSION LINES

(ANALYSIS OF COVARIANCE ON RANKS, SEE TEXT FOR DETAILS)
FITTED TO DATA FROM THE ENTIRE PERIOD OF RECORD.

ALL TRENDS ARE SIGNIFICANT AT P LESS THAN 0.05. MEDIAN VALUES
AND SAMPLE SIZES FOR EACH PERIOD ARE GIVEN IN PARENTHESES.

[-- = Data insufficient for analysis.]
Change m Nitrate ConcentratIOn

Site Before 1945 1945-1970 Between 1970 and 1990

BataVia Kill +024 +021 +028
(11, n = 235) (21, n = 70)

Bear Kill above Grand Gorgea +070
(27, n = 9) (38,n = 92)

Bear Kill above Hardenbergh Falls +034
(18, n = 253)

Beaver Kill
b

+005 +010 +176
(4, n = 270) (14, n = 10)

Birch Creek above Pme Hill +060 +268
(4, n = 12) (16, n = 75)

Birch Creek at Pme Hill -001 +068 +073
(11, n = 287) (6, n = 11) (19 n = 63)

Bush Kill +011 +000 +228
(4, n = 235) (7, n = 248) (19, n = 94)

Bushnellville Creekb +004 +025 +157
(4, n = 267) (17, n = 10)

Esopus Creek above Big Indian +008
(4, n = 246)

Esopus Creek below Big Indian -016 -001 +198
(7, n = 59) (7, n = 64) (21, n = 93)

Esopus Creek at Coldbrook +024 -008 +200
(7, n = 352) (11, n = 784) (19, n = 886)

Little Beaver Killb +000 +001 +085
(4, n = 268) (5, n = 10)

ManorKill -012 -055 +097
(11, n = 251) (14, n = 306) (17, n = 96)

Neversmk River +033 +128
(7, n = 185) (14, n = 104)

Rondout Creek +000 +179
(7, n = 12) (8, n = 43)

Schohane Creek at Prattsville +064 -013 +193
(7, n = 238) (14, n = 712) (21, n = 805)

Stony Clove Creekb -000 +008 +377
(4, n = 272) (24, n = 10)

West Kill +019
(7, n = 227)

Woodland Creekb +002 +008 +395
(4, n = 272) (25, n = 10)

aData available for fewer than 2 years III one or more time penods at thiS site Tn..nds were not calculated dunng these time penods at thiS

b~::ab:o:::SI:~I;::::::~:I~~~I:~;~:;;e~~;:before 1945 and from 1977 to 1979 Trends reported for the penods of ffi1ssmg data are
based on regressIOn hnes for the entire data set, median values cannot be hsted

Source Murdoch and Stoddard (m press b)
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Figure 10-33. Relationship between nitrate concentration and stream discharge for four
Catskill streams during four most recent decades. (a) Schoharie Creek at
Prattsville, (b) Neversink River at Claryville, (c) Rondout Creek at Lowes
Corners, and (d) Esopus Creek at Coldbrook. Regression lines for each
decade are from least-squares regression of concentration on the log of
stream discharge, and all regressions are significant (p < 0.05). All sites
indicate that nitrate concentrations at high discharges are higher in the
1970s and 1980s than in previous decades.

Source' Murdoch and Stoddard (m press b)

patterns) however, suggest that base-flow values are relatively unchanged, whereas spnng

values are increasing (FIgure 10-34)

A cautionary note ill the mterpretatIon of long-tenn mtrogen trends IS mtroduced by

examination of long-tenn data from streams at the Hubbard Brook Expenmental Forest

(HBEF). Data from control Watershed #6 through 1977 suggested a strongly mcreasmg

trend m NOs- (Schindler, 1987) and have been used to suggest that the HBEF watersheds are
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TABLE 10-24. TRENDS IN NITRATE CONCENTRATIONS FOR ADIRONDACK
LONG-TERM MONITORING LAKES. SLOPES ARE CALCULATED FROM

BEST-FIT REGRESSION LINES (USING ANCOVA ON RANKS)
FITTED TO DATA

Change m N03-

Lake Name na (p,eq/Llyear)15 pC

Arbutus Lake 96 +105 <00001

Barnes Lake 51 +003 069

BIg Moose Lake 105 +016 036

Black Lake 104 +004 079

Bubb Lake 88 -011 053

Cascade Lake 105 -050 004

Clear Pond 104 +051 <00001

Constable Pond 106 +126 00003

Dart Lake 88 +034 007

Heart Lake 103 +088 <00001

Lake Rondaxe 88 +018 004

LIttle Echo Pond 84 +001 012

Moss Lake 105 000 094

Otter Pond 93 +150 <0.0001

Squash Pond 100 +114 008

West Pond 106 +009 056

Wmdfall Lake 88 014 082

aNumber of Individual observations, the penod of record for most Sites is from June 1982 to August 1989
b
Slope of analYSiS of covanance (ANCOVA) model Positive slope Indicates an Increase In mtrate ions (N03),
negative number Indicates decrease

CSigmficance of regressiOn coeffiCient for date In ANCOVA modeX

Source Loftis et al (1989), Dnscoll and Van Dreason (m press)
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Figure 10-34. Temporal patterns in lake water nitrate concentration for two
Adirondack lakes: (a) Constable Pond, and (b) Heart Lake. Both sites
exhibit increasing trends in nitrate ion (Table 10-24). The strongly
seasonal behavior of nitrate in these lakes suggests that most of the
increase has occurred in spring episodic nitrate concentrations.

Source Dnscoll and Van Dreason (m press)

undergoing nitrogen saturatIon (Agren and Bosatta, 1988) ExammatlOn of the entIre 23-year

record (1965 to 1983) from Watershed #6, however, shows no long-term trend (LIkens,

1985; Dnscol1 et al , 1989a) and emphasIZes the 11TIportance of exammmg mtrogen processes
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ill a truly long-term context Pools of mtrogen associated wIth solls and forests at HBEF,

and elsewhere, are very large (ca 340,000 mol/ha at HBEF, up to 520,000 mol/ha at other

SItes ill the eastern Umted States, Federer et al , 1989) and long-hved (the turnover rate for

mtrogen at HBEF IS estImated at 80 years), small changes ill the long-term cychng of

mtrogen Withm thIs system will have profound effects on stream water chemIstry (Dnscoll

et al ,1989a) Although the data reported here for the Catskills can be consIdered truly

long-term (up to 65 years of record), data for the AdIrondacks (Dnscoll and Van Dreason, in

press) and other areas of the Umted States (SmIth et al , 1987a) span only 1 to 2 decades,

and should be illterpreted WIth cautIOn

Many of the data dISCUSSed above suggest that N03- epIsodes are more severe now than

they were ill the past These surface water mtrogen illcreases have occurred at a tIme when

mtrogen deposItIOn has been relatIvely unchanged ill the northeastern Umted States (Husar,

1986, SImpson and Olsen, 1990, Bowersox et al ,1990) If we accept the Idea that an

illcrease ill the occurrence of N03- epIsodes IS eVIdence that mtrogen saturatIOn of watersheds

IS progressmg, then current data suggest that current levels of mtrogen deposItIon

(5 to 10 kg/ha/year) are too hIgh the for the long-term health of aquatic systems ill the

AdIrondacks, the Catskills, and possIbly elsewhere ill the Northeast It IS Important to note

that thIs SupposItIon IS dependent on our acceptance of N03- epIsodes as eVIdence of mtrogen

saturatIOn At thIs pOillt, no measurements of changes ill mtrogen cychng have been made to

support thIs

SImllar lOgIC would suggest that levels of mtrogen depOSItIon ill the SIerra Nevada

(ca 2 kg/ha/year) may be at the upper lImIt of the levels that would be protectIve of the

long-term health of senSItIve, hIgh elevatIOn aquatIc systems ill the West The dIscrepancy

between the levels of mtrogen depOSItIon that produce SIgns of mtrogen saturatIOn ill the

Northeast and the West IS a good illustratIon of the need to set depOSItion levels ill terms of a

n cntIcalloadn to specIfic systems The depOSItIon levels measured ill the eastern and

western Umted States are Withm the range of mtrogen cntlCalloads (3 to 14 kg/ha/year)

suggested by European work ill regIOns of silicate solls of varymg senSItIVIty (Schulze et al ,

1989) The Northeast, because of deeper solls and aggradmg forests, may be able to absorb

hIgher rates of depOSItIon WIthout senous damage than areas of the mountamous West, where

soIls are thm and forests are often absent The abilitIes of these regIOns to absorb mtrogen IS
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a function of the capacItIes of theIr watersheds to retaIn mtrogen Because these capacItIes

differ from one region to another, the cntIcalloads of mtrogen that will produce SIgns of

degradatIon also vary from regIOn to regIOn These dIfferences are at the heart of the cntIcal

loads concept of settIng deposItIon lImItS

10.8.4 The Effects of Nitrogen Deposition on Eutrophication

The tenn "eutrophy" generally refers to a state of nutnent ennchment (Wetzel, 1983),

but IS commonly used to refer to condItIons of mcreased algal bIOmass and productIvIty,

presence of nUIsance algal populatIons, and a decrease m oxygen avaIlability for

heterotrophic orgamsms EutrophIcatIOn IS the process whereby lakes, estuanes, and marme

systems progress toward a state of eutrophy In lakes, eutrophIcatIon IS often consIdered to

be a natural process, progressmg gradually over the long-tenn evolutIon of lakes The

process can be sIgnificantly accelerated by the addItIonal mput of nutnents from

anthropogernc sources The subject of eutrophIcatIon has been extensIvely revIewed by

Hutchinson (1973), the National Research Councll (1969), and LIkens (1972)

EstabhshIng a link between mtrogen depOSItIon and the eutrophIcatIon of aquatIc

systems depends on a deternunatIon of two key condItIons The fIrst condItIOn IS that the

productivity of the system IS hmIted by mtrogen avaIlability Our current concept of nutnent

limitation stems from LiebIg's Law of the Mmnnum (Von LIebIg, 1840), whIch can be

paraphrased to suggest that, at any smgle pomt m tIme, ecosystem prodUCtIVIty will be

limited by whatever necessary envIronmental element IS m shortest supply When that

necessary envIronmental element IS mtrogen, then the system can be SaId to be mtrogen

limited. The second conditIon IS that mtrogen depOSItIon be a major source of mtrogen to

the system In many cases, the supply of mtrogen from depOSItIon IS mmor when compared

to other anthropogemc sources, such as pollutIon from eIther pomt or nonpomt sources

10.8.4.1 Freshwater Eutrophication

It is generally accepted that the productIvIty of fresh waters IS lImIted by the avaIlability

of phosphorus, rather than the avaIlability of mtrogen (reVIewed by Hecky and KIlham,

1988). Although condItIons of mtrogen lImItatIon do occur ill freshwater systems (dIscussed

below), they are often eIther tranSItOry, or the result of hIgh mputs of phosphorus from
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anthropogemc sources At hIgh rates of phosphorus mput, phosphorus will cease to be m

short supply, and whatever nutnent IS then least abundant (often mtrogen) will become

hmItmg Although addItIons of mtrogen from deposItIon will lead to mcreased prodUCtiVIty

m these sItuatIOns, the pnmary dysfunctIOn IS an excess supply of phosphorus, and these

sItuatIOns will not be dISCUSSed further Often when mtrogen hmitatIon does occur, It IS a

short-lived phenomenon because mtrogen-deficient condlltIons favor the growth of blue-green

algae (e g , SmIth, 1982), many of whIch are capable of mtrogen fIXatIon Because

mtrogen-flXillg species are not hmited by the avaIlability of fixed mtrogen (e g , NH4+,

N03), they may thnve under condItIOns where other specIes are mtrogen hmited, and

effectIvely mcrease rates of mtrogen mput to the system by fIXatIon of gaseous mtrogen

HIgh rates of mtrogen fIXatIOn may lead to SItuatIOns where mtrogen can no longer be Said to

be hmItmg, and the system often returns to a state of phosphorus hmitatIon In lakes,

mtrogen fIXatIOn may be consIdered a natural mechamsm that compensates for defiCIencIes m

mtrogen, and contnbutes to the long-term evolutIOn and ubIqUIty of phosphorus hmitatIOn

(Schmdler, 1977)

NItrogen hmitatIon can occur naturally (1 e , ill the absence of anthropogemc

phosphorus mputs) m lakes WIth very low concentratIOns of both mtrogen and phosphorus, as

are common ill the western Umted States and m the Northeast (Suttle and Hamson, 1988)

Suttle and Hamson (1988) and Stockner and Shortreed (1988) have suggested that

phosphorus concentratIOns are too low m these systems to allow blue-green algae to thnve

because they are poor competItors for phosphorus at very low concentratIOns (e g , Schmdler

et a1 , 1980, Sffilth and Kalff, 1982) Thus, diatom commumtIes dommate phytoplankton

and penphyton commumties m these extremely nutnent-poor (ultraohgotrophIc) systems, and

rates of mtrogen fIXatIon do not mcrease because blue-green algae do not become

estabhshed, regardless of relatIve mtrogen or phosphorus defiCIency In these systems, the

two nutnents are often closely coupled and constant shIfts between mtrogen and phosphorus

defiCIency may occur WIthout ObVIOUS changes m commumty structure In these SItuatIOns,

additIona1loadmg of mtrogen from anthropogemc deposItIon IS hkely to have only a small

effect on pnmary prodUCtIVIty because the system qUIckly becomes phosphorus hmited In a

hterature survey of 62 separate nutnent hmitatIon studies m lakes, Elser et al (1990) found

that slffiultaneous addItIons of mtrogen and phosphorus produced the largest growth response
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in 82% of the expenments These results underbne the bkehhood that a lake hImted by one

nutnent may qUickly become hImted by another 1f the lake becomes ennched wIth the

originallimItmg nutnent

EstunatlOns of nutnent hmltanon m lake ecosystems follow three major bnes of

reasoning' (1) eVIdence from ambIent nutnent concentratlOns and the nutnnonal needs of

algae, (2) eVIdence from bIoassay expenments at vanous scales, and (3) eVIdence from

nutrient dynamICS and mputloutput studIes (Hecky and KIlham, 1988, Howarth, 1988)

Much of the acceptance of the Idea that freshwater lakes are pnmanly phosphorus

hmited stems from the close correlanons between phosphorus concentratIons and lake

productivity or algal bIomass (usually measured as chlorophyll concentratIon) that have been

observed m a large number of lake studIes (e g , Dillon and RIgler, 1974, Schmdler, 1977,

1978, reviewed by Reynolds, 1984, Peters, 1986) More recently, researchers have begun to

question the UbIqUIty of the phosphorus chlorophyll relanonshIp, and to IdentIfy some of the

factors that lead to the large vanabIhty observed m thIS relatIonshIp m nature (e g , SmIth

and Shapiro, 1981, SmIth, 1982, Pace, 1984, Hoyer and Jones, 1983, Prame et al , 1989)

Notably, researchers have found that the relatIonshIp IS not bnear, as preVIously supposed,

but sigmOIdal (McCauley et al , 1989), and that the slope of the relatIonshIp IS slgruficantly

affected by nitrogen concentratIons, partIcularly at hIgh concentratIons of phosphorus

(> 10 p.eq/L) that are bkely to be caused by anthropogemc mputs McCauley et al (1989)

found that nitrogen had httle effect on the phosphorus chlorophyll relatlOnshIp at low

concentranons of phosphorus ThIs effect IS expected m nutnent-poor lakes, where the

primary effect of mtrogen addItlOns would be to push lakes mto a phosphorus-deficIent

condition

Arguments based on ambIent nutnent concentranons stem from the early work of

Redfield (1934), who exammed the concentratIons of nutnents Wlthm the cells of nutnent

sufficient algae from marme systems worldWIde, and found surpnsmgly conSIstent results for

the ratio of carbon to mtrogen to phosphorus concentratlOns (106 16 1), deVlatlOns from

these ratios are taken to be eVIdence that one nutnent or another IS hmltmg to algal growth

(e.g., nitrogen: phosphorus [N P] rano values below 16 1 suggest mtrogen hmitatlOn, values

above 16:1 suggest phosphorus hmitatlOn) Because the relatIve supply rates of phosphorus

and mtrogen will determme whether one or the other nutnent IS m short supply, It has been
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suggested that the ratIO of the two nutnents (1 e , total mtrogen total phosphorus) can be used

as an mdex of nutnent mmtatIOn (ChIaudanI and VighI, 1974, Rhee, 1978, SchIndler, 1976,

1977, 1978) Vanous researchers have extended mterpretatIOn of the Redfield ratio to

mclude ambIent nutnent concentratIOns m water (Redfield's ongmal work was wIth

mtracellular concentratIOns), and apphed the nutnent ratio cntena to waters supplymg lakes

to detennme the bkely hImtmg condItions that these waters will produce (e g , SchIndler,

1977, Slll1th and ShapIrO, 1981, Prame et al ,1989) ThIs method has the potential to

illustrate regIOnal patterns and has gamed some support from the results of bIOassay

expenments (see below) ThIs Idea has been reImed recently to exclude from the ratio those

fonns of mtrogen and phosphorus that are not bIOlogically avaIlable (e g , especIally orgamc

fonns of mtrogen), wIth the result that good predIctions of nutnent hmitatIOn can now be

made from ratios of total wssolved morganic mtrogen (DIN) to total phosphorus (TP)

(Moms and LeWIS, 1988)

Moms and LeWIS (1988) conducted nutnent addItion bIOassays on natural assemblages

of phytoplankton from many lakes, and compared theIr results to DIN TP values measured m

the lakes at the same time as the expenments were conducted They found that lakes WIth

DIN TP values less than 9 (usmg molar concentratIOns) could be hmited by eIther mtrogen

or phosphorus (often adwtIOns of both nutnents were :n~qUIred to stimulate growth), whereas

lakes WIth DIN TP values less than 2 were always hmited by mtrogen The dIscrepancy

between the 16 1 Redfield ratio and the 2 1 ratio suggested by Moms and LeWIS (1988) may

result from measunng ambIent, rather than cellular, nutnent concentratIOns and from the

vanety of cntIcal mtrogen phosphorus (N P) ratios exhibIted by dIfferent specIes m nature

(Suttle and Hamson, 1988)

If a cntlCal DIN TP value less than 2 IS apphed to lakes from the Eastern Lake Survey

(Lmthurst et al , 1986) and Western Lake Survey (Landers et al , 1987), It IS pOSSIble to

estImate the number of mtrogen-hmited lakes m some regIOns of the Umted States

(Table 10-25) Lakes WIth total phosphorus concentrations greater than 20 J-teqiL have been

excluded from thIs analySIS because many of them may have expenenced anthropogemc

mputs of phosphorus (VollenweIder, 1968, Wetzel, 1983) TIus test IS, therefore, a

conservative one for mtrogen fumtatlon, both because the DIN TP value chosen « 2) IS a

conservatIve measure of mtrogen hmitatIOn (Moms and LeWIS, 1988) and because some
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TABLE 10-25. ESTIMATED NUMBER AND PROPORTION OF NITROGEN-
LIMITED LAKES IN SUBREGIONS OF THE UNITED STATES SAMPLED BY THE
NATIONAL SURFACE WATER SURVEY. ESTIMATES ARE BASED ON MOLAR
RATIOS OF TOTAL INORGANIC NITROGEN CONCENTRATIONS (NITRATE +

AMMONIUM) TO TOTAL PHOSPHORUS CONCENTRATIONS

Number of Estunated Number ProportIon
Lakes m of Nltrogen- of PopulatIon

Subregion SubregIOn Lunlted Lakes Nltrogen-LlIDlted (%)

:Eastern Lake Surveya

Adirondacks (IA) 1,684 164 10

Poconos/Catskills (lB) 1,986 2285 115

Central New England (IC) 2,003 549 27

Southern New England (ID) 2,667 144.7 54

Northern New England (IE) 2,388 91 3 38

Northeastern Mmnesota (2A) 2,132 3162 148

Upper Peninsula, MichIgan 1,698 3058 180
(2B)

Northcentral WIsconsin (2C) 1,707 2482 145

Upper Great Lakes Area (2D) 6,147 13454 219

Southern Blue Ridge (3A) 538 115 2 1

Florida (3B) 8,053 25 00

Western LaJ<e Surveyb

California (4A) 2,806 5358 19 1

Pacific Northwest (4B) 2,200 609 1 277

Northern Rockies (4C) 3,335 7399 222

Central Rockles (4D) 2,970 7887 266

Southern Rockles (4E) 2,195 4552 207

ftData from Kanclruk et al (1986), excludmg lakes WIth total phosphorus > 2 p.moIlL
bData from Ellers et al. (1987), excludmg lakes With total phosphorus> 2 p.moIlL

lakes with naturally hIgh concentratIOns of phosphorus may be excluded, these lakes are

more likely to be mtrogen-lunlted than lakes WIth low phosphorus concentratIOns The

proportions of lakes that can be conSIdered mtrogen-lunlted vary WIdely from regIOn to

region, with the greatest number bemg found, as expected, m the West The hIghest
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proportIon was found ill the Pacific Northwest (27 7 % of lakes exhIbIted low DIN TP

ratios), but all subregIOns of the West contamed substantial numbers of mtrogen-lImited

lakes The smallest proportIOns were found ill the Southeast (2 5 % of the lakes ill the entire

regIOn exhIbIted low DIN TP ratios) and the Northeast (5 %) One surpnse ill this analysIs IS

the number of lakes ill the Upper MIdwest that appear to be mtrogen-lImited, taken as a

whole, this regIOn had 19% of Its lakes wIth DIN TP ratIos less than 1

A more direct illdicatIOn of nutnent hmItatIon than IS avaIlable from nutnent ratios can

be gamed from bIoassay expenments, where a small volume of natural lake water IS enclosed

and vanous known concentratIOns of potentIally lImltmg nutrients are added (e g , Melack

et al , 1982, Setaro and Melack, 1984, Stoddard, 1987b) A growth response (usually

measured as an illcrease ill bIOmass) ill treatments contammg an added nutnent constitutes

eVIdence of lImItatIOn by that nutnent The results of such expenments are avaIlable for

only a few selected nutnent-poor lakes, however, and mdIcate a vanety of responses

illcludmg strong phosphorus lImItatIOn (Melack et al , 1987), lImItatIOn by phosphorus and

Fe (Stoddard, 1987b), SImultaneous mtrogen and phosphorus lImItatIOn (1 e , the two

nutnents are so closely balanced that addItIOn of one aJlone SImply leads to hmItatIon by the

other, Gerhart and Likens, 1975, Suttle and Hamson, 1988, Dodds and Pnscu, 1990), and

hmItatIOn pnmanly by mtrogen (Moms and LeWIS, 1988, Goldman, 1988) No clear pattern

of mtrogen or phosphorus hImtatIOn develops from an exammatIOn of these few studIes

The potential for mtrogen depOSItion to contnbute to the eutrophicatIOn of freshwater

lakes IS probably qUite lImIted Eutrophication by mtmgen illputS will only be a concern ill

lakes that are chromcally mtrogen lImIted ThIs condI1tIon occurs ill some lakes that receIve

substantial illputS of anthropogemc phosphorus, and ill many lakes where both phosphorus

and mtrogen are found ill low concentratIOns (e g , Ta1ble 10-25) In the former case, the

pnmary dysfunctIOn of the lal<:es IS an excess supply of phosphorus, and controllmg mtrogen

depOSItion would be an illeffectIve method of water quality Improvement In the latter case,

the potential for eutrophIcation by mtroge.n addItion (e g , from deposItIOn) IS lImIted by low

phosphorus concentratIOns, addItions of mtrogen to these systems would soon lead to

mtrogen-sufficlent, and phosphorus-deficIent, condItions Increases ill mtrogen depoSItion to

some of the regIOns ill Table 10-24 would probably lead to measurable illcreases ill algal
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bIOmass in those lakes wIth low DIN TP ratios and substantial total phosphorus

concentrations, but the number of lakes that meet these cntena IS lIkely to be qUlte small

10.8.4.2 Estuaries and Coastal Waters

Estuarine and coastal water ecosystems eXIst at the transItion between freshwater

systems and the open ocean These transItion zones share some charactenstIcs wIth both

freshwater and marme systems, but they also have some umque propertIes that lead to

different responses to NOx deposItion and a correspondmgly dIfferent set of concerns They

are at the end of a long senes of mtrogen transport and transformatIOn processes mvolvmg

interactions wIth vegetatIOn, soils, groundwater, small streams, lakes, and nvers At each

step m this senes, the processes vary temporally and spatially and may be subject to a vanety

of human mfluences ThIs tranSItion zone mtegrates complex and fluctuatmg processes that

are dIstributed over what are sometimes very large watersheds

The tranSItion zones between fresh- and saltwater systems are subject to natural

processes that are not observed elsewhere m aquatic systems, such as tidal flows and salmIty

changes They are also subject to substantial human mfluence Estuanes proVIded natural

ports and are among the most productive ecosystems on the planet (Begon et al , 1986)

TIms, they became an ObVIOUS locatIOn for CItIes, WIth accompanymg demands for

wastewater dIsposal The hIstory of human use of estuanes and lands around estuanes make

it more dIfficult to Isolate the effects of a partIcular anthropogemc contammant on ecosystem

characteristics. The conservatIve approach used above to assess the Impact of mtrogen

depOSItion on freshwater eutrophIcation (exc1udmg all systems WIth anthropogemc Impacts

other than atmosphenc depOSItion) IS not pOSSIble for estuanes and coastal waters, all

estuanne systems, and most coastal waters, have been subjected to human Impacts, often for

several centuries

Estuaries are bodIes of water, more or less Isolated from the rest of the ocean, where

fresh water and salt water mIX ThIs generally produces a salImty gradIent, and often leads

to stratification of water, WIth the heaVIer salt water below a layer of fresh water Estuanes

are also subject to tIdal effects and may be strongly mfluenced by nver flows

In combination, these forces tend to produce qUlte complex water clfculatIOn patterns WIth

sigruficant bIOlogical consequences For example, water currents Wlthm Chesapeake Bay
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concentrate and cIrculate the dmoflagellate Gyrodmlum uncatenum, wInch IS responsIble for

red tides m that estuary (Tyler et al ,1982) CIrCUlatIOn patterns Withm estuanes may also

mfluence patterns of habItat use by fish (e g , Pletrafesa et al , 1986)

Boynton et al (1982) descnbed a c1asslficatIOn of estuanes mto four categones that

were desIgned to reflect the pnmary factors mfluencmg algal productIOn and the vanability

that eXists among estuanes

• Fjords have deep basm waters and shallow underwater sills connectmg them wIth the
sea, proVIdmg slow exchange wIth adjacent sea waters,

• Lagoons are shallow, well-mIXed, slowly flushed, and only shghtly mfluenced by
nvenne mputs,

• Embayments are deeper than lagoons, often str.atlfied, only shghtly mfluenced by
freshwater mputs, and have good exchange wIth the ocean, and

• Rlver-Dommated Estuanes are a more dIverse group of systems, all of wInch exlnbit
seasonally depressed salmItIes due to nvenne mputs and VarIable degrees of
stratIficatIOn

The phySIcal and chemIcal structure of estuanes will strongly shape the movement and

transformation of mtrogen compounds Aston (1980) has provIded a hst of features of

eStuanes that have a controllmg mfluence on the geochemIstry of contammants and nutnents

(1) The tidal mlXffig of fresh and sea waters on a serrudIUrnal or dIUrnal time scale, wIth
correspondmg changes m the volume of water m an estuary, produces temporal changes
m the contnbutIOns of nutnents and dissolved gases from manne and freshwater
sources For example, estuanes are generally emiched m nutnents relative to ocean
waters due to the local mfluences of land dramage and often pollution

(2) The CIrculation, and especIally the stratlficatIon, of some estuanes can create vertIcal
and honzontal vanatIons of the concentratIOns of nutnents and dIssolved gases Withm
an estuary

(3) Estuarme topography may gIVe nse to partIcularly restncted cIrCUlatIOns (e g , m
fjords, where the mlXffig of external sea water wIth the estuarme waters IS greatly
reduced), and the restncted mlXffig leads to unusual chemIcal envIronments (e g ,
oxygen-deficIent waters)

(4) The CIrculation patterns m coastal waters and estuanes lead to the depOSItion of vanous
types of sedImentary matenal The deposItion and resuspenSIOn of sedIments may
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influence the budgets of dIssolved constituents, mcludmg nutnents and gases, m
estuarine waters

(5) Chemical reactIOns occumng durmg the mlXlDg of nver water WIth sea water may lead
to the removal or addItion of the dIssolved nutnents Also, the changes m temperature
and salmIty durmg estuarme mlXlDg mfluence the solubility of dIssolved gases, and thus
mfluence their removal or addItion m an estuary

(6) Biological productIon and metabohsm have sIgnIficant mfluences on the occurrence and
dIstributIOn of nutrients and some gases (e g , CO2 and oxygen) m estuarme waters
The biologIcal commumtIes m estuanes tend to be specIes-poor because few specIes are
able to tolerate the extremes m enVIronment to which they are exposed What speCIes
do thnve, however, are often productive

In fact, estuanes may be extremely productive Fishenes yIelds m estuanes are hrgher

per unit area than in lakes (NIXon, 1988) ThIs appears not to be related to pnmary

production, but rather to the effiCIency of utilizatIOn of the pnmary productIOn The mput of

nutrients from outside the ecosy~temmay be a major determmant of overall fishenes

production levels (Day et al ,1982) The economIC Importance of estuanes may be SImply

indIcated by McHugh's (1976) estImate that m 1970, 69% (by weIght) of fish landmgs m the

United States were estuary dependent

Estuaries and coastal waters receIve substantial amounts of weathered matenal (and

anthropogenic mputs) from terrestnal ecosystems and from exchange WIth sea water As a

result, they tend to be very well buffered, aCIdIficatIon IS not a concern m any of these areas

The same load of weathered matenal and anthropogemc mputs that makes estuanes and

coastal areas msensitIve to aCIdIfication, however, makes them very prone to the effects of

eutrophication Eutrophication of these areas has some very specIfic and damagmg

consequences, especially the creation of anoXiC bottom waters, blooms of nUIsance algae, and

replacement of economIcally Important specIes by less-deSIrable ones (e g , Mearns et al ,

1982; Jaworski, 1981) Eutrophication, for example, has been suggested as the causal factor

in the dIsappearance of the stnped bass (Morone saxanlzs) fishery m Chesapeake Bay (Pnce

et al , 1985), the illcreasmg spatIal extent of anoXiC bottom waters durmg the summer season

is the proposed mechamsm (e g , Officer et al ,1984) AnOXIa IS also thought to have had

disastrous effects on surf clams (SplSUla SOlldlsslma) m the New York BIght (Swanson and

Parker, 1988) and the blue crab (Callmectes sapldus) habItat ill Chesapeake Bay (Officer

et al., 1984). In 1971, blooms of the red tIde dmoflagellate PtychodlSCUS brevis m the Gulf
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of MeXICO were responsible for the deaths of apprmam.ltely 100 tons of fish daily, the illgh

nutnent concentratiOns typiCal of eutropillc conditions have been hnked to many blooms of

nUIsance algae (Paerl, 1988)

Estabhshmg a hnk between mtrogen depositiOn and the eutropillcation of estuanes and

coastal waters depends on a detennmation (as it does m fresh water-see above) of two key

conditions The :f1rst condition IS that the productIVIty of these systems IS hmited by mtrogen

availability The second condition is that mtrogen deposItIon be a major source of mtrogen

to the system In many cases, the supply of mtrogen flom deposItion IS mmor when

compared to other anthropogemc sources, such as pollutiOn from either pomt or nonpomt

sources

Few tOpICS m aquatic bIOlogy have receIved as much attention m the past decade as the

debate over whether estuanne and coastal ecosystems are hmited by mtrogen, phosphorus, or

some other factor (reVIewed by Hecky and KJ1ham, 1988) In a semmal paper pubhshed m

1971, Ryther and Dunstan (1971) used eVIdence of ambIent nutnent concentrations and the

results of bIoassay expenments to conclude that mtrogen hmIted the prodUCtiVIty of waters

along the south shore of Long Island and m the New York BIght They noted that, dunng

blooms of algae m these areas, morgamc mtrogen concentratIOns often decreased to levels

below deteCtion, whereas morgamc concentrations of phosphOlUS remamed illgh From tills

eVIdence, they deduced that phosphorus could not be a hmItmg factor, but that mtrogen could

be They conducted bIoassay expenments, suspendmg in small bottles smgle-species cultures

of eIther Nannochlons atomus or Skelatonema costatum, the two algal speCIes that were

dommant m the blooms ill each location, ill :ftltered sea water WIth additions of eIther

ammomum or phosphorus Ryther and Dunstan (1971) found that both specIes increased

dramatIcally ill ammomum-ennched bottles, but that phosphorus-ennched bottles were no

dIfferent than controls, and that tills response was conSIstent at a large number of SItes

throughout the south shore of Long Island and ill the New York BIght They concluded that

"mtrogen IS the cntical hmItmg factor to algal growth and eutiopillcation ill coastal manne

waters" (Ryther and Dustan, 1971)

Sillce the pubhcation of tills mfluential paper, many researchers have accepted the

notIon that coastal waters and estuanes are hmited pnmanly by mtrogen (e g , Boynton

et al , 1982, NIXon and PIlson, 1983), to the pomt where mtrogen hmitation ill manne
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waters, and phosphorus lumtatIOn m fresh waters, has become near dogma (Reeky and

Ktlham, 1988). More recently, some oceanographers have begun to questIOn the UbIqUIty of

nitrogen-limitatIon in estuarme and coastal marme waters (e g , SmIth, 1984, Howarth,

1988), and it seems clear that eVIdence for nutrIent htmtatIOn m these systems must be

analyzed on a case-by-case baSIS Expenments to confrrm WIdespread nItrogen lImItatIOn m

estuanes have not been conducted, and nItrogen lumtatIon cannot be assumed to be the rule

(Heeky and Ktlham, 1988)

EstImatIOns of nutrIent lumtatIon m estuanes and coastal marme ecosystems follow the

same three major lines of reasonmg as arguments about freshwater nutnent hnutatIOn (see

Seetion 10.8 4 1). (1) eVIdence from ambIent nutnent concentratIOns and the nutntIonal

needs of algae, (2) eVIdence from bIoassay expenments at vanous scales, and (3) eVIdence

from nutrient dynamICS and mput/output studIes (Reeky and KIlham, 1988, Howarth, 1988)

As explamed earher, arguments based on ambIent nutrIent concentratIons stem from the

early work of Redfield (1934), who exammed the concentratIOns of nutnents Withm the cells

of nutrient-sufficIent algae from marme systems worldWIde, and found surpnsmgly conSIstent

results for the ratIo of carbon to nItrogen to phosphorus concentratIons (106 16 1, usmg

molar concentrations), deViatIons from these ratIos are taken to be eVIdence that one nutnent

or another IS lImitIng to algal growth (e g , molar N P ratIo values below 16 1 suggest

nitrogen lImitation, values above 16 1 suggest phosphorus lImItatIOn) Vanous researchers

have extended interpretatIon of the Redfield ratIO to mclude ambIent nutnent concentratIons

in water (Redfield's origmal work was WIth mtracellular concentratIons), and apphed the

nutrient ratio critena to waters supplymg estuanes and coastal systems to detennme the hkely

limitIng condItions that these waters will produce (e g , Ryther and Dunstan, 1971, JaworskI,

1981). The biotic response (1 e , biostImulatIon) IS not measured usmg thIs approach, but IS

instead Inferred from geochemIcal pnnciples, m thIs sense, the nutnent-ratIo approach

measures potential nutnent lImItatIon rather than actual lImItatIon Boynton et al (1982)

summarized nutrient ratIO InfonnatIon for a number of estuarme systems, these results are

repeated m Table 10-26 At the tIme of maxImum pnmary prodUCtIVIty, a ma]onty of the

estuaries they surveyed (22 out of 27) had N P ratIOS well below the Redfield ratIo and may

have been nitrogen lImIted
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TABLE 10-26. MOLAR RATIOS OF DISSOLVED INORGANIC NITROGEN
TO DISSOLVED INORGANIC PHOSPHORUS IN A VARIETY OF

ESTUARIESa

DIN DIP RatIo at
TIme of MaxImum Annual Range

Estuary ProductIVIty m DIN DIP Ratio

Pamhco River, NC 02 0-3

Roskeeda Bay, Ireland 03 0-1

Narragansett Bay, RI 05 05-14

Bedford Basm, Nova Scotia 08 o 5-8

Beaufort Sound, NC 10 05-16

Chmcoteague Bay, MD 12 1-10

Western Wadden Sea, Netherlands 13 13-120

Eastern Wadden Sea, Netherlands 15 15-56

Pecomc Bay, NY 15 1-4

MId-Patuxent River, MD 18 18-53

Southeastern Kaneohe Bay, III 20 Not reported

St Margarets Bay, Nova Scotia 02 1-7

Central Kaneohe Bay, III 28 Not reported

Long Island Sound, NY 39 1-6

Lower San FranCISCo Bay, CA 60 45-85

Upper San FranCISCo Bay, CA 60 o 5-16

Baratana Bay, LA 62 6-16

VIctona Harbor, Bntsh ColumbIa 62 6-15

Mid-Chesapeake Bay, MD 76 7-225

Duwamlsh River, WA 85 8-16

Upper Patuxent River, MD 92 9-61

Baltic Sea 15 Not reported

Redfield Ratio N.P = 16 1

Loch EtIve, Scotland 18 12-125

Hudson River, NY 20 16-30

Vostock Bay, U S S R 20 5-22

Apalachicola Bay, FL 20 5-22

HIgh Vemce Lagoon, Italy 48 48-190

aDIN = DIssolved morgamc mtrogen, DIP = DIssolved morgam(, phosphorus
bN P = NItrogen phosphorus

Source Boynton et al (1982)
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The data m Table 10-26, as well as from many other studIes, suggest that N P ratIos

vary widely WIthin a smgle system from season to season D'Eha et al (1986), for example,

report ratios for the Patuxent RIver estuary that vary from over 20 1 dunng the wmter to less

than 1:1 dunng the summer TIns vanability suggests that estuanne algae may be hmlted by

different nutrIents at dIfferent seasons

The ambIent nutrIent ratIo approach has been cntlclZed wIdely because It Ignores

several factors known to be Important to algal growth The use of only morgamc nutrIent

species in the ratIos, for example, has been cntlclZed because many algal speCIes are known

to utIlize organic fonns, especIally of phosphorus (Howarth, 1988), the nutnent ratIos hsted

for freshwater systems (see freshwater eutrophIcatIOn section, above) were based on

concentrations of total morgamc mtrogen and total phosphorus because these are thought to

be better estimators of the nutrIent specIes actually avaIlable to algae (Moms and LeWIS,

1988) Algal growth may also be more dependent on the supply rates of nutnents than on

their ambient concentrations (Goldman and Ghbert, 1982, Healey, 1973), many speCIes of

algae may, therefore, not be hmlted by nutnents whose ambIent concentratIOns are so low as

to be undetectable Broecker and Peng (1982) have echoed the earher conclusIOns of

Redfield himself (1958) m pomtmg out that bIOlogICally mediated mtrogen fIXation, and loss

rates of mtrogen from the surface waters of manne ecosystems, mteract WIth terrestrIal

nutrient inputs and tend to push the N P ratio m the particulate (1 e , hvmg) fraction of water

toward a '1geochemically balanced" ratio (1 e , the Redfield ratio of 16 l[see

Section 10 8 4 1]) Thus ratios Wlthm the bIOlogICally active portIon of the ecosystem

(particularly the algae) may approach 16 1 despIte much lower ratios ill the abIOtIC portIOn of

the ecosystem Taken as a whole, the eVIdence for mtrogen hmItatIOn from ambIent nutnent

concentrations in estuanes and coastal waters must be consIdered eqUIvocal

A second, and more drrect, hne of eVIdence for nutnent hmitatIon m estuanes and

coastal waters comes from bIOassay expenments These expenments have been conducted m

both freshwater and manne systems at a number of scales from small smgle-specles cultures

(Level I experiments), to small enclosures of natural algal assemblages (Level II), to

intennedIate-slZed enclosures (mesocosms) of natural assemblages (Level ill), to

whole-system (so far largely hmIted to whole lakes) treatments (Level IV, levels as defmed

by Recky and Kilham, 1988) These expenments, therefore, progress along a gradIent of
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"naturalness" from studIes substantially dIfferent from the real world (Level I) to those that

sunulate natural condItions very closely (Levels ill and IV) InterpretatIOn of the results of

these expemnents, therefore, follows the same gradIent, WIth more confidence bemg placed

m the results of studIes at the upper (1 e , more natural) end of the gradIent (Hecky and

KIlham, 1988, Howarth, 1988) The results of Level I expemnents on smgle-species

cultures of algae, hke the ongmal expemnents of Ryther and Dunstan (1971), are especIally

dIfficult to mterpret because threshold N P ratIos for mdividual specIes are known to vary

substantially Suttle and Hamson (1988) report Innitatl<m at ratios from 7 1 to 45-1 for

smgle specIes At all scales, the expemnental procedure used for expemnental nutnent

addItions IS farrly sundar, WIth vanous nutnents bemg added ellther alone or m combmatIon,

and the growth m treated enclosures bemg compared to growth m control enclosures

Level I and Level IT expemnents have been conducted m a WIde vanety of estuanes and

coastal waters (e g , Thomas, 1970, Ryther and Dunstan, 1971, Vmce and ValIela, 1973,

Smayda, 1974, Goldman, 1976, Graneh, 1978) and often suggest mtrogen InnitatIon Two

studIes have suggested seasonal changes from mtrogen lllllltatIOn to phosphorus InnitatIOn

(D'Eha et al , 1986, McComb et al , 1981), m both cases, mtrogen-deficient condItions were

found dunng the peak of annual prodUCtiVIty m the summer The results of expemnents at

Levels I and IT suggest that mtrogen InnitatIOn IS at least a common, If not UbIqUItous,

phenomenon in coastal and estuarme waters ThIs mterpretatIOn has been challenged by

SmIth (1984) and Hecky and KIlham (1988) because the expemnents were conducted at such

an unrealIstic spatIal scale In partIcular, Level I and IT expemnents measured only the

short-term response of algae present at the tune the expemnents were run, they dId not allow

natural mechanisms such as speCIes replacement and mt] ogen :fixatIOn to take place

Only a few examples of Level ill bmassays eXist :£or estuarme and coastal ecosystems

The best known of these have been conducted at the Manne Ecosystem Research Laboratory

(MERL) at the Umversity of Rhode Island The MERL tanks are large (13-m3
), relatively

deep (5-m) cyhnders, WIth natural sedunents and IIltered seawater mputs They are deSIgned

to mnniC the enVIronment of Narragansett Bay, mcludmg the mlXlllg, flushmg, temperature,

and hght regunes (NIXon et al ,1984) In the ongmal expenments conducted ill the MERL

tanks, nutrients were added WIth ratIOS that matched those of sewage entenng Narragansett

Bay, but at concentratIOns that ranged from 1 to 32 tunes those m the bay Itself, the
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experiments were run for 28 mo Algal abundance, pnmanly dIatoms, mcreased wIth the

level of nutrient ennchment, but not on all baSIS ProdUCtiVIty mcreased only by a factor

of 35m the 32-tIme treatment, suggestmg that somethmg other than nutnents was hlmtmg

for at least a portIOn of the expenment (OVIatt et al ,1986) OVIatt et al (1989) have

suggested that, in treatments WIth mgh levels of nutnent ennchment, grazmg by zooplankton

controlled algal abundances to low levels, and that the upper hmit to productiVIty was set by

self-shadmg in the algal commumty Further expenments conducted WIth varymg nutnent

ratios suggested that dIatoms m the low-nutnent (one-tIme) treatments were hmited by silica,

and not by either mtrogen or phosphorus (Doenng et al ,1989) Sewage mputs to many

estuaries, includmg Narragansett Bay, are defiCIent m silica (Officer and Ryther, 1980), and

silica concentrations often fall to very low levels dunng wmter dIatom blooms m tills area

(pratt, 1965) Taken as a whole, the results of the MERL expenments suggest a complex

picture for Narragansett Bay, where no nutnent IS strongly hmIt1ng to algal bIOmass through

much of the year, and where algal abundances dunng wmter blooms are controlled ultImately

by the concentrations of silica

In another Level ill bIoassay expenment, D'Eha et al (1986) SImulated the

environment of the Patuxent River estuary, a tnbutary to Chesapeake Bay, m 0 5-m3

enclosures TheIr results had a strong seasonal component Supplements of mtrogen, eIther

as N03- or as NH4+, stImulated growth dunng the low-flow, late-summer season Tills

corresponds to the tIme penod when N P ratios m the estuary are low (1 1 or lower)

Phosphorus addItIOns stImulated growth dunng the late-wmter, mgh-flow season, when N P

ratIos typICally exceed 20 1. Peaks m algal abundance occurred m the summer, when anoXiC

conditions m bottom waters m Chesapeake Bay are common, and when algae appear to be

nitrogen-defiCIent

Thus far, only one Level IV expenment has been conducted m estuanne waters, and

only preliminary results are avaIlable Sewage treatments supplymg nutnents to the

Hlffimerfjard basin, a brackIsh fjord m the Stockholm arcillpelago on the eastern coast of

Sweden, have been dehberately altered to produce varymg levels of phosphorus and mtrogen

loads since 1983 (Graneh et al ,1990) Between 1983 and 1985, phosphorus removal at the

plant was dehberately reduced to produce a lO-fold mcrease m orthophosphate, and

addItional sewage mputs were routed mto the basm to mcrease total mtrogen mputs by 30 to
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40 % At the same tune as nutnent mampulatIOns were bemg carned out, measurements

were made of mtrogen cyclmg m the basm, and algal bioassays were conducted to determme

nutnent htmtatlon Prehmmary results suggest that mtrogen IS hmltmg at low nutnent

concentratIOns (1 e , typICal of near-coastal regIOns unaffected by anthropogemc mputs), and

that hmltmg nutnents m areas affected by anthropogem(, mputs are determmed by the supply

ratIOS of mtrogen and phosphorus (Graneh et al ,1990) Because small changes m the

supply of eIther phosphorus or mtrogen m the HImmerfjard basm have caused changes m the

IdentIty of the hmltmg nutnent (1 e , mcreases m phosphorus qUIckly lead to mtrogen

hmitatIon, and VIce versa), the authors suggest that management of both mtrogen and

phosphorus IS necessary to reduce eutropmcatIon m the basm

The remammg lme of eVIdence used to mfer nutnent hmitatIon m estuarme and coastal

marme ecosystems comes from studIes of nutnent dynamIcs, and espeCIally of mput/output

budgets In many ways, the results of these studIes help to mtegrate the sometImes

contradictory results gleaned from studies of nutnent ratIOS and bIoassay expenments at

different levels of compleXity SmIth (1984) summanze,d the studIes conducted on four

subtropICal bays and concluded that phosphorus IS more ltkely to be hmltmg m these systems

than mtrogen, and that phYSICal factors are often more Important than eIther nutnent SmIth

noted that m the systems that had mgh throughputs of water (1 e , embayments accordmg to

the Boynton et al [1982] cntena, see earher descnption), mcommg ratIos of nutnents were

matched very closely by the ratiOS m the outgomg water ThIs suggests that algal growth IS

havmg httle effect on nutnent levels, and that nutnents do not hmlt prodUCtiVIty In systems

that flush more slowly (1 e , lagoons or fjords m the Boynton et al [1982] classIficatIOn),

any defiCienCIes m mtrogen m the mcommg water can be made up by mtrogen fixatIOn on

the ocean bottom, and phosphorus IS, therefore, more bkely to be hmItmg

The questIon of why mtrogen defiCIenCIes m manne systems are not SImply made up by

mtrogen fIXatIOn, as suggested by SmIth (1984), IS central to the issue of whether estuanes

and coastal waters are pnmanly lImIted by mtrogen or not In lakes (see the descnptIon ill

SectIon 10 8 4 1), condItIons of mtrogen defiCIency often produce blooms of planktomc

blue-green algae, wmch fIX atmosphenc mtrogen and act to return the algal commumty to a

conditIon of mtrogen suffiCIency (Schmdler, 1977, Flett et al ,1980) Only when N P ratIos

are extremely low and blue-green algae are unable to fIX enough mtrogen to bnng the ratIo
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up to the Redfield proportIons do lakes remam mtrogen hImted (Howarth et al , 1988a)

Why, then, doesn't the same phenomenon (mtrogen fixatIon by blue-green algae) occur ill

mtrogen-deficient marine systems? A major dIfference ill the bIogeochemIstry of lakes and

estuaries is that mtrogen fIxatIon by free-hvillg algae (phytoplankton) rarely occurs ill

estuaries, even when the N'P ratIos of illcommg water suggest severe mtrogen hmitatIon

Howarth et al (1988b), for example, surveyed a large number of estuanes along the AtlantIc

coast of the United States and found no illstances ill whIch mtrogen-fixmg blue-green algae

made up more than 1% of the algal bIOmass A number of explanatIons for thIs lack of

nitrogen fIxation in estuanes have been proposed, illc1udmg shorter water reSIdence tImes

(faster flushIng rates) than lakes, greater turbulence than ill lakes, and lower concentratIons

of micronutnents (especIally Fe and molybdenum) needed for the bIochemIcal pathways ill

nitrogen fixation (Howarth, 1988, Howarth et al ,1988b) Of these, only the last argument

really holds true in a comparison of lakes and estuanes Howarth and Cole (1985) and Cole

et al. (1986) have determmed that the hIgh concentratIons of sulfate ill marme systems

interfere wIth the assimilatIon of molybdenum by marme algae, and propose that low rates of

molybdenum availability are, in tum, hmItmg to rates of mtrogen fixatIOn ill many systems

Molybdenum hmItation, however, has not been expenmentally demonstrated ill many marme

environments In fact, many nutnent additlon bIOassays conducted ill benthIc enVlIonments

have shown that the availability of orgamc matter and of oxygen-depleted microenvlIonments

tightly control marine mICrobIal mtrogen fIXatlon potentlals (paerl et al , 1987, Paerl and

Profert, 1987). Because the enzymes needed for mtrogen fIXatIOn are readIly illactIvated by

oxygen, rates of fIXation may be hmIted by energy availability (1 e , the supply of carbon

reductant) and anlbient oxygenatlon By and large, mtrogen-deficient marme waters are

depleted ill readily OXIdIZable organic matter and are well oxygenated When hIgh rates of

nitrogen fIXatIon do occur ill marme systems, they are usually aSSOCIated WIth

bottom-dwelling (benthic) algae (Howarth, 1988), these habItats are relatIvely ennched WIth

orgamc matter and support localized oxygen-depleted mICrOenVlIonments (Paerl et al , 1987)

Iron is also required for mtrogen fIXatlon, and may hmit rates of mtrogen fIXatIOn ill some

freshwater lakes (Wurtsbaugh and Home, 1983), concentratlons of Fe ill seawater are often

much lower than in fresh water, and although httle dlIect eVIdence of hmitatlon of mtrogen

fIXatIon by low Fe concentratIons eXIsts, It IS certamly a lIkely conditlon (Howarth et al ,
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1988b) It IS chfficult at thIs pomt m the debate over marme mtrogen :fIxatIOn to state

anythmg de:fImtIvely beyond the fact that mtrogen fixatIOn IS not common m marme waters

(Carpenter and Capone, 1983, Howarth et al ,1988a) One possIble conclusIOn from the

debate among researchers m thIs field (e g , Howarth et al , 1988b, Paerl et al , 1987) IS that

planktomc mtrogen fixers may be lImIted by micronutnent avaIlability, whereas benthIc

mtrogen fixers are lImIted by avaIlability of orgamc carbon and hIgh ambIent oxygen levels,

but both factors, as well as others, probably operate m both enVIronments LIght, for

example, appears to playa role ill clear, tropical lagoons (potts and WhItton, 1977, WIebe

et al , 1975) because benthIc mtrogen-flxmg algae m these enVIronments requIre hght for

photosynthesIs The presence of benthIc mtrogen fixatIOn m SmIth's (1984) SUbtropICal

lagoons may help explam the apparent contraillctIon between hIs pred1ctIOns of phosphorus

hmItatIon and expenmental results suggestmg mtrogen hmitatIOn m slowly flushed systems

NIXon and Pilson (1983) have summanzed the results of numerous mput/output studIes

m estuanes and coastal waters and related the mputs of vanous nutnents to algal bIOmass

TheIr results for mtrogen are repeated ill FIgure 10-35 and are supported by a SImIlar

analySIS conducted by Boynton et al (1982) for algal productIVIty The relatIonshIp between

mtrogen mputs and mean algal bIOmass m marme systems IS certamly much weaker than the

relatIOnship between phosphorus and bIOmass ill lakes (e g , Schmdler, 1978), but IS

nonetheless suggestIve of a general pattern of mtrogen lmntatIOn m these systems

(FIgure 10-35) Seasonal effects on nutnent ratIos, grazmg by zooplankton, and phYSICal

factors such as hght, cIrCUlatIOn patterns, and turblillty cilliend uncertamty to the

relatIOnshIp Perhaps the most Important aspect of the relatIOnshIp IS the apparent strong

dependence of annual maXImum chlorophyll concentratIOns (FIgure 10-35b) on mtrogen

mputs (l = 057, P < 00001) Many of the most severe Impacts of eutrophIcatIon are

expenenced dunng summer algal blooms, these seem to be more strongly dependent on

mtrogen than bIOmass m other seasons (e g , D'Eha et al , 1986).

In summary, there does seem to be confIrmatory eVIdence of mtrogen lImItatIon m

many estuanne and coastal manne ecosystems ThIs conclusIOn IS a general rule, rather than

an absolute one, and other lImItmg factors certamly occur m some locatIons, and dunng

some seasons In general, ratIOS of mtrogen to phosphorus ill mputs to estuanes and coastal

waters are much lower than m lakes (Recky and KIlham, 1988, Howarth, 1988), and thIs
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Figure 10-35. Concentrations of (a) mean algal chlorophyll and (b) annual maximum
chlorophyll, in the midregion of various estuaries (1 to 15) and in the
Marine Ecosystem Research Laboratory experimental ecosystems
(A to G) as a function of the input of dissolved inorganic nitrogen.
1 - Providence River estuary, RI; 2 - Narragansett Bay, RI; 3 - Long
Island Sound; 4 - Lower New York Bay; 5 - Delaware Bay; 6 - Patuxent
River estuary, :MD; 7 - Potomac River estuary, :MD; 8 - Chesapeake Bay;
9 - Pamlico River estuary, NC; 10 - Apalachicola Bay, FL; 11 - Mobile
Bay, AL; 12 - Barataria Bay, LA; 13 - North San Francisco Bay, CA;
15 - Kaneohe Bay, ID. Note change in scale on vertical axis.

Source NIXon and Puson (1983)
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probably contnbutes strongly to the apparent dIfference between lakes and manne systems m

theIr nutnent mmtatIOn These low ratios, however, result largely from sewage mputs

(Ryther and Dunstan, 1971, JaworskI, 1981, Howarth, 1988), and whether atmosphenc

deposItion of mtrogen contnbutes to eutropmcatIOn m these systems will depend strongly on

the relative mputs of mtrogen from these two sources As stated m the mtroductIon to tms

sectIOn, any questIOn of negatIve lffipacts on estuanes and coastal waters from mtrogen

depOSItion depends both on a determmatIOn of mtrogen 1lmitatIOn and on a determmauon that

atmosphenc depOSItion IS a major contnbutor of mtrogen to these ecosystems

Anthropogemc sources of mtrogen to estuanes and coastal waters mclude pomt sources

(such as sewage plant outfalls), fertilIZer and anlmal wastes m runoff, and atmosphenc

depOSItion (predommantly due to NOx from combustion and ammomum from agncultural

actIVIty) Atmosphenc deposluon may be supphed dITt',ctly to the surfaces of estuanes or

coastal waters or may be supphed mdIrectly to the watershed and subsequently transported to

the coast by nver flow As d1scussed earher, mtrogen can be depOSIted m a vanety of

forms, two of the contentIOUS issues m determmmg the lffipact of NOx on estuanne

ecosystems are estlffiatmg the total depOSItIOn and the uncertamty m the relatIve propomon

contnbuted by the dIfferent forms, espeCIally between dry and wet depOSItion (e g , FIsher

et al , 1988a)

Runoff mputs to estuanes may be the most vanable of the mtrogen mputs They vary

WIth watershed area, preCIpItatIon rates, land-use patterns (especIally the use of fertl1tzer),

and rates of atmosphenc depOSItion Sprmg runoff represents a major mput of nutnents to

estuanne and coastal systems Runoff mputs vary seasonally (e g , Jaworskt, 1981) and

from year to year (e g , Boynton et al , 1982; Jaworskt, 1981) NItrate mputs to estuanes

mcrease markedly dunng floodmg condItions (BIggS and CroIllill, 1981), and are at least

partially responsIble for the fmdmg that mtrogen IS less hkely to be 1lmItmg m the wmter and

spnng than m the summer (above)

Pomt sources of nutnents may be pamcularly lffipOrtant near urbarnzed areas Sewage

mputs contnbute more than half of the morgamc mtrogen content to a number of major

estuanes m the Umted States Long Island Sound (67%), New York Bay (82 %), RarItan

Bay (86%), San FranCISCO Bay (73%), and Delaware Bay (50%) (NIXon and Pilson, 1983)
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Natural and anthropogemc sources of mtrogen to coastal waters may result m the same

fonn of nitrogen (e g , N03) bemg transported by the same route (e g , nver mput) Therr

effects will, therefore, be mdlstmgUlshable, and It becomes ImpossIble to assIgn

If responsIbility" for a problem to a partIcular source ThIs has ObVIOUS consequences for

policy decIsIons because, for example, there are many pOSSIble regulatory actIOns that could

all result m the reductIOn of mtrate mput to a partIcular estuary It may be more cost

effective, for example, to mcrease the effiCIency of mtrogen removal m sewage treatment

than to reduce NOx emIssions, even If N03- mputs from atmosphenc depOSItion are

increasmg.

The ftrst pubhshed attempt to detennme the relatIve Importances of mtrogen from

deposition, and nitrogen from runoff, was that of Correll and Ford (1982) for the Rhode

River estuary, a tnbutary to the Chesapeake Bay Correll and Ford assumed m therr analySIS

that all atmospheric mtrogen depOSIted on the watershed was retaIned, and that the only

atmosphenc inputs of mtrogen to the estuary were those that fell drrectly on the water

surface ThIs estimate should, therefore, be conSIdered a lower hIDlt to the Importance of

atmospheric depositIon because some terrestnal watersheds do show retentIon capaCItIes

lower than 100% (see dISCUSSIon of mtrogen saturatIOn, above) Correll and Ford (1982)

conclude that, on an annual baSIS, atmosphenc and watershed sources of mtrogen to the

Rhode RIver are apprOXImately equal Dunng the summer and fall, a penod when the

Chesapeake Bay undergoes substantIal anOXIa, precIpItatIOn mputs of mtrogen may shghtly

exceed those from watershed runoff It IS Important to note that the watershed of the Rhode

River estuary IS small relatIve to the estuary Itself (the watershed IS less than SIX tImes the

size of the estuary) These results should be extrapolated WIth cautIOn to SItuatIOns where

watershed sizes may be orders of magmtude larger than those of the waters that dram them

The entire Chesapeake Bay, for example, IS approXImately one-fIfteenth the SIZe of ItS

watershed, and the relatIve Importance of mtrogen falhng drrectly on the water surface

would, therefore, be smaller relatIve to terrestnal mputs

Paerl (1985) has determmed that N03--ennched ram falhng on the waters of Bogue

Sound (an embayment), the Contmental Slope, and the Gulf Stream (all off the east coast of

North Carolina) mcreased algal bIOmass as much as fourfold, and that ram falling dIrectly on

the ocean surface accounted for as much as 10 to 20 % of the volume of water supphed to
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these near-coastal areas More recent work (Paerl et al , 1990) mdlcates that ramfall

addItIOns as low as 0 5 % by volume stimulated algal pnmary production and bIomass m

these mtrogen-hImted waters Paerl (1985) and Paerl et al (1990) dId not estnnate the

proportIon of the total mtrogen mputs to these areas that entered as prec1pItatIOn, but they do

suggest that algal blooms tmtlated by drrect mputs of mtrogen from large ram storms could

be sustamed by N03--ennched runoff from nearby land masses Terrestnal mputs of

mtrogen (from runoff) usually lag ramfall by 4 to 5 days m tIns regIOn These studIes appear

to be umque III showmg a drrect 1mk between mtrogen deposItion and algal prodUCtIVIty, but

do not provIde enough mformatIOn to estnnate the oveJrall lIDportance of deposItion to the

mamtenance of htgh algal bIOmass m these waters

10.8.4.3 Evidence for Nitrogen Deposition Effects in Estuarine Systems-Case Studies

Complete mtrogen budgets, as well as mformatIOn on nutnent 1lIDitatIOn and seasonal

nutnent dynamIcs, have been compiled for two large estuanes, the Baltic Sea and

Chesapeake Bay, and for the MedIterranean Sea In the case of the MedIterranean,

Loye-Pilot et al (1990) suggest that 50% of the mtrogen load ongmates as depOSItion falhIlg

drrectly on the water surface In the case of the Baltic and Chesapeake, deposItion of

atmosphenc mtrogen has been suggested as a major contnbutor to the eutrophtcatIOn of the

estuanes (see below) Data for other coastal and estuanne systems are less complete, but

slIDl1antIes between these two systems and other estuanne systems suggest that therr results

may be more widely apphcable The dISCUSSIon m thIs document IS hmlted to these two

"case studIes," WIth some speculatIOn about how other estuanes may be related

The BaIne Sea

The BaltIC Sea IS perhaps the best-documented available case study of the effects of

mtrogen addtnons m causmg estuarme eutrophtcatIOn Like many other coastal waters, the

Baltic Sea has expenenced a rapIdly mcreasmg anthropogemc nutnent load, It has been

estlIDated that the supply of mtrogen has mcreased by a factor of 4, and phosphorus has

increased by a factor of 8, smce the begmmng of the oentury (Larsson et al ,1985) The

fITst observable changes attnbutable to eutrophlcatIon of the BaltIC were dechnes m the

concentration of dIssolved oxygen m the 1960s (Rosenberg et al ,1990) Decreased
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dissolved oxygen concentratIons result when decomposItIon ill deeper waters IS enhanced by

the increased supply of sedImentmg algal cells from the surface water layers to the

sediments. In the case of the BaltIc, the sprmg algal blooms that now result from nutrIent

ennchment conSIst of large, rapIdly sedImentmg algal cells, whIch supply large amounts of

organic matter to the sedIments for decomposItIon (Enoksson et al ,1990) Sillce the 1960s,

researchers in the Baltic have documented illcreases ill algal productIvIty, illcreased illCIdence

of nUIsance algal blooms, and penodlc failures and unpredIctability ill fish and Norway

Lobster catches (Fleischer and StIbe, 1989, Rosenberg et al , 1990)

It has now been shown by a number of methods that algal prodUCtIVIty ill nearly all

areas of the BaltIc Sea IS lImIted by mtrogen Nltrogen-to-phosphorus ratIos range from

6:1 to 60.1 (Rosenberg et al , 1990), but the hIgher ratIos are only found ill the remote, and

relatively unimpacted, area of the BothnIan Bay (between Sweden and Fmland) ProdUCtIVIty

in the sprmg (the season of hIghest algal bIOmass) IS fueled by nutnents supphed from deeper

waters during spong overturn (Graneh et al , 1990), deep waters are low ill mtrogen and

high in phosphorus, resultIng ill N P ratIOS near 5 (Rosenberg et al , 1990), suggestmg

potential mtrogen lImItatIon when deep waters are mIXed WIth surface waters Low N P

ratios in deep water result from demtnficatIOn ill the deep sedIments (Shaffer and Ronner,

1984). PrImary prodUCtIVIty measurements ill the Kattegat (the portIOn of the BaltIc between

Denmark and Sweden) correlate closely WIth uptake of N03-, but not of phosphate Ions

(Rydberg et al ,1990) Level IT and ill nutnent ennchment experIments conducted ill near

shore areas of the BaltIc, as well as ill the Kattegat, illdlcate mtrogen lImItatIOn at most

seasons of the year (Graneh et al ,1990) Growth stImUlatIOn of algae has also been

produced by addition of ram water to experImental enclosures, ill amounts as small as 10%

of the total volume (Graneh et al , 1990), ram water ill the BaltIC IS ennched m mtrogen, but

is phosphorus-poor In portIons of the BaltIc where freshwater illpUtS keep the salmIty low,

blooms of the nitrogen-flXillg blue-green alga Aphanzzomenon fios-aquae are common

(Graneli et al , 1990), blue-green algal blooms are common features of mtrogen-lImited

freshwater lakes (see SectIon 10 6 4 1), but are usually absent from marme waters

Nitrogen budget estImates illdIcate that the Baltic Sea as a whole receIves

1 X 109 kg/year of mtrogen, of whIch 3 9 X 108 kg/year (37%) comes drrectly from

atmospheric depositIon (Rosenberg et al ,1990) FleIscher and StIbe (1989) report that the
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mtrogen flux from agncultural watersheds feedmg the Baltic have been decreasmg smce

about 1980, but that the mtrogen contnbutlOn from forested watersheds IS mcreasmg, they

cIte both mcreases m mtrogen depositlOn and the spread of modem forestry practices as

causes for the mcrease It should be noted, however, that the BaltIC also expenences a

substantial phosphorus load from agncultural and urban lands, and that phosphorus mputs

may help to mamtam mtrogen-hmlted con<htlOns (Graneh et al ,1990) If the Baltic had

receIved conSIstent mtrogen addItions (e g , from the atmosphere or from agricultural runoff)

m the absence of phosphorus addItions, It mIght well have evolved mto a phosphorus-hmlted

system some tIme ago

The phYSICal structure of the Baltic Sea, wIth a shallow sill hmltmg exchange of water

wIth the North Sea (see the de:f1mtIon of a fjord, above) contnbutes to the eutropmcatlOn of

the basm by trappmg nutnents m the basm once they reach the deeper waters Because the

larger algal cells that result from nutnent ennchment m the basm proVIde more nutnents to

the deep water through se<hmentatIon, and because only shallow waters have the ability to

exchange wIth the North Sea, It IS estimated that less than 10% of nutnents added to the

Baltic are exported over the sill to the North Sea (Wulff et al ,1990) Throughout much of

the year, espeCIally dunng the dry months, prodUCtiVIty m the BaltIC IS mamtamed by

nutnents recycled Wlthm the water column (Enoksson et al., 1990) The trappmg of

nutnents wltmn the basm and recychng of nutnents from deeper waters by cIrculatlOn

patterns suggest that eutropmcatIon of the Baltic IS a self-acceleratmg process (Enoksson

et al , 1990), wIth a long time lag between reductions of mputs and lillprovements m water

quahty

Chesapeake Bay

The most complete attempts to estlillate the relative lillportance of atmosphenc

depOSItion to the overall nitrogen budget of an estuary or coastal ecosystem m the Umted

States were completed for Chesapeake Bay by the EnVIronmental Defense Fund (EDF)

(FIsher et al , 1988a, FIsher and Oppenheliller, 1991) and by Versar, Inc (Tyler, 1988) m

1988 NeIther of these reports has been pubhshed m a peer-reVIewed arena, but the Issue of

atmosphenc contnbutlOns to the eutropmcatIon of the Chesapeake has been WIdely dIscussed
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(and cnticized), particularly after the pubhcatlOn of the EDF report, and bears close

exanunatlOn for these reasons

Both reports conclude that atmosphenc deposItion makes a substantial contnbutlOn

(25 to 40% of total inputs) to the mtrogen budget of Chesapeake Bay In both cases,

nitrogen budgets for the bay were constructed Via a number of steps, each of wmch mvolved

simplifying assumptions that bear further exammatlOn Both reports calculate mputs from

atmosphenc deposition to the bay Itself (Step #1), atmosphenc deposItion to the watershed

(#2), femlizer apphcatIon m the watershed (#3), generation of ammal wastes m the

watershed (#4), inputs from urban land use (#5), and pomt source mputs (#6) Once the

total inputs to the watershed and bay were eStlmated, both reports calculated the proportlOn

of the inputs that were retamed by the watershed (Step #7) and the proportlOn that were

retained withm the rivers and tnbutanes feedmg the bay (#8)

The two reports had dIfferent goals, wmch make theIr results difficult to compare The

BOP report (FIsher et al , 1988a, FIsher and OppenheImer, 1991) estImated the proportlOns

of both N03- and Nl4+ depOSItion to the total mtrogen budget of the Chesapeake (mcludmg

all forms of mtrogen, and both base flow and storm flows) The Versar report (Tyler,

1988), on the other hand, estlmated only contnbutlOns of N03-, because NH4+ does not

result from the burmng of fossIl fuels, and excluded base-flow contnbutIons In addItion, the

Versar report used a range of values both for the watershed contnbutlOns made by each

nitrogen source (depOSItion, fertlhzers, etc) and for the fraction of the mputs retamed by the

watershed (transfer coefficIents) ThIs results m a WIde range of budget values for each of

the sources, and for the relative Importance of N03- depOSItion to the budget, wmch

complicates any companson of the results of the two studies Nonetheless, the two reports

used similar methods m developmg theIr budgets, and a combmed dISCUSSIon of the

uncertamties mvolved m each of the steps hsted above IS warranted

The results for the two budgets are presented m Table 10-27 Smce the pubhcatlOn of

these budgets, additional Information on such Issues as dry depOSItion and retentlOn of

nitrogen by forested watersheds has become available ThIs new InformatlOn has been

compiled to produce a thrrd "refmed" budget, wmch IS also presented m Table 10-27 The

assumptions that were used to construct the refmed budget are outhned m each of the

discussions of mdividual budgetmg steps below
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TABLE 10-27. THREE NITROGEN BUDGETS FOR CHESAPEAKE BAY
EDF Budget Versar Budget Refined Budget

Source of NItrogen 8 (kg X 108/year)
8

(kg X 10 /year) (kg X 10 /year)

DIrect DeposItIon
NItrate Ions 08 07 06
Ammomum Ions 04 _a 03

b 13 07 08NItrogen Load to Bay (from dIrect depOSItion)
Forests

NItrate Ion DeposItIon 90 84 64
Ammomum Ion DeposItion 49 80% _a 95% 35 846%
Watershed RetentIon 08 50% 02 50% 07 35%
In-Stream RetentIOn 14 02 10
Atmosphenc NItrate Ion Load to Bat (from forests)
NItrogen Load to Bay (from forests)

Pasture Land
NItrate Ion DepOSItIon 24 1 7 13
Ammomum Ion DepOSItion 13 95%c a 94-99% 07 95%d-
AnImal Wastes 145 50%c 118 50% 195 35%
Watershed RetentIon 07 001-006 013
In-Stream RetentIon 15 007-04 08
Atmosphenc NItrate Ion Load to Bay (from
pastures)
NItrogen Load to Bay (from pastures)b

Cropland
NItrate Ion DepOSItIon 25 }70% 28 21
Ammomum Ion DepOSItIon 1 4 _a 76-99% 1 1 95%
FertilIzers 158 4 1-270 50% 158 35%
Watershed RetentIOn 08 001-03 007
In-Stream RetentIon 59 006-36 06
Atmosphenc NItrate Ion Load to Bay (from
cropland)
NItrogen Load to Bay (from cropland)b

ResidentIal/Urban
NItrate Ion DepOSItIon 04 07 06
Ammomum Ion DepOSItIon 03 35% a 62-96% 03 50%-
Watershed RetentIon 03 0% 001-0 14 20% o 1 35%
In-Stream RetentIOn 04 001-0 14 03
Atmosphenc NItrate Ion Load to Bay (from urban
areas)
NItrogen Load to Bay (from urban areas)b

Pomt Sources 34 20-32 34
NIlRATEION LOAD TO BAY (FROM 35 094-148 153
DEPOSITION)
TOTAL NITROGEN LOAD TO BAY> 1394 303-826 682
Percent of NItrogen from NItrate Ion DepOSItIon 25% 18-31 %e 225%

~e Versar Budget (Tyler, 1988) does not calculate loads of ammomum Ions (~+)
b
For the EnVIronmental Defense Fund (EDF) Budget (FIsher et aI, 1988a, FIsher and <?J'penhelmer, 1991) and
refined budget, total mtrogen load to the bay mcludes both mtrate Ion (N03) and NH4 The Versar Budget
(Tyler, 1988) mcludes only N03-

cWatershed and m-stream retentIOn values for pastureland m the EDF Budget apply only to animal wastes For
atmosphenc depOSItIon, the cropland retentIon value (70%) was w,ed

d95% retentIon was used for animal wastes, 85% retentIOn was use~ for depOSItIon (see text)
~e range of contnbutIOns of NO:,- depOSItIon to the total budget were calculated by comparmg
maxImum-to-maXlmum estImates and mIillmum-to-mIillmum estImates These combmatIons are more lIkely to
occur dunng extreme (e g , very wet or very dry) years

10-205



The major uncertamty mvolved m calculatmg drrect mputs to the Chesapeake from

atmosphenc deposItion (Step #1, above) IS estimatIOn of the contnbutlOn of dry deposItIon

(see also Section 10.2) Both reports use actual deposItIOn momtormg data (1 e , from

NADP/Natlonal Trends Network) to esttrnate the mtrogen load from wet deposItIon and then

assume that the rate of dry depOSItion of mtrogen m the watershed IS equal to the rate of wet

depOSItion. As dIscussed earher (see SectIOn 10 8 2 on mtrogen mputs), the measurement of

dry depositIon is a much vexed Issue, and most researchers make educated guesses of rates

of dry depOSItIon by assummg that they are some fractIOn of wet depOSItIon rates The

assumption that dry depOSItIon is equal to wet depOSItIon IS probably reasonable for areas

directly adjacent to emISSIOns sources (Summers et al , 1986), but the ratIo of dry depOSItIon

to the sum of wet and dry depOSItIon may fall as low as 0 2 m locatIons remote from

sources. For example, Barne and SIrOIS (1986) esttrnated that dry depOSItIon contnbuted

21 to 30% oftota! N03- depOSItIon m eastern Canada Baker (1991) concludes that dry

depOSItion of N03- IS approXlffiately 40 % of wet depOSItIon, whereas dry depOSItIOn of NH4+

IS approximately 34% of wet depOSItIon (resultIng m ratIos of dry depOSItIon to wet plus dry

depOSItion of 029 and 0 25, respectIvely) for areas remote from emISSIons In the most

complete analysis of dry and wet depOSItIon of N03- to date, Slsterson et al (1990) reported

ratios of dry depositIon to wet plus dry depOSItIon of 0 35 for two locatIons mSIde or near

the borders of the Chesapeake Bay watershed (State College, PA, and West Pomt, NY)

Based on the results of these studIes, It seems that the assumption made m the two

Chesapeake Bay mtrogen budgets (1 e , that dry depOSItion IS equal to wet depOSItIon)

probably overestimates the importance of dry depOSItIon The 0 35 ratIo IS used m

constructIng the refmed budget m Table 10-27

The two reports (FIsher et al , 1988a, FIsher and Oppenhetrner, 1991, Tyler, 1988)

also present dIfferent values for the drrect contnbutIon of wet depOSItIon to the bay because

they use different methods to esttrnate the spatIal pattern of depOSItIon m the bay and ItS

watershed The BOF report uses wet depOSItIon values from the nearest NADP collector,

and the Versar report extrapolates depOSItIon values from Isopleth maps of N03- depOSItIon

In addition, the Versar report mcludes drrect atmosphenc mputs to the tnbutanes of the bay,

as well as to the bay Itself (Table 10-27) ASIde from problems WIth esttrnatmg dry

deposition, it seems hkely that the approach used m the Versar report for esttrnatmg
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deposItIon IS more preCIse than that used in the EDF report The Versar values for wet

depositiOn were, therefore, used m the refined budget, after adJustmg them to reflect a 35 %

contnbutIon from dry deposItIon Ammomum deposItIon was calculated for the refmed

budget by applymg the ratio of NH4 + to N03- depositum reported m the EDF report to the

estImated N03- deposItIon values from the Versar report (1 e , these values assume that the

spatIal pattern m NH4 + depositiOn IS the same as the spatIal pattern for N03- depoSItIon)

The uncertamtIes mvolved m estImatmg mtrogen deposItIon to the Chesapeake Bay

watershed (Step #2) are SImilar to those for estImaimg dtrect deposItIon It seems ltkely that,

by assummg dry depositiOn IS equal to wet deposItIon, both reports overestImate the dryfall

contnbutiOn to depositiOn DIfferences between the estunates of wet deposItIon presented m

the two reports result from the same methodologIcal dIfferences used m estImatmg dIrect

mputs (1 e , use of the nearest NADP collector versus extrapolated values from Isopleth

maps) and from shght dIfferences m the estImates of the coverage of each land-use type

The Versar method produces shghtly lower estImates of atmosphenc mtrogen mputs to the

basm (Table 10-27) and, as m the case with estImates of drrect depoSItIon to the bay, the

Versar method probably produces better estImates of basm-wide deposItIon loads than the

EDF approach The refmed budget uses the Versar values for wet N03- deposItIon (adjusted

to reflect a 0 35 ratiO for dry deposItIon, as above) and estImates of NH4+ depositiOn based

on the Versar spatIal deposItIon pattern and the EDF estnnate of NH4+ deposItIon, as above

The EDF report (FIsher et al , 1988a, FIsher and OppenheImer, 1991) uses county

agncultural reports and U S Census Bureau data to calculate the apphcatiOn rates of

fertthzers to the countIes (and portIons thereot) m the Chesapeake Bay watershed (Step #3,

above) The Versar report (Tyler, 1988) calculates the total fertthzer load (from N03) to

the watershed by applymg a correctiOn factor to the level of fertthzer apphcatiOn

recommended by the U S Department of Agnculture, the conectIon factor was based on

local officIals' best guesses of actual fertlhzer apphcatiOn rates (e g , 30 to 60 % of the

recommended rates) Because It deals ottly WIth N03- Jloadmg, the Versar approach also
,

necessitates makmg an assumptiOn about the proportiOn of mtrogen fertthzers that are apphed

as N03-, as opposed to NH4 + or urea, the report assumes that 60 % of the mtrogen added 18

m the form of N03-, but presents no data to support tills assumptIon Because It IS more

dIrect m nature, the EDF approach to estImatmg fertth7er mputs seems to be more defensIble
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than the Versar approach, and the EDF estunate IS, therefore, used m the rermed budget

The EDF estunate of 15 8 x 106 kg/year IS near the bottom range of fertIhzer loads

estImated by the Versar report (Table 10-27)

The EDF (FIsher et al , 1988a, FIsher and Oppenheuner, 1991) and Versar (Tyler,

1988) reports use the same estunate (from the EDF report) for the contnbutlOn by anunal

wastes (Step #4, above) to the rntrogen budget The BDF report used county agncultural

statIstics to calculate the total number of farm anunals of chfferent types m the Chesapeake

Bay watershed These populatIOn numbers were then multIphed by pubhshed estunates of

the anlOunt of rntrogenous wastes excreted by each type of anunal annually, to produce an

estunate of 19 5 x 106 kg/year As m the estunates of fertIhzer N03- mputs, the Versar

report assumed that 60 % of anunal mtrogenous wastes were m the form of N0:3-, thIs

estimate seem especIally dIfficult to JustIfy when It IS used both for anunal wastes and for

fertilizers, as there IS no reason to expect both mtrogen sources to have the same

composition. The EDF estunate of 19 5 x 106 kg/year IS used for the rermed budget

In both reports, atmosphenc depOSItion IS consIdered to be the only source of mtrogen

to urban areas (Step #5, above) As pomted out m the Versar report (Tyler, 1988), thIs IS

hkely to be an underestunate because It Ignores fertIhzer apphcatIons to lawns and gardens

Because fertilizers apphcatIons are seasonal, and the area of urban land m the basm IS small

(about 3 % of the total), thIs underestunate IS consIdered ununportant As mentioned earher,

the BDF (FIsher et al , 1988a, FIsher and Oppenheuner, 1991) and Versar reports use

slightly dIfferent methods to calculate wet depOSItIon The primary dIfference between the

two estimates of mtrogen loadmg to urban areas (Table 10-27), however, IS m theIr estunate

of the proportIon of the basm m reSIdentIal and urban land use (5 x 105 ha m the EDF

report versus 8 x 105 ha ill the Versar report) In neIther case does the mtrogen

contribution from urban lands « 2 % of the totalloadmg to the watershed) playa sIgmficant

role in the budgets. The Versar estunate of deposItion to urban areas IS used m the rermed

budget, with the same adjustments apphed as for the deposItion to the watershed and dIrectly

to the bay (above)

Both reports used the same EPA estunates of pomt source mputs to the Chesapeake Bay

watershed (Step #6, above), the lower value presented m the Versar report (Tyler, 1988) IS

the estimated proportIon of pomt source mputs that are m the form of N03-, agam assummg
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that N03- IS 60 % of the total morgamc mtrogen The upper hnllt to the range of pomt

source mputs presented by the Versar report IS a more recent (1988) estnnate from the

Chesapeake Bay Program There seems to be httle reason not to use the ongmal EDF value

(FIsher et al , 1988a, FIsher and Oppenhenner, 1991) of 32 9 X 106 kg/year (Table 10-27),

and thIs value IS used m the refmed budget

Perhaps the greatest source of uncertamty m both mtrogen budgets IS created when the

proportIOns of mtrogen mputs that are retamed Withm the watershed are estnnated (Step #7,

above) Both reports use a vanety of methods to calculate separate transfer coefficIents for

each land use type, and in some cases, for drfferent sources of mtrogen Withm a smgle land

use type In particular, the Versar report (Tyler, 1988) compares calculated loads

(as descnbed m the precedmg paragraphs) to calculated runoff from each land-use type (from

Smullen et al , 1982) and estnnates a range of transfer coeffiCIents from these calculated

values Because the error Inherent m the calculated values IS amphfied when they are

compared, thIs method seems especIally problematIc Often, the calculated transfer

coeffiCIents dIffer greatly from coeffiCIents measured for smgle basms Withm the Chesapeake

Bay watershed The transfer coeffiCIents for each land-use type are discussed m detaIl

below It should be emphaSIZed that all of the mtrogen budgets discussed below deal only

WIth morgamc forms of mtrogen (1 e , N03- and NH4 +) Outputs of orgamc nitrogen from

watershed can be substantIal (e g , Correll and Ford, 1982), and orgamc forms can result

from atmosphenc depOSItion sources when watershed processes route mtrogen through the

bIOtiC portIOn of the ecosystem GIven thIs pOSSIble SOUlrce of error, the mtrogen retention

values presented below should probably be conSIdered maxnnum estnnates

Estnnatmg watershed retentIOn of nitrogen m forested watersheds IS dIfficult, pnmanly

because so few data are available, and the apphcabIhty of smgle watershed values to WIde

areas of the Chesapeake Bay watershed IS untested Thl~ Versar (Tyler, 1988) report

compares calculated depOSItion loads (Table 10-27) to estnnates of runoff from forests (from

Smullen et al , 1982) to yIeld a transfer coeffiCIent of 4 8% As dISCUSSed above, thIs

estnnate must be conSIdered very uncertam, because of the combmed errors mtroduced by

comparmg two calculated values The EDF report (FIsber et aI., 1988a, FIsher and

Oppenhenner, 1991) found hterature values that ranged from 50% (m the MId-AppalachIans)

to 97% (m the Coastal Plam), and used 80% as a "reasonable mId-range estnnate" GIven
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the range of possIble retention values, It seems unhkely that any smgle number would be a

reasonable estimate for the entrre Chesapeake Bay watershed Some addItional mtrogen

retention values are given m Table 10-28, based on pubhshed mtrogen budgets for

watersheds m or near the Chesapeake Bay basm These are arranged accordmg to

physiOgraphic regions, m order to illustrate the spatial vanability m watershed mtrogen

retention Of the values m Table 10-28, only those of Kaufmann et al (1991) are apphcable

to broad spatial areas, because they are based on a probability samphng of streams m each

region. These values assume that N03- concentrations at sprmg base flow are representative

of annual mean concentratiOns (Kaufmann et al , 1988, Messer et al ,1988) If the retentiOn

coeffiCIents for each phySiOgraphic region are weIghted by the proportion of the Chesapeake

Bay watershed in each phySiOgraphic region (from Smullen et al , 1982), an area-weIghted

retention coefficient of 84 6% results, this figure was used for the refmed budget

(Table 10-27). The 84 6% figure agrees remarkably well WIth the data presented m

FIgure 1O-28b (Driscoll et al , 1989a), which suggest an mterpolated coeffiCIent of 84 7% at

the levels of depOSItIon calculated for the Chesapeake Bay watershed (8 9 kg/ha total

depOSItion, or 5.8 kg/ha of wet depOSItion)

NItrogen retentiOn by pasturelands IS generally thought to be very high Both the EDF

(Fisher et al., 1988a; FIsher and Oppenhelffier, 1991) and the Versar (Tyler, 1988) reports

estimate retentiOn coeffiCIents m the 94 to 99 % range As WIth forest mtrogen retention, the

BOF esttrnate is based on pubhshed values from watershed studIes, whereas the Versar

estimate is based on comparisons of calculated loads and calculated runoff The EDF

estimate (95%) is based pflffianly on a study by Kuenzler and Cratg (1986, as reported m

FIsher et al , 1988a, FIsher and Oppenhelffier, 1991) on pastureland m the Chowan RIver,

NC, watershed Snmlar results (94 4 % retentiOn) have been reported for unfertIlIzed pasture

lands m Ohio by Owens et al (1989), where N03- losses were lower from pastureland than

from nearby undisturbed forests (86 % retention) NItrogen retentiOn coeffiCIents reported

here were recalculated to mc1ude dry depOSItion (at 35 % of total depOSItion), as was the case

for forest nitrogen budgets reported above The BOF report apphes the 95 % retentiOn rate

only to animal wastes, and uses a 70 % retentiOn coeffiCIent for atmosphenc depOSItiOn

Because they are primanly m the form of particulate orgamc matter, It seems reasonable to

assume that antrnal wastes will be more strongly retamed than depOSItion The refmed
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TABLE 10-28. RETENTION OF NITROGEN IN WATERSHEDS IN OR
NEAR THE CHESAPEAKE BAY BASIN, FROM PUBLISHED REPORTS.

ALL NITROGEN LOADS HAVE BEEN REESTIlVIATED BASED ON MEASURED
WET DEPOSITION, AND A 35% CONTRIBUTION TO TOTAL DEPOSITION

FROM DRY DEPOSITION

NItrate Ion
NItrogen Load Export Percent

PhysIOgraplnc RegIOn 6 a 6 RetentIon Source(10 eqIyear) (10 eq/year)
b

883 Kaufmann et alPoconoslCatskIlls
(1991)

BIscUIt Brook, NY 878 214 757 Stoddard and
Murdoch (1991)

b
727 Kaufmann et alNorthern Appalaclnans

(1991)

Southwestern PennsylVanIa 1,192 264 780 Barker and WItt
(1990)

Southwestern PennsylVanIab 945 Sharpe et al
(1984)

Fernow, WV 1,506 607 595 Helvey and
Kunkle (1986)

Eastern Tennessee 707 36 946 Kelly (1988)

b 785 Kaufmann et alValley and Ridge
(1991)

Catoctln Mountams, MD 593 250 575 Katz et al (1985)

Shenandoah NatIonal Park, VA 557 3 995 Shaffer and
Galloway (1983)

MId-Atlantic Coastal Plamb 909 Kaufmann et al
(1991)

Chesapeake Bay, MD 1,000 10 990 Weller et al
(1986)

Pledmontb 902 Kaufmann et al
(1991)

Northern GeorgIa 486 11 977 Buell and Peters
(1988)

b 883 Kaufmann et alSouthern Blue Ridge
(1991)

aNItrogen loads are calculated from publIshed wet depOSItIon estImates, extrapolated to total depOSItIon
accordmg to a 0 35 dry wet plus dry ratIo (see text)

bRetentIOn estimates are calculated by comparmg mean concentratIons of piecipltatIOn to mean concentratIOns m
stream water Estimates from Kaufmann et al (1991) are from tbe NatIOnal Stream Survey (Kaufmann
et al , 1988) and are for the populatIon of streams Withm each physIOgraplnc provmce
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budget, therefore, apphes the 95 % retentIOn figure for ammal wastes, and an 85 % retentIOn

coefficient (as for forests, above) for mtrogen from deposItion (Table 10-27)

The ability of croplands to retam_ mtrogen IS generally hIgh because most of the

mtrogen apphed to crops as fertIhzer IS removed as bIOmass dunng harvest (Lowrance et al ,

1985; Groffman et al ,1986) Both the EDF (FIsher et al , 1988a, FIsher and OppenheImer,

1991) and the Versar (Tyler, 1988) budgets compare estimates of fertIhzer and deposItion

loads to estImates of runoff from croplands to calculate mtrogen transfer coeffiCIents Use of

loads estimates from a number of sources creates a range of retentIOn coeffiCIents from 70 %

(Fisher et al , 1988a; FIsher and OppenheImer, 1991) to 99% (Tyler, 1988) Pubhshed

values from studies of cropland watersheds are all toward the hIgher end of thIs range

Peterjohn and Correll (1984) measured a retentIOn coeffiCIent of 93 2 % for a fertIhzed com

field in Maryland. Groffman et al (1986) reported 100% retentIOn of fertIhzer mtrogen m a

sorghum field m the GeorgIa pIedmont, lower retention coefficIents (76 1%) were measured

during the wmter, but the planting of cnmson clover (a mtrogen-fixmg legume) as a wmter

cover crop comphcates the mterpretatIon of these figures Lowrance et al (1985) reported

mtrogen budgets for four cropland watersheds WIth a vanety of crops m the GeorgIa Coastal

Plain, WIth retentIon coefficIents rangmg from 97 8 to 100 % NItrogen retentIOn coeffiCIents

reported here were recalculated to mclude dry deposItIOn (at 35 % of total deposItion), as was

the case for forest and pastureland mtrogen budgets reported above A retentIon coeffiCIent

of 95 %, as used for the refmed budget (Table 10-27) IS near the mIddle of the range of

published values FertIhzer mputs are generally m the same morganic forms as atmosphenc

deposition, and there seems no reason to apply dIfferent retentIon values to fertIhzer and

depositIon sources of mtrogen

Pubhshed reports of mtrogen retentIon m urban lands are apparently unavailable The

EDF report (FIsher et al , 1988a, FIsher and OppenheImer, 1991) SImply chose a retentIOn

coeffiCient midway between therr cropland value (70 %) and complete runoff from Impervious

surfaces (100%). The Versar report (Tyler, 1988) calculates transfer coeffiCIents from

estimated loads (from deposillon) and estImated runoff, and gIves a range of 62 to 96 %

(Table 10-27) There is httIe JustIficatIOn for choosmg any partIcular value The 50 % value

used for the refmed budget (Table 10-27) IS chosen only to prOVIde a "ball-park" value,
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shghtly htgher or lower values, when apphed to the rel,ltIvely small atmosphenc loads falhng

on urban areas, will not substantIally change the conclUSiOns presented here

The fmal assumptIon that affects the mtrogen budgets concerns the proportIon of

watershed runoff that IS lost durmg transport through rivers to the bay (Step 8, above)

DemtnficatiOn m slow-movmg lotic waters can sigruficantly reduce the load of mtrogen

dehvered to estuarme waters (see SectIon 10 824) In the absence of any measured loss

rates, both the EDF (FIsher et al , 1988a, FIsher and OppenheImer, 1991) and the Versar

(Tyler, 1988) reports adopt the 50% loss value suggeste-d by the Chesapeake Bay Program

(Smullen et al ,1982) More recently, demtnficatIon values have been pubhshed for two

nvers, the Potomac, whtch supphes water dIrectly to Chesapeake Bay, and the Delaware,

whtch IS adjacent to the Chesapeake Bay watershed (summanzed m SeItzmger, 1988a)

SeItzinger and Garber (1987) estImated that 35 % of the dIssolved morgamc mtrogen (N03-

+ NH4 +) load to the Potomac RIver was lost through demtnfication SeItzmger (1988b)

measured demtnficatIon rates at SIX locatIons m the tIdal portiOn of the Delaware RIver and

estImated that 20 % of the dIssolved morgamc mtrogen load was lost through demtnficatIon

Both of these studIes were conducted m the relatIvely flat, slow-movmg and tIdal portIons of

nvers, where demtnficatIon rates are hkely to be maxImal, due to the eXistence of anoXiC

sedIments Data from smaller streams suggest that lower rates of mtrogen retentiOn (10 to

15 %) are more hkely to occur m headwater streams (Tnska et a1 , 1990, Duff and Tnska,

1990) In hght of these lower measured rates of mtrogen loss, the 50% figure used m the

EDF and Versar budgets seems msupportable for nverme losses, loss rates as htgh as 50%

have been measured only m estuarme waters (e g , Nanagansett Bay, SeItzmger et al , 1984,

the BaltIc Sea, Larsson et al ,1985) The refmed budget uses a figure of 35 %, reflectmg the

only known value for a nver feedIng the Chesapeake Itself (SeItzmger and Garber, 1987),

and may still overestImate m-stream retentIon m small streams

When the three budgets are compared, they suggest a WIde range m estImated

contnbutiOns from mdividual sources of mtrogen (e g , estImates of cropland mputs vary

from 0 03 x 106 kg/year for the "best case" Versar budget to 59 8 x 106 kg/year for the

EDF budget), but a surpnsmgly conSIstent percentage contnbutiOn from atmosphenc N03

depOSItiOn (18 to 31 %) to the total budget (Table 10-27) All three budgets suggest that a

large amount of mtrogen enters the bay from depOSItiOn, the 15 9 x 106 kg/year estImate
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from the refmed budget corresponds to a mtrogen load of 44 metnc tons per day entenng

Chesapeake Bay from deposltlon drrectly to the bay and the watershed The caveat presented

earlier concernmg orgamc forms of mtrogen should probably be repeated here, the estlffiates

of atmospheric N03- contnbutlons to the bay Ignore all but the morgamc mtrogen fractlons

Organic nitrogen can be a substantlal contnbutor to the mtrogen m runoff, and could

potentially have a large atmosphenc deposltlon component Many of the estlffiates that went

into these budgets are relatlvely certam For example, we have good data on wet deposltlon,

and can extrapolate to total depOSltlon WIth reasonable certamty glVen recent estlffiates of dry

deposition Wlthm the watershed (e g , Slsterson et al ,1990) The bIggest uncertamty m

estlffiatmg atmosphenc N03- loadmg to the bay results from the figure for retentIOn of

mtrogen by forested watersheds ThIs mfluence results from the fact that most of the

watershed (ca. 80 %) IS forested, small changes m the retentIOn coefficIents can have a large

effect on the estlmated load to the bay from these watersheds The retentIOn coefficIent

calculated for the refmed budget (84 6 %) IS our current best estlffiate, based on regIOnal

estimates of retentlon Wlthm each of the physIographic regIOns m the Chesapeake Bay basm,

however, It stl11 contams consIderable uncertamty The retentIOn coefficIents hsted m

Table 10-28 suggest that retentlon can vary from less than 60 % to more than 99 % m

indIvidual watersheds Many more values from mmvldual watersheds are needed before we

can be certain how representative the values for each phySIOgraphic regIOn are

Taken as a whole, the budgets suggest that deposltlon IS approxlffiately equal m

importance to pomt-source supphes of mtrogen, and IS posSIbly more lffiportant than

agncultural sources of mtrogen (Table 10-27) The fact that three drrferent approaches

(i.e., the three budgets m Table 10-27) yIeld slffil1ar results lends weIght to the suggestIOn

that atmosphenc mtrogen contnbutes substantlally to the eutrophicatIOn of the Chesapeake

Bay. The detnmental effects of eutrophIcatlon have been mscussed earher (see

Section 10 8 4.1) These results are surpnsmg, gIven the emphaSIS usually placed on

reducing point-source mputs to the bay m order to lffiprove water quahty (e g , Chmchllh,

1989, Caton, 1989). Based on the results of nutnent hmltatlon work dISCUSSed earher, It

seems clear that the control of mtrogen mputs IS lffipOrtant to the control of eutrophIcatIOn m

the Chesapeake Bay The results of the budget exerCIses dISCUSsed here suggest that any
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program for mtrogen control should mclude the control of mtrogen depOSItIon, as well as

pomt and nonpomt sources

Some corroboratIOn of the budgets presented here IS proVIded by recent attempts at

calculatmg mtrogen mass balances for the Upper Potomac RIver Basm (Groffman and

Jaworski, 1991, Jaworski and Lmker, 1991) These studies apply both the EDF budget

techmque and an "mput-output analySIS matnx" to calculate mtrogen loads and mtrogen

exports attnbutable to vanous sources Withm the Upper Potomac watershed (approxnnately

18% of the entrre Chesapeake Bay watershed) The latter technIque combmes model

estImates of edge-of-field exports of mtrogen for different land-use types WIth a watershed

mass balance, where measurements or estImates of loads (e g , pomt sources, fertIhzatIOn,

etc) are balanced agamst measured or estImated outputs (e g , crop harvest, nver export)

and the difference IS attnbuted eIther to storage of mtrogen Withm the watershed or to

demtnficatIOn and volatIhzatIOn (gaseous losses) When apphed to the Upper Potomac RIver

Basm, the EDF techmque estImates that 10 6 X 106 kg/year of nitrogen that leaves the

watershed ongmated as atmosphenc depOSItIOn (45% of the total export) The second

techmque estImates that 8 2 X 106 kg/year of the mtrogen leavmg the watershed ongmated

as depOSItIon (or 25 % of the total export) The major dIfference between the two estImates

IS m the total export values (23 8 X 106 kg/year and 3'2 1 X 106 kg/year, respectIvely) The

value for the mput-output analySIS matnx IS hkely to be the best estImate for the Upper

Potomac because It IS based on actual mass balance estnnates of nver export The same

mscrepancy would apparently not eXist If the mput-output analySIS matrix techmque were

apphed to the entrre Chesapeake watershed, as the estimates of load to the bay from the EDF

techmque match current best estImates of actual loads very closely (140 X 106 kg/year for

the EDF method, 130 X 106 kg/year for best current estImates, FIsher and OppenheImer,

1991) GIven the sImuantIes m the two estImates of Upper Potomac RIver export

attnbutable to atmosphenc depOSItion, and the unbkebllood that estImates for total nver

export for the entrre Chesapeake would differ as much as the estImates for the Potomac do,

the Upper Potomac RIver basm study lends substantIal credence to the EDF techmque The

Improvements made to the EDF method m thIs document and presented m the "refmed

budget" (Table 10-28) seem, therefore, to represent th~~ best available InformatIOn on

atmosphenc mtrogen loadmg to the Chesapeake Bay

10-215



Fmally, atmosphenc N03- mputs to the Chesapeake Bay should be put mto the context

of seasonal nitrogen lnmtatIon of algal produCtiVIty m the bay As was dIscussed earher, the

bay may undergo seasonal slufts m nutnent hmItatIon, from phosphorus hmItatIOn m late

winter and early spring to mtrogen hmItatIon dunng summer and fall (e g , D'Eha et al ,

1982, D'Eha et al ,1986) If atmosphenc N03- IS to have a sIgmficant effect on algal

biomass, it would need to be present dunng the late summer, low-flow, hIgh-bIOmass penod

However, much of the N03- load occurs dunng the spnng, when nver flows and N03

leakage from watersheds are hIgh (e g , Lowrance and Leonard, 1988) In the case of the

BaltiC Sea, discussed earher, nutnents were largely trapped wIthm the estuary by

sedImentation processes and milllffial water exchange WIth the North Sea Does the

Chesapeake Bay act m a snmlar manner to trap nutnents, provIdmg a mechamsm for

springtime loads of N03- to mfluence summertIme productIVIty? Unfortunately, few

measurements of the nutnent retention capaCItIes of the Chesapeake Bay are avaIlable, but

some estlffiates have been made Smullen et al (1982) estImated, based on some

measurements of current and nutnent concentrations at the mouth of the bay and a SImple

box model, that virtually all of the mtrogen entenng the bay was retaIned NIXon (1987) and

Nixon et al. (1986) question thIs conclusIOn, and pomt out the such hIgh nutnent retention

rates should result ill very hIgh nutnent concentratIOns ill the sedlffients, whIch have not been

found. Based on estImates of sedIment nUtnent concentratIOns, NIXon et al (1986)

calculated that only approximately 5 % of mtrogen entenng the bay IS retaIned The

argument of NIXon et al (1986), however, seems to Ignore the potentIal effect of

denitrificatIon in mamtammg low sedIment mtrogen concentratIOns, despIte hIgh rates of

retention by the bay FIsher et al (1988b) use 10ngItudmal profiles of nutnent concentratIons

throughout the bay to estImate that 33 to 71 % of mtrogen entenng the bay IS retaIned These

lower estlffiates of nitrogen retention suggest that mtrogen entenng the Bay dunng spnng

runoff does have the potentIal to affect produCtivIty m the Bay dunng the cntIcal summer

months. They also suggest, however, that the Chesapeake Bay could return to background

nitrogen concentrations WIthm several flushmg tImes of the bay, or WIthm several years

(Fisher et al , 1988b), If nutnent control strategIes were put ill place

It is impossible to determme at thIs pomt whether the Chesapeake Bay example IS an

unusual one in terms of the relatIve lffiportance of atmosphenc mtrogen mputs JaworskI
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(1981) gIves crude mtrogen budgets for four estuanes and embayments m the Umted States,

hIs results suggest that the Chesapeake Bay receIves an unusually large proportIon of mtrogen

(68%) from land runoff (whIch mc1udes agncultural and deposItIon sources) JaworskI's

(1981) budgets mdIcate that wastewater dIscharges are more nnportant m the Hudson RIver

(New York) and San Joaqum RIver (CalIforma) estuanes (63 and 47% of mputs,

respectively, but these estImates do not mc1ude depositLon), and the Potomac RIver estuary

has equal mputs from wastewater and land runoff Of JaworskI's four systems, the

Chesapeake Bay IS the least mfluenced by pomt-source pollution, but It also receIves larger

mputs from pomt sources than many estuanes m the Urnted States (e g , the ApalachIcola

Bay, NIXon and Pilson, 1983) If one VIews all estuanne and coastal waters as lymg along a

gradIent from hIgh to low influence by pomt-source pollution, then the relatIve importance of

depOSItion to the mtrogen budget will change as one moves along the gradIent. The general

apphcability of the mtrogen budget results from the Chesapeake Bay will depend on where

the bay falls along thIs gradIent

10.8.5 Direct Toxicity Due to Nitrogen Deposition

In addItion to the effects of aCIdIfication and eutrophIcation, mtrogen depOSItion could

potentIally contnbute to drrectly tOXiC effects m surface: waters TOXIC effects on freshwater

bIOta result from un-lOmzed NH3 that occurs m equilibrium WIth IOmzed NH4+ and

hydrOXide (OH) HIgh NH3 concentratIOns are assoclclted WIth leSIOns m gill tIssue, reduced

growth rates of trout fry, reduced fecundIty (number OJf eggs), mcreased egg mortalIty, and

mcreased susceptibility of fish to other dIseases, as well as a vanety of pathologIcal effects m

mvertebrates and aquatic plants (revIewed m U S Envrronmental ProtectIOn Agency, 1985)

Most analytICal methods for ammomum actually measure the sum of NH3 and NH4 +, whIch

IS commonly referred to as NH4+; for c1anty, the sum of ammomum and NH3 will be

referred to here as total ammoma (T-NH3) No smgle tOXiC concentration for T-NH3 can be

estabhshed because the relative contnbutIOn of Nl-I3 to T-NH3 , and the tOXICIty of NH3 , vary

WIth the pH and temperature (Emerson et al , 1975) and the IOnic strength (Messer et al ,

1984) of the water The proportIon of NH3 mcreases (it hIgher temperatures and mcreasmg

pH Because of the vanability m NH3 tOXICIty, new cntena have recently been developed

that calculate the tOXICIty as a functIOn of pH, temperature, and Iomc strength (U S
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Environmental ProtectIon Agency, 1985) The new regulatiOns requITe the calculatIon of a

"fmal chromc value" (FCV) and "fmal acute value" (FAV), 4-day average concentratiOns of

NH3 cannot exceed the FCV more often on average than once every 3 years, nor can I-h

average concentratiOns exceed one-half of the FAV more often on average than once every

3 years.

Cntical concentratIons of NH3 that cause the vanous effects are WIde rangmg and are

related to SIte specIfic temperature and pH values For example, the concentratiOn values at

which 50% of the test orgamsms dIe WIthIn 48 h (48-h LCso) for Daphma magna, a common

invertebrate found m lake zooplankton, range from 38 to 350 ftmol/L T-NH3 over a

temperature range from 19 6 to 25°C and pH range of 74 to 8 6 (U S EnvITonmental

Protection Agency, 1985) However, results of tOXICIty tests on stream msects showed that

96-h LCso values ranged from 128 to 421 ftmol/L T-NH3 at relatively constant chemIcal

conditions. The 96-h LCso values for rambow trout ranged from 11 4 to 78 5 ftmollL

T-NH3 Fmgerlmgs tend to be less senSItIve than older hfe stages, and lower oxygen

concentratIons mcreased senSItIVIty to NH3 VanatiOn m temperature, pH, acchmatiOn time,

and CO2 concentratIons also appeared to explam some vanatlon m responses Effler et al

(1990) calculated FCV and FAV values for Onondaga Lake, an urban lake m Syracuse, NY,

that is heavily polluted WIth mumcipal sewage For both salmomd and nonsalmomd fishes,

the FCV values vaned (WIth tIme of year) from 1 4 to 2 9 ftmollL One-half FAV values

for nonsalmomds vaned from 3 6 to 28 6 ftmol/L (acute tOXICIty Information for salmomds IS

not given). At typical pH (pH = 8) and temperature (temperature = 20°C) values for

Onondaga Lake, the mIDlffium FCV value of 1 4 ftmollL corresponds to a T-NH3 concen

tration of 36 ftmol/L, this concentration IS always exceeded m the lake (Effler et al , 1990)

Onondaga Lake IS unusual m bemg very productive, and so tends to be warmer and

have a higher pH than many lakes At lower pH values (pH = 7) and lower temperatures

(15 °C), the percentage of T-NH3 that IS free NH3 drops dramatically (Emerson et al ,

1975), so that the FCV values reported for Onondaga Lake would not be exceeded until a

T-NH3 concentratiOn of 785 ftmol/L was reached Currently no areas of North Amenca are

known to expenence rates of NH4+ depOSItion that are suffiCIent to produce such hIgh

concentrations in surface waters GIven current maXImal concentratiOns of Nl4+ m

deposition (40 ftmol/L; Stensland et al , 1986) and reasonable maXlffium rates of dry
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deposItion and evapotranSpIratIOn (dry deposItIOn equal to 100% of wet deposItion and

evapotranspIration equal to 50% of deposItIOn), maxnnum NH4+ concentratIOns ill surface

waters will be less than 160 j.tmol/L If all mtrogen ill deposItion (N0:3- + NH4 +) were
+ammomfied, maxnnum potential NH4 concentratIOns attnbutable to deposItion would be

approxnnately 280 j.tmol/L, and would be unhkely to be tOXiC except ill unusual

CIrcumstances Because NH4+ IS rapIdly OXidIzed to N03- ill watershed solls and under

well-oxygenated condItIOns ill lakes and streams, the hkehhood of reachmg tOXiC

concentrations are extremely hmited TOXIC levels would be more hkely ill systems that have

oxygen deficIts, hIgh orgamc matter loadIng (whIch would illcrease oxygen demand and

contnbute ammomum through mmerahzatIOn processes), and direct mputs of NH3 (1 e , near

feedlot operations) In such cases, It would probably be more effective to remove the local

causes of oxygen depletion and orgamc matter loadmg, than to reduce atmosphenc mputs of

mtrogen It appears from the mformatIon above that the potential for drrectly tOXiC effects

attnbutable to mtrogen depOSItIon ill the Umted States LS very hmited

10.9 DISCUSSION AND SUMMARY

10.9.1 Introduction

Sillce the mId-1980s, the VIew has emerged that the depOSItIOn of atmosphenc illorgamc

mtrogen has Impacted aquatIC and terrestnal ecosystems (Aber et al , 1989, Ellenberg, 1987,

Van Breeman and Van DI]k, 1988) It IS known that ill many areas of the Umted States, the

atmosphenc mput of mtrogen compounds has been sIgmficant (U S EnVIronmental

Protection Agency, 1982, SectIOns 10 4 and 10 7 2), however, the Impacts have generally

been unknown or conSIdered bemgn Although, the evIdence hnkmg mtrogen depOSItIon

WIth ecologIcal Impacts has been tenuous, there has been a growillg concern (Skefrmgton and

Wllson, 1988) ThIs concern has been magmfied because contmuous depOSItion of

atmosphenc concentratIOns of mtrogen compounds (partIcularly HN03 and N03-) ill North

Amenca and most European countnes has resulted ill ecosystems once hmited by mtrogen

receIvmg mtrogen ill excess of plant and mIcrobial demand These concerns have led to the

efforts ill Europe to develop "cntIcal loads" of mtrogen for vanous ecosystems A cntIcal

load IS dermed as "a quantitatIve estimate of an exposure to one or more pollutants below
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which SIgnificant hannful effects on specIfied senSItive elements of the enVIronment do not

occur accordIng to present knowledge" (Nilsson and GrennfeIt, 1988) The concept of

critical load has not received WIde acceptance m North Amenca Current mformatIOn

indIcates that unitrogen-saturatedu forests are relatively rare and lImIted m extent, especIally

managed forests In addItion, because of the great vanatlon m both natural forest mtrogen

uptakes and management intenSIty, It IS not reasonable to aSSIgn one cnticalload to all forest

ecosystems

10.9.2 Ecosystems

Ecosystems are composed of populations of "self-supporting" and "self-mamtalmng"

hvmg plants, anImals, and mIcroorganisms mteractmg among themselves and WIth the

nonlIving chemical and phYSICal envIronment Wlthm whIch they eXist (Odum, 1989, BI1hngs,

1978; Smith, 1980) Ecosystems usually have defmable lImItS and may be large or small

(e g., fallen logs, forests, grasslands, cultivated or uncultivated fields, ponds, lakes, nvers,

estuaries, oceans, the earth) (Odum, 1971, SmIth, 1980, Barbour et al ,1980) The

environmental condItions of a partIcular area or regIOn determme the boundanes of the

ecosystem as well as the orgamsms that can hve there (SmIth, 1980) Together, the

environment, the organisms, and the phySIOlOgIcal processes resuItmg from theIr mteractIOns

form the lIfe-support systems that are essential to the eXistence of any specIes on earth,

including man (Odum, 1989)

Human welfare IS dependent on ecolOgIcal systems and processes Natural ecosystems

are traditionally spoken of ill terms of theIr structure and functions Ecosystem structure

includes the specIes (richness and abundance) and theIr mass and arrangement m an

ecosystem. ThIs IS an ecosystem's standIng stock-nature's free "goods" (Westman, 1977)

Society reaps two kmds of benefits from the structural aspects of an ecosystem (1) products

with market value such as fish, mmerals, forest and pharmaceutIcal products, and genetIc

resources of valuable specIes (e g , plants for crops, tImber, and anImals for domestIcatIon)

and (2) the use and apprecIation of ecosystems for recreatIOn, aesthetIc enjoyment, and study

(Westman, 1977).

Structure withm ecosystems mvolves several levels of orgaruzatIon The most VISIble

are (1) the mdivldual and ItS envIronment, (2) the populatIOn and ItS enVIronment, and (3) the
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bIOlogICal commumty and Its enVIronment, the ecosystem (Billmgs, 1978) Ecosystems

functIOn as energy and nutnent transfer systems Through the process of photosynthesIs,

vegetatIOn accumulates, uses, and stores carbon compounds (energy) to mamtaIn

phySIOlogIcal processes and to build plant structure Carbohydrates and other compounds

accumluated and stored by plants are the baSIC source of food (energy and nutnents) for the

maJonty of anImals and microorgamsms Energy moves umdIrectIOnally and ultimately

dISSIpates mto the enVIronment Nutnents are recycled mto the system Because the vanous

ecosystem components are chemIcally mterrelated, stres.ses placed on indiVIdual components,

such as those caused by mtrogen deposItIOn and loadmg, can produce perturbatIOns that are

not readily reversed and will sIgmficantly alter the ecosystem (Gudenan and Kueppers,

1980)

10.9.3 The Nitrogen Cycle

NItrogen, one of the mam constituents of the prot1em molecules essential to all hfe, IS

recycled Withm ecosystems (see SectIOn 10 1) Most olt'gamsms cannot use the molecular

mtrogen found m the earth's atmosphere It must transformed by terrestnal and aquatIC

mlCroorgamsms into a form other orgamsms can use The transformations of mtrogen as It

moves through the ecosystem IS referred to as the mtrogen cycle Mature natural ecosystems

are essentially self-suffiCIent and mdependent of external additIOns Modem technology, by

eIther addmg mtrogen or removmg mtrogen from ecosystems, can upset the relatIOnslups that

eXIst among the vanous components, and thus change theIr structure and functIonmg

10.9.4 Nitrogen Deposition

The removal (dry depOSItion) of reactive mtrogen gases from the atmosphere occurs

along several pathways leadmg to fohage, bark, or soil, WIth pathways to fohage bemg pre

dominant durmg the growmg season The prevalence of any partIcular type of depOSItion IS

a function of (1) the phySIcochemIcal propertIes of mtrogen compounds, (2) theIr ambIent

concentratIOn, and (3) the presence of SUitable receptor SItes m the landscape (e g , leaves

WIth open stomata) Average canopy-level measurements (Table 10-29) exhibIt the followmg

pattern or tendency towards dry depOSItion HN03 > NH3 = N02 > NO Although the

leaf-level data for crops are mcomplete (NO and HN03 data are not avaIlable), the leaf
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TABLE 10-29. :MEAN DEPOSITION CHARACTERISTICS OF REACTIVE
NITROGEN GASES AT THE LEAF OR CANOPY SCALE OF

RESOLUTION FOR CROP OR TREE SPECIES

Compound

Summary for Crop Species

NItnC OXIde

NItrogen DIoXIde

Nltnc ACid

Ammoma

Summary for Tree Species

NItnC OXIde

Nitrogen DioXIde

NItnC ACid

Ammoma

Leaf-Level Measures

K 1 (mm/st

<03

1 1

2 1

1 8

Canopy-Level Measures

1 3

77

198

66

NDb

24

41

22

8Means are the average for all specIes studIed However, measurements on dormant plant matenals, fohage
With low stomatal conductance, and data recorded ill the dark were excluded The values hsted as K1 (leaf
conductance) and V d (deposItIon velocIty) for partIcles represent the leaf-wash and throughfall measurement
technIques, respectIvely

bND = No data were aVailable

conductance (Kl) data for trees shows a SImIlar pattern These patterns are conSIstent With

the observations of Bennett and Hill (1973), and can be partIally explamed by gas solubility

characteristIcs (Taylor et al ,1988) PartIcle depOSItIon data averaged across species and

expenmental techniques shows apprmamately three tImes greater mtrate aerosol depOSItIon

(7.8 mm/s) than for ammomum (2 mm/s) However, the hIgh average Vd for N03- IS

probably excessively hIgh due to the unavOIdable mclUSIOn of mtrate from HN03 m

measurements of mtrate depOSItIon

With the pOSSIble exceptIOn of HN03 vapor, depOSItIon charactenstIcs of reactIve

nitrogen compounds are hIghly vanable and dramatIcally mfluenced by enVIronmental

conditions that affect stomatal conductance The tIght relatIOnshIp between stomatal
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conductance and the deposItion of NO and N02 nnphes that gaseous deposItion of reactive

NOx IS greatly reduced m the dark, when stomata close (Hanson et al , 1989, Saxe, 1986,

HutchInson et al ,1972) DepOSItion of gaseous mtrog(m forms IS usually proportional to

ambIent concentratIOns, but "compensatIOn concentratIOns" at whIch no uptake occurs (1 e ,

< 0 003 to 0 005 ppmv) have been reported for N02 3.11ld NH3 Data for NO, N02, and

HN03 (Grennfelt et al , 1983, Johansson, 1987, Marshall and Cadle, 1989, Skarby et al ,

1981), from the vegetation dormant penod, show a reduced potential for depOSItion

Conversely, partIculate mtrate and ammomum depOSItIon do not appear to be affected by the

season of the year (Gravenhorst et al , 1983, Lovett and Lmdberg, 1984)

The precedmg information on gases and partIcles mdIcates that methods for measunng

gas or partIculate deposItIOn may produce dramancally dIfferent results Leaf-level measures

of depOSItion (KI) for NO, N02, and HN03 were 4 to 10 tnnes lower than estnnates obtamed

usmg micrometeorological canopy-level measurements (Vd) ThIs discrepancy can largely be

explamed once canopy area mstead of ground area IS factored mto the canopy-based

measurements

The canopy-level V d measurement has been cnncized because It attempts to pool

envIronmental, phySIOlogICal, and morphologIcal charactenstIcs mto a smgle descnptIve

measurement (1 e , It attempts to do too much, Taylor et al ,1988) The result of thIs over

snnphficatIon IS that Vd for even a smgle trace gas vanes substantially m space and tnne

However, average K1 and Vd values for NH3 on crop specIes were comparable, perhaps

because crop canopIes are more umform and closer to the ground PartIcle depOSItion IS

governed by a dIfferent set of pnncipies (see SectIOn 10 2 3) and the same relatIOnshIps

between leaf and canopy level measurements may not be apphcable

Daytlme rates of NOx or NH3 depOSItion can also be approxnnated from ambIent

concentratIOns of the gases (U S EnVIronmental Protecuon Agency, 1982, HICks et al ,

1985) and deposluon constants such as those presented In Table 10-29 Hanson et al (1989)

used such mformatIon WIth conservatIve estimates of concentratIOn to approxnnate total

mtrogen depOSItIOn from N02 to vanous forest stands They predIcted N02-mtrogen mputs

between 0 04 and 1 9 kg mtrogenlhalyear for natural forests and mputs up to 12 kg

mtrogen/ha/year for forests m urban enVlfonments For a forested watershed, Grennfelt and

Hultberg (1986) calculated the annual depOSItIOn of N02 plus HN03 to be m the range from
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3.6 to 5 1 kg mtrogenlha/year HIll (1971) est1ll1ated the removal of N02 from the

atmosphere In Southern CalIforma to be approxunately 109 kg mtrogen/ha/year

PrelimInary partIcle deposItIon measurements and calculated dry deposItIon est1ll1ates of

reactive nItrogen gases IndIcate sIgmficant mtrogen Inputs to terrestnal systems BarrIe and

SIrois (1986) estImated that dry depOSItIon contnbuted 21 to 30% of total N03- deposItIon In

eastern Canada Lovett and LIndberg (1986) concluded that dry deposItIon of mtrate IS the

largest form of inorgamc mtrogen deposIted to oak-hIckory forests In eastern Tennessee

Annual estImates of NH3 deposItIon have been reported (CowImg and Lockyer, 1981,

Smclair and Van Houtte, 1982), but numerous reports of NH3 evolutIon from fohage under

condttions of high SOll mtrogen confound s1ll1ple est1ll1ates of annual NHrmtrogen

deposition Lovett (1992) summanzed research data for a number of forested SItes In North

Amenca and Norway and concluded that dry deposItIOn of mtrogen typICally occurs at annual

rates approximately equal to mtrogen deposIted m precIpItatIOn

Because gaseous deposItIon IS dtfficult to measure accurately or contInuously at the

landscape level of resolutIon, estImates of dry mtrogen deposItIOn must rely on models

Rigorous models of pollutant deposItIOn have been developed (HIcks et al , 1985, BaldocchI,

1988; Baldocchi et al , 1987) and will be needed m the future for accurate determInatIOn of

reactive nItrogen gas and partIcle deposItIon to forest stands and ecosystems Although

progress has been made m understandmg and modeImg the processes that control the dry

deposItIon of nitrogen contammg compounds, addttIOnal research will be requIred to

minimize errors m predIctIons of total dry mtrogen depOSItiOn to specIfic regIOns and under a

range of envIronmental condttIOns

Increased efforts have been made to estabhsh both wet and dry deposItIon rates of

nitrogen to various types of ecosystems These current depOSItIon data are 1ll1portant because

they provide a baSIS for evaluatmg potentIal effects agamst "suggested cntIcallevels"

Although the concept of cntIcal mtrogen 10admg has not been WIdely adopted m North

America, for reasons dISCUSSed m SectIons 105 8, 105 9, and 10 6 3 1, a companson of

total mtrogen deposillon data for North Amenca WIth proposed cntIcalloads for Europe

provide a companson of the status of terrestnal systems WIth respect to changes that mIght

be expected from elevated levels of mtrogen deposItIon FIgure 10-19 summanzes wet

deposition data for mtrate and ammOnIum m the Umted States Because the data are for wet
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deposited forms of nitrogen, they represent an underestnnate of the total mtrogen depoSItion

to the ecoystems Table 10-14 summanzes Information regardmg the total (wet and dry)

depositlon of mtrogen to a vanety of ecosystems/forest types or regIOnal areas m North

America and Europe

10.9.5 Effects of Deposited Nitrogen on Soils

The effects of nitrogen depoSItion on bIOlogICal systems must be vIewed from the

perspective of the amount of mtrogen m the system, the bIOlogICal demand for mtrogen, and

the amount of depOSItiOn If mtrogen IS deposIted on a mtrogen-deficient ecosystem, a

growth mcrease willbkely occur If mtrogen IS deposIted on a ecosystem WIth adequate

supphes of mtrogen, mtrate leachmg will eventually occur NItrate leachmg IS usually

deemed undesrrable in that It can contammate groundwater and lead to soli aCIdIficatIOn

This analySIS focuses on forest ecosystems, but conSIders and ecosystems as well

Agricultural lands are excluded from this diScussIon because crops are routmely fertIhzed

with amounts of mtrogen (100 to 300 kg/ha) that far exceed pollutant mputs even m the most

heavliy polluted areas Pollutant mtrogen mputs to grasslands and and solis can be expected

to produce illcreased growth ill some mstances, despite water hmitatIOns (e g , FIsher et al ,

1988c). However, these systems are ObVIously not subject to the soli aCIdIfication and

groundwater N03- pollunon problems that mIght occur ill more humId areas Excess

nitrogen depOSIted on these ecosystems leave VIa eIther demtnficatIon or NH4+ volatIhzatIon

(see reVIew by Woodmansee, 1978)

The biological competitlon for atmosphencally depOSIted mtrogen among heterotrophs

(decomposing microorgamsms), plants, and mtnfymg bactena, combmed WIth the chemIcal

reactions between NH4+ and humus m the soli, determme the degree to which vegetatIOn

growth increase will occur and the degree to which mcommg mtrogen IS retamed WIthIn the

ecosystem Until recently, mtnfymg bactena were thought to be poor competitors for

nitrogen, with heterotrophs bemg the most effective competItors and plants bemg

intermediate Recent studIes of soIl mtrogen dynamICS usmg 15N (DaVIdson et al , 1990) and

thorough analyses of forest mtrogen budgets suggest that these assumptIOns and perhaps our

conceptual model of soli nitrogen cychng need modIficatIOn SpecIfically, mtnficatIon may

be proceedIng at a signIficant level without the appearance of N03- m solis or soli solution If
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TABLE 10-14. MEASUREMENTS OF VARIOUS FORMS OF
ANNUAL NITROGEN DEPOSITION TO NORTH AMERICAN AND

EUROPEAN ECOSYSTEMS
aForms of Nltrogen Deposltion (kg/ha)

Slte LocatlOn/ Wet Dry

VegetatiOn Cloud Ram Particles Gases Totalb Reference

Umted States

Cahforma, Chaparral 82 23c Riggan et al (1985)

Cahforma, Slerra Nevada (2) Wllhams and Melack
(l991a)

Georgla, Loblolly pme 37 10 42 9 Lovett (1992)

North Carolma, Loblolly pme 87 22 4 1 15 Lovett (1992)

North Carohna, Hardwoods 48 05 53 Swank and Walde (1988)

North Carolma, Whtte pme 37 09 27 7 Lovett (1992)

North Carolma, Red spruce 87 62 36 86 27 Lovett (1992)

New Hampshire, Declduous 70 (7) Likens et al (1970)

New Hampshire, Declduous 93 (9) Likens (1985)

New York, Red spruce 73 6 1 02 23 16 Lovett (1992)

New York, Mlxed declduous 48 08 25 8 Lovett (1992)

Tennessee, Mlxed declduous 29 4 1 6 1 13 Kelly and Meagher
(1986)

Tennessee, Oak forest #1 32 44 40 12 Kelly and Meagher
(1986)

Tennessee, Oak forest #2 29 44 40 11 Kelly and Meagher
(1986)

Tennessee, Oak forest #1 69 13 8 Kelly (1988)

Tennessee, Oak forest #2 60 1 2 7 Kelly (1988)

Tennessee, Oak forest 45 1 8 38 10 Lmdberg et al (1986)

Tennessee, Loblolly pme 43 06 1 4 9 Lovett (1992)

Washmgton, Douglas fir 29 13 06 5 Lovett (1992)

Washmgton, Douglas fir 10 (1) Henderson and Hams
(1975)

US RegiOns

Adlrondacks 63 47 11 Dnscoll et al (1989a)

Mldwest 42 29 7 1 Dnscoll et al (1989a)

Northeast 217 22 Munger and Elsenrelch
(1983)

Northwest 166 17 Munger and Elsenrelch
(1983)

Southeast 206 21 Munger and Elsenrelch
(1983)

Southeast Appalachians 42 3 1 73 Dnscoll et al (1989a)
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TABLE 10-14 (cont'd). MEASUREMENTS OF VARIOUS FORMS OF
.AN"l\TUAL NITROGEN DEPOSITION TO NORTH AMERICAN AND

EUROPEAN ECOSYSTEMS

Forms of NItrogen DepOSItion (kg/ha)a

Site Location! Wet Dry

Vegetation Cloud Ram PartIcles Gases Totalb Reference

Canada

Alberta (southern) 73 122 195 Peake and DaVIdson
(1990)

Bnhsh ColumbIa 55 (5) Feller (1987)

Ontano 37 (4) Lmsey et al (1987)

Ontano (southern) 23 14 37 Ro et al (1988)

Federal RepublIc of Germany

Spruce (Southeast slope) 165 165 Hantschel et al (1990)

Spruce (Southwest slope) 243 243 Hantschel et al (1990)

Netherlands

Oak-bIrch 24-56c Van Breemen and Van
DIJk (1988)

DecIduous/spruce 21-42c Van Breemen and Van
DIJk (1988)

Scots pine 17-64° Van Breemen and Van
DIJk (1988)

Douglas fir 17-64° Van Breemen and Van
DIJk (1988)

Douglas fir 193 957d 115 DraaIJers et al (1989)

Norway

Spruce 103 07 02 112 Lovett (1992)

3-19° Royal SOCIety (1983)
Umted Kmgdom

Spruce forest 19 80 13 5 234 Fowler et al (1989a)

Cotton grass moor 04 80 40 124 Fowler et al (1989a)

a_ SymbolIzes data not avaIlable or, m the case of cloud depOSItion, not present
bMeasurements of total depOSItion data that do not mclude both a wet and dry estimate probably underestimate
total mtrogen depOSItion and are enclosed m parentheses

c.rotal mtrogen depOSItion was based on bulk depOSItion and throughfall measurements and does mclude
components of wet and dry depOSItion

dIncludes depositIon from gaseous forms
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N03- IS rapIdly taken up by heterotrophs It IS also clear that trees can be very effectIve

competItors for atmosphencally deposIted mtrogen ill rutrogen-deficient ecosystems Fmally,

the role of chemIcal reactIons between NH4+ and humus need to be illvestIgated, such

reactIOns have been shown to be very lffipOrtant ill fertlhzatIOn studIes, and they may also

play a major role ill unfertilized ecosystems If thIs IS 1he case, the fundamental assumptIOn

that mtrogen retentIOn IS controlled pnmanly by blOlogllCal processes may be erroneous

NItrIficatIOn and N03- leachmg become sIgmficant only after heterotroph and plant

demand for mtrogen are substantIally satIsfied, a condItion that has been referred to as

"mtrogen-saturated" NItrogen-saturated forest ecosystems are very rare ill the Umted States,

but do occur ill some slow-growmg, hIgh-mtrogen illput areas (e g , hIgh-elevatIOn southern

AppalachIans) AddItIons of mtrogen ill any bIOlogIcally avaIlable form (N:H4+, N03-, or

orgamc) to a mtrogen-saturated system will cause eqUIvalent leachmg of N03-, except ill

those very rare systems where mtnficatIOn IS mhIbited by factors other than competItIon from

heterotrophs and plants Considenng the effects of N03- only will result ill a substantIal

underestImatIOn of the aCIdtficatIOn potentIal of atmosphenc depOSItIon ill mtrogen-saturated

ecosystems

VegetatIon demand for mtrogen depends on a number of growth-mfluencillg factors

illcludmg temperature, mOIsture, avathbthty of other nutnents, and stand age Uptake rates

declme as forests mature, especIally after the cessatIOn of the bUIldup of nutnent-nch fohar

bIomass followmg crown closure Thus, mtrogen-saturation tends to be more common ill

older forests than ill younger forests because mtrogen demand IS less Processes that cause

net mtrogen export from ecosystems, such as fIfe and harvestmg, will naturally push

ecosystems toward a state of lower mtrogen-saturatIOn or even mtrogen deficIency. Intense

fIfes cause a large loss of ecosystem mtrogen capItal, but frequent, low-illtensity fIfes may

have httle effect

A reVIew of the hterature on forest fertIhzatIon and mtrogen-cyclmg studIes under

vanous levels of pollutant mtrogen mput reveals some mterestmg contrasts that pertam to the

the relatIve roles of heterotrophs, plants, and mtnfiers dISCUSSed above Forest fertilizatIOn

has proven qUIte successful ill producmg growth mcrealles ill mtrogen-deficient forests, even

though trees typICally recover only 5 to 50% of fertilizer mtrogen (Table 10-12) On an

ecosystem level, however, retention of mtrogen IS usually qUIte hIgh (often 70 to 90% of
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TABLE 10-12. NITROGEN FERTILIZER RECOVERY BY VEGETATION AND SOILS IN VARIOUS STUDms

FertIhzer VegetatIon SOlI
Type and Recovery Recovery

SpecIes and Age Amount (kg/ha and (kg/ha and
locatIon (years) (kg/ha)a percent) percent) Reference

Flonda Pmus ellotttt, 11 AS,56 6 (11 %) 17 (30%) Mead and Pntchett (1975)

Flonda Pmus ellOtttt, 11 AS,224 24 (11 %) 40 (18%) Mead and Prrtchett (1975)

MISSISSIPPI Pmus taeda, 5 AN,112 16 (14%) - Baker et al (1974)

MISSISSIPPI Pmus taeda, 6 AN,224 31 (28%) - Baker et al (1974)

MISSISSIPPI Pmus taeda, 5 AN,224 31 (14%) - Baker et al (1974)

MIssISSIPPI Pmus taeda, 6 AN,224 146 (65%) - Baker et al (1974)

New Zealand Pmus radzata, 14 NS,960 120 (13%) 488 (51 %) Baker et al (1986)

~ New Zealand Pmus radzata, 13 U,224 80 (40%) 120 (60%) Worsnop and WIll (1980)
0

I
N Ontarro Pmus bankszana, 45 U,300 76 (25%) 79 (26%) Momson and Foster (1977)w
0

Scotland Pmus mgra, 36 AS,252 136 (54%) 176 (67%) MIller et al (1976)

Scotland Pmus mgra, 36 AS,504 228 (45%) 78 (15%) MIller et al (1976)

Scotland Pmus mgra, 36 AS, 1008 366 (36%) 303 (30%) MIller et al (1976)

Scotland Pmus mgra, 36 AS,1512 495 (32%) 229 (15%) MIller et al (1976)

Sweden Pmus sylvestrlS, 130 AN,224 19 (19%) 46 (46%) Melm et al (1983)

Sweden Pmus sylvesms, 120 U,150 12 (8%) 74 (49%) Nol11l.l11k and Moller (1981)

Sweden Pmus sylvesms, 120 U,300 21 (7%) 87 (29%) Nol11l.l11k and Moller (1981)

Sweden Pmus sylvesms, 120 U,600 36 (6%) 102 (17%) Nol11l.l11k and Moller (1981)



TABLE 10-12 (cont'd). NITROGEN FERTILIZER RECOVERY BY VEGETATION AND SOILS IN VARIOUS STUDIES

FertilIzer VegetatlOn SoIl
Type and Recovery Recovery

SpecIes and Age Amount (kg/ha and (kglha and
LocatlOn (years) (kg/ha)a percent) percent) Reference

Sweden Pmus sylvesms, 120 AN, 150 29 (19%) 32 (21 %) J':.Tomnnk and Moller (1981)

Sweden Pmus sylvesms, 120 AN,300 60 (20%) 48 (16%) Nomnnk and Moller (1981)

Sweden Pmus sylvesms, 120 AN,600 90 (12%) 72 (12%) Nomnnk and Moller (1981)

Tennessee Pmus taeda, 4 U,300 25 (8%) - Johnson and Todd (1988)

Western Washmgton Pseudotsuga menZlesu, 52 NS,224 94 (42%) 124 (55%) HeIlman and Gessel (1963)

Western Washmgton Pseudotsuga menZleSll, 38 NS,224 204 (50%) 206 (51 %) HeIlman and Gessel (1963)

Western Washmgton Pseudotsuga menZlesu, 30 NS,400 72 (13%) 284 (51 %) HeIlman and Gessel (1963)

- Western Washmgton Pseudotsuga menZlesu, 32 NS,560 75 (13%) 687 (123%) HeIlman and Gessel (1963)
0

I
tv Western Washmgton Pseudotsuga menZleSll, 38 NS,560 149 (20%) 337 (46%) HeIlman and Gessel (1963)w- Wisconsm Pmus resmosa, 37 AN, 100 125 (125%) - Bockheirn et al (1986)

aAS = Ammomum sulfate, AN = Ammomum mtrate, NS = Not specified, U = Urea

Source Johnson (1992)



apphed rutrogen, Table 10-12), pnmanly due to fertJ.hzer rutrogen retentIOn m the htter and

soil, mcludmg nonblologlcal reactIons between NH4+ and humus FertJ.hzatIon studIes dIffer

from pollutant nitrogen depOSItIon m several Important respects (1) pollutant rutrogen

deposition enters the ecosystem at the canopy level, whereas fertJ.hzer IS typICally (but not

always) applied to the soil, (2) fertJ.hzatIOn leads to hIgh concentratIOns of Nl4+ and, m the

case of urea, high pH, both of whIch are condUCIve to nonbIOloglcal reactIons between soil

humus and NH4+, and (3) pollutant rutrogen depOSItIon enters the ecosystem as a slow,

steady input m rather low concentratIOns, whereas the fertJ.hzer IS typICally apphed m one to

five large doses Both plants and rutnfymg bactena are favored by slow, steady mputs of

nitrogen, pOSSIbly gIving them a competItIve advantage over heterotrophs for pollutant

nitrogen mputs A reVIew of the hterature on rutrogen cychng m unfertIhzed forests, WIth

chffering levels of pollutant mtrogen mput supports thIs hypotheSIS Ecosystem-level

recovery of atmospherically depOSIted mtrogen (tYPICally less than 50 % and often 0 %,

Table 10-13 and FIgure 10-8) IS lower than of fertIhzer rutrogen (typICally 70 to 90% of

apphed nitrogen, Table 10-12 and FIgure 10-11) It also appears that vegetatIOn retentIon of

incoming rutrogen m unfertIhzed forests IS somewhat hIgher than m fertJ.hzed forests,

whereas soil (heterotroph) retentIon of atmosphencally depOSIted mtrogen IS much lower

In forests with very low atmosphenc mtrogen mputs, It appears as If the soil IS bemg

"mined" for the rutrogen necessary to supply vegetatIon, an mdlcatIOn that plants are actually

out-competIng heterotrophs for rutrogen In forests WIth hIgh atmosphenc mtrogen mputs,

heterotrophIc rutrogen uptake appears to be mffilffial, perhaps because of hmltatIOns by

organic substrates or other nutnents

Because rutnficatIon results m the creatIOn of HN03 WIthIn the soil, there are concerns

that elevated mtrogen mputs to mtrogen-saturated systems will result m soil aCIdIficatIOn and

AI mobilizatIon There are very few proven, documented cases m whIch exceSSIve

atmospheric rutrogen depOSItIon has caused soil aCIdIficatIOn (e g , m forests m the

Netherlands subject to very hIgh mtrogen depOSItIon levels, 40 to 80 kg/ha/year), but there IS

no doubt that the potentIal eXists for many mature forests WIth low uptake rates, gIVen hIgh

enough mputs for a sufficiently long tIme The amount of mtrogen depOSItIon reqUITed will

vary with the ecosystem The greatest uncertamty m assessmg and proJectmg rates of soil
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TABLE 10-13. NITROGEN INPUTS, OUTPUTS, AND VEGETATION INCREMENTS
IN VARIOUS FOREST ECOSYSTEMS

Net VegetatiOn Calc Sol1
Input LeachIng Retention Increment Retention

LocatiOn SpecIes (kg/ha/year) (kg/ha/year) (kg/ha/year)a (kg/ha/year) (kg/ha/year)b Reference

New Hampslure Northern hardwood 65 40 25(38%) 90(138%) -65(-100%) Bormann et at (1977)
WashIngton Pseudotsuga menzzeszl 1 7 06 1 1 (65%) 100(588%) -8 9 (-523 %) Cole and Rapp (1981)

Germany Fagus sylvatzca 21 8 44 174(80%) 4 1 (19%) 13 3 (61 %) Cole and Rapp (1981)
Germany pzcea abzes 21 8 149 69(32%) 22(56%) 47(22%) Cole and Rapp (1981)
USSR pzcea abzes 1 1 09 02(18%) 90(818%) -8 8 (-800%) Cole and Rapp (1981)
Tennessee Lmodendron tulzplj'era 77 35 42(55%) 71(93%) -29(-60%) Cole and Rapp (1981)
Washmgton Abzes amabzlzs 1 3 27 -14(-108%) Turner and Smger (1976)
Wisconsm Aspen-nnxed hardwood 56 005 55(99%) 260(464%) -205 (-364%) Pastor and Bockhelm (1984)
Oregon Pseudotsuga menzzeSll 20 15 05(25%) -28(-140%) 23(115%) Sollms et al (1980)
WashIngton Alnus rubra 700c 710 - 7 1 Van Miegroet and Cole

(1984)
I-' Holland Quercus robur, Betula 545 785 -240(44%) 60 (11 %) -300(-55%) Van Breemen et al (1987)0

I pendulaNw
Holland Quercus robur 562 281 282(50%) 240(43%) 42(7%) Van Breemen et al (1987)w
Holland Quercus robur 446 225 221(50%) 170(38%) 5 1 (11 %) Van Breemen et al (1987)
Holland MIXed decIduous 628 876 248(39%) Van Breemen et al (1987)
Tennessee MIXed decIduous 130 3 1 99(76%) 135(104%) -3 6 (-27%) Henderson and Hams (1975)
Ontario Acer saccharum 78 182 -10 4 (-133%) Foster and NIcholson (1988)
North Carolma MIXed decIduous 70 03 67(96%) 7 1 (101 %) -04(5%) Swank m Johnson and

Lmdberg (1992)d
WashIngton Abzes amabzlzs 25 1 3 12(48%) 36(144%) -24(-96%) Cole and Van Miegroet m

Johnson and Lmdberg
(1992)d

North Carolma pzcea rubens 59 216 -157(-266%) 05(8%) -16 2 (-275%) Johnson et al (1991)
North Carolma pzcea rubens 260a 205 55(21%) 18(7%) 37(14%) Johnson et at (1991)
North Carolma Pmus strobus 7 la 03 68(96%) 66(93%) -02(-3%) Swank m Johnson and

dLmdberg (1992)



TABLE 10-13 (con't). NITROGEN INPUTS, OUTPUTS, AND VEGETATION INCREMENTS
IN VARIOUS FOREST ECOSYSTEMS

Net VegetatIon Calc Soil
Input Leaching Retention Increment RetentIon

LocatIon Species (kglhalyear) (kglhalyear) (kgIhalyear)a (kglhalyear) (kglhalyear)b Reference

Marne Pecea rubens 76 03 7.3 (96%) - - Femandezm Johnson and
Lmdberg (1992)d

Tennessee PinUS taeda 97a 06 91(94%) 66(18%) 25(25%) Johnson and Lmdberg m
Johnson and Lmdberg
(1992)d

GeorgIa PinUS taeda 90a 02 88(98%) - - Ragsdale m Johnson and
Lmdberg (1992)d

OntarIo Northem hardwood 75 230 -155(-207%) 1 3 (17%) -16 8 (-224%) Foster m Johnson and
Lmdberg (1992)d

New York Spruce-fir 160a 28 132(83%) 108(180%) 24(15%) Fnedland m Johnson and
Lmdberg (1992)d

I-'
Flonda PinUS elwm 60a 02 58(97%) 1 8 (30%) 40(67%) Gholz m Johnson and

0 Lmdberg (1992)d
I

N North Carolma PinUS taeda 140a 24 11 6 (83%) 701(500%) -585(418%) Bmkley and Knoerr mw
oj::.

Johnson and Lmdberg
(1992)d

Norway Plcea ables 108a 06 102(96%) 97 (91 %) 05(5%) Stuanes m Johnson and
dLmdberg (1992)

Washmgton Pseudotsuga menZlesn 48 04 44(2%) 54(113%) -10(13%) Cole and Van Mlegroet m
Johnson and Lmdberg
(1992)d

New York Northem hardwood 9 Sa 15 80(84%) 1 1 (12%) 69(73%) MItchell and Sheppard m
Johnson and Lmdberg
(1992)d

a
bInput - Leachmg
Input - Leachmg - VegetatIOn Increment

CEstunated mput by fixatIOn
~efers to pnnclpal mvestIgators for the specific data set summanzed 10 Johnson and Lmdberg (1992)

Source Johnson (1992)
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Figure 10-8. Ecosystem recovery of fertilizer nitrogen as a function of fertilizer
nitrogen input.

Source Johnson (1992)

aCIdIficatIOn IS the estnnatIOn of weathenng rates (1 e , the release of base catIOns from

prnnary mmerals)

Sou aCIdIficatIon IS usually thought of as an undesrreable effect, but m some cases, the

benefits of allevlatmg mtrogen deficIency clearly outweIgh the detrnnents of sou aCIdIficatIOn

(e g , the benefits of mtrogen :f1xatIOn by red alder always outweIgh the detrnnents of sou

aCIdIficatIOn to succeedmg Douglas fir stands m the PacIfic Northwest)
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Source Johnson (1992)

Increased concentrations of N03- or any other mmeral aCId amon (e g , SO/- or CO m

SOll solution lead to mcreases m the concentratlOns of all cations m order to mamtam charge

balance m solution Equations descnbmg cation exchange m SOllS dIctate that as the total

anlon (and cation) concentrations mcrease, mdlvldual cation concentratlOns mcrease as

follows Al3 + > Ca2+ and Mg2+ > K+, Na+, and H+ Thus, sOlI-solutlOn A13 +

concentrations increase not only as the SOll aCldlfies (1 e , as the proportIon of A13+ on the
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exchange complex mcreases) but also as the totalIOmc concentratIOn of sOIl solutIOn

mcreases

There are several cases m wInch Al3 + concentratIons m natural waters have been

shown to be posItlvely correlated wIth N03- concentratIons Ulnch (1983) noted

N03- - Al3+ pulses m sOIl solutIons from the Sollmg sIte m Germany dunng warm, dry

years He hypothesIZed that these mtrate-mduced Al3 + pulses caused root illJUry and were a

major contnbutor to what he termed "forest declme" observed m Germany dunng the

mId-1980s ThIs hypothesIs IS dIsputed by other German forest sCIentists who pomt out that

forest declme occurred on base-nch as well as base-poor sOlls (the base-nch sOlls not bemg

subject to Al3 + pulses) (e g , Rehfuess, 1987), Van Breemen et al (1982, 1987) and

Johnson et al (1991) noted N03- - Al3 + pulses m sOIl solutIOns from forest sItes m the

Netherlands and m the Smoky Mountams of North Carolma Alummum tOXICIty IS one of

several mtrogen-related hypotheses posed to explam what has been termed forest declme m

both countnes Other hypotheses mc1ude weather extremes and chmate change, Mg and

K defiCIenCIes that occur m sItes naturally low m these nutnents, and fohar damage due to

aCId mIst Researchers on aquatIc effects of aCId depositlon have long noted spnngtIme

pulses of N03-, Al3 +, and H+ m aCId-affected surface waters of the northeastern Umted

States (Galloway et al., 1980, Dnscoll et al , 1989b)

10.9.6 Effects of Nitrogen on Ecosystems

Ecosystems respond to envIronmental stresses through theIr constltuent orgamsms (see

SectIon 10 1) Plant populatIOns, when exposed to any envIroltlillental stress, can exlnbit four

dIfferent reactIons (1) no response-the mdIviduals are reSIstant to the stress, (2) the most

severe response-mortalIty of all mdividuais and local extmctIOn of the extremely sensItlve

populatIOns, (3) phYSIOlogICal accommodatIOn-growth and reproductlve success of

mdIviduals are unaffected because the stress IS phYSIOlogIcally accommodated, and

(4) dIfferentIal response-members of the populatIOn respond dIfferentlally, WIth some

mdividuals exhIbItlng better growth and reproductlve success due to genetlcally determmed

traIts (Taylor and PiteIka, 1992, Garner, 1992) The prnnary effect of aIr pollutlon on the

more susceptlble members of the plant commumty IS that they can no longer compete

effectIvely for essentlal nutnents, water, hght, and space, and are ehmmated The extent of
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change that may occur m a commumty depends on the condItion and type of commumty, as

well as the pollutant exposure (Garner, 1992)

Plant responses are fohar or sou mediated Subsequent to the dry and wet depOSItion of

nitrogen forms from the atmosphere (Section 10 4), mtrogen-contammg compounds can

impact the terrestnal ecosystems when they enter plant leaves and alter metabohc processes

(Chapter 9) or by modtfymg the mtrogen cycle and assocIated sou chemIcal propertIes

(Section 10 5) Changes m bIochemIstry that result m reduced VIgor and growth and

decrease the plant's ability to compete for hght, water, space, and nutnents can be

manifested as changes m plant populations, commumtIes, and, ultimately, ecosystems

(Chapter 9, Section 102) InterpretatIOn of the effects of wet- and dry-deposIted mtrogen

compounds at the ecosystem level IS dIfficult because of the mterconverSIOn of mtrogen

compounds and the complex mteractIons that eXist between bIOlogICal, phySIcochemIcal, and

clunatic factors (Section 10 2, U S Envrronmental Protection Agency, 1982) Nevertheless,

reactIve mtrogen compounds have been hypothesIZed to Impact ecosystems through

modificatIOns of mdlvldual plant phYSIOlogICal processes upon entenng plants through the

foliage, or through alterations m the mtrogen status of the ecosystem

Very httle information IS avaIlable on the dIrect effects of HN03 vapor on vegetatIOn,

and essentIally no mformatIon IS avaIlable on ItS effects on ecosystems Norby et al (1989)

reported that HN03 vapor (0 075 ppmv) mduced NRA m red spruce fohage The effects of

NH3, a reduced mtrogen gas, have been summanzed by Van der Berden (1982), however,

NH3 concentratIons seldom reach phytotoXiC levels m the Umted States (U S Envrronmental

Protection Agency, 1982) In contrast, hIgh NH3 concentratIOns have been observed m

Europe (Van DIJk and Roelofs, 1988) Van der Berden (1982) summanzed avaIlable

information on the dIrect response of crop and tree specIes to NH3 fumIgatIOn and concluded

that the following concentratIOns produced no adverse effects 0 107 ppmv (75 p,g/m3
)

yearly average, 0.858 ppmv (600 p,g/m3
) daIly average, and 143 ppmv (10,000 p,g/m3

)

hourly average SubIDlcron ammomum sulfate aerosols have been shown to affect fohage of

Phaseolus vulgans L (Gmur et al ,1983) Three-week exposure to a concentratIOn of

26 mg/m3 (37 ppmv) produced leaf chlorOSIS, necroSIS, and loss of turgor

Because current ambIent concentrations of NO, N02, and NH3 are low across much of

the United States, except m certam hIghly populated urban areas, sigruficant dIrect effects of
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these mtrogen compounds on ecosystems seems unhkely at the current time Concentration

and effects data are unavauable for makIng snnuar condusiOns regardmg other reactive

mtrogen compounds hke HN03 vapor or the gaseous mtrate radIcal

Senous consIderatiOn IS currently bemg gIven to hypotheses that excess total mtrogen

depOSItion may nnpact plant productivity drrectly or through changes m sou chemIcal

propertIes Furthermore It has been proposed that exce ss mtrogen depOSItion to ecosystems

can modIfy mterplant competitIve balances, leadmg to changes m specIes compOSItion and/or

dIverSIty The uptake of mtrogen and ItS allocatiOn IS of ovemdmg nnportance m plant

metabohsm and governs, to a large extent, the utIhzatlOn of phosphorus, potaSSIUm, and

other nutnents, and plant growth NItrogen IS the mmeral nutnent that most frequently hmitS

growth m both agncultural and natural systems (Chapm et al ,1987) Normally, the

acqUISItion of mtrogen IS a major carbon expense for plants Plants expend a predommant

fractiOn of the total energy available to them m the form of carbohydrates m the acqUISItion

of mtrogen Absorption of mtrogen from the sou requITes constant and extenSIve root

growth to meet the needs of a rapIdly growmg plant because sou pools of mtrogen,

ammomum, or mtrate m the Immediate VlC1ll1ty of the mots ale usually so small that they are

qUIckly depleted (SectiOn 10 3)

Increased mtrogen depOSItion has been associated WIth changes m the followmg plant

and sou processes mvolved m nutnent cyclmg (1) plant uptake and allocatiOn, (2) htter

production, (3) lIDmobIhzatIon (mc1udes the processes of ammomficatlon [the release of

ammomum] and mtnficatIon [the converSiOn of ammOnIum to mtrate dunng the decay of

htter and sou orgamc matter]), (4) N03- leachmg, and (5) trace gas emISSIon (Aber et al ,

1989, FIgure 10-17) Changes m tree phySiOlogy mc1Ulde altered nutnent uptake and

carbohydrate allocatiOn, whIch dIrectly alters the rate of photosynthesIs and mfluences

growth rate and mycorrluzae formatiOn, and mcreased leaf mtrogen (Chapm et al , 1987,

Warmg, 1985) Susceptibility to msect and dIsease attlck have also been attnbuted to

alteratiOn m tree phySiOlogy (Chapm et al , 1987, Warmg, 1987, ShIgo, 1973, Hollis et al ,

1975, Weetman and Hill, 1973)

Increased mtrogen mputs can affect tree reSIstance to msects and dIsease eIther

pOSItively or negatively AllevIatmg mtrogen defiCIency may mcrease plant reSIstance to

pathogen attack, but It may also reduce the productiOn of phenols m plant tissues, thereby
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Source Garner (1992)

reducmg resistance to pathogen attack To date, there IS htt1e research to show how

increased nitrogen mputs affect susceptIbility to pathogen attack, but the potentIal for eIther

increased susceptIbility or protectIon IS slgmficant

The mtrogen-photosynthesis relatIonshIp IS cntIcal to the growth of trees because m the

leaves of plants WIth C3 photosynthesIS (the pathway used by most of the world's plants),

approximately 75 % of the total mtrogen IS contamed m the choloroplasts and IS used dunng

photosynthesis (Chapm et al ,1987) As a rule, plants allocate resources most effiCIently

when growth IS equally hmIted by all resources When a specIfic resource such as mtrogen

limits growth, plants adjust by allocatmg carbohydrates to the organs that acquIre the most
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strongly lnnitmg resources, however, when mtrogen IS abundant, allocation IS to the

fonnation of new leaves

Plants do not necessanly benefit from added mtrogen More mtrogen ill the SOllIS not

mIrrored by illcreased uptake except at low levels (SectIOn 10 3) Among boreal and

subalpme comfers and other vegetatIOn adapted to resoUl ce-poor envIronments, mtrogen

added to the SOll may not mcrease growth The mtrate reductase enzyme activIty m roots

and shoots detennmes the pattern of mtrate aSSImllatIOn The photosynthetic capacIty of

comfer fohage IS low and not greatly enhanced by mcreasmg the mtrogen content (Warmg

and Schlesmger, 1985) HIgh leaf mtrogen content IS not always an advantage when other

resources, among whIch are hght and water, are hmlted When photosynthesIs IS measured

at hght saturatIOn, leaf mtrogen IS closely correlated wIth photosynthetic capacIty But when

hght IS low, photosynthesIs mcreases very httle, If at all, wIth illcreasmg leaf mtrogen

(Chapm et al ,1987) In dense comfer forests, lack of sunhght makes the metabohc

converSIOns of mtrate mefficlent because productIOn of large amounts of carbohydrates and

other hght-driven reactions become lnnltmg (Zeevaart, 1976) When mtrogen IS no longer

lnnltmg, defiCIencIes of other nutnents may occur (Aber et a! , 1989, Kenk and FIscher,

1988) Competition, under the above circumstances, favors decIduous tree SpecIes, plants

characteristic of resource-nch envIronments, rather than comfers (Warmg, 1987)

ExceSSIve NH4+ deposItion (40 to 80 kg/ha/year) 10 SOllS ill whIch mtnficatIOn IS

mhIblted causes senous nutnonal Imbalances and even toXIC effects to some forests ill the

Netherlands (Boxman et al ,1988) Deletenous effects of excess mtrogen deposItion (40 to

80 kg/halyear) can occur VIa aboveground processes as well K and Mg defiCIencIes ill

dec1mmg Dutch forests are thought to be caused by exceSSIve fohar leachmg due to hIgh

mputs of NH4+ (Roelofs et al , 1985)

Growth responses to mcreased mtrogen mputs resulted m changes ill specIes

compOSItIon ill ecosystems in the Netherlands (Van Breeman and Van DI]k, 1988) SpecIes

respond dIfferentIally to mcreased mtrogen availability, creatmg the potentia! for changes ill

ecosystem compOSItion WIth mcreased mtrogen loadmg Changes from heathland to

grassland m Holland have been attnbuted to current rates of mtrogen deposItion (Roelofs

et a! ,1987) Ellenberg (1987) pomts to further specIes changes ill Central European

ecosystems as a hkely consequence of elevated mtrogen He states that "More than 50 % of
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the plant species in Central Europe can only compete on stands that are deficIent m mtrogen

supply. II

De Temmennan et al (1988) found mcreased fungal outbreaks and frost damage on

several pme specIes exposed to very hIgh NH3 deposItIon rates (> 350 kg/ha/year)

Numbers of specIes and frUItIng bodIes of fungI have also decreased concomItantly WIth

nitrogen depositlon m Dutch forests (Van Breemen and Van DI]k, 1988) Schulze (1989)

presents a clear progressIOn of eVIdence that mdIcates that canopy uptake of mtrogen together

with root uptake has caused a mtrogen Imbalance m Norway spruce, leadIng to Its declme
~

ExceSSive nitrogen mputs to terrestnal ecosystems can cause dIfferentIal competItIve

advantage among plants WIthIn a heathland (Hell and Bruggmk, 1987, HeI1 et al , 1988)

In unmanaged heathlands ill the Netherlands, Calluna vulagns IS bemg replaced by grass

species as a consequnce of the eutrophIc effect of aCIdIc ramfall and large mtrogen mputs

arismg from intenSive farmmg practIces m the regIOn Calluna IS an evergreen WIth a long

growing season, whIch nonnally permIts It to compensate for ItS slow growth rate so that It

competes successfully WIth the faster growmg Moltnza (grass) under nonnal nutnent-1Imltmg

conditions However, a large mcrease m the mtrogen supply Improves the competItlve

advantage of Moltnza, mcreasmg Its growth rate so that It becomes the dommant specIes m

the heathland. Roelofs et al (1987) observed that mtrophllous grasses (Moltnza and

Desclzampsza) are dIsplacmg slower growmg plants (Enca and Calluna) on heathlands m the

Netherlands, and suggested that a correlatIOn eXisted between thIs change and mtrogen

loadIng. Van Breemen and Van DI]k (1988) found a subStantIal dIsplacement of heathland

plants by grasses from 1980 to 1986 and also observed mcreases m mtrophIlous plants m

forest herb layers Ellenberg (1988) suggested that Iomc mputs (N03- and NH4+) mfluence

competition between orgamsms long before tOXiC effects appear on mdlvldual plants These

changes in the Netherlands have occurred under mtrogen loadmgs of between 20 and 60 kg

nitrogen/ha/year Lll]elund and Torstensson (1988) have shown clear SIgns of vegetatIOn

changes in response to mtrogen depOSItIon rates of 20 kg/ha/year

Evidence is accumulatIng that the assumed 0rspeclfic effects of forests WIthIn the

Los Angeles basin are not stnctly the result of 03 exposures but, m part, due to the

co-deposition of OXides of nitrogen, speclfically HN03 The envlfonment IS seldom optImal

in either natural or agncultural commumtIes It IS not unusual, therefore, for plants growmg
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m natural habitats to encounter multIple stresses Plant responses to multIple stresses depend

on resource (carbon and mtrogen) mteractIons at levels Jrangmg from the cell to the

ecosystem (Chapm et al ,1987) At the present tune, data dealIng WIth the response of trees

or other vegetatIOn to the combmed stresses of 03 exposure above ground and mtrate

deposItIOn through the soll are sparse, however, when the responses of plants exposed to

03 alone and to mtrate deposItIon alone are consIdered, It IS possIble to conceptualIze how

exposure to the two m combmatIon could affect vegetatIon Both 03 exposure and mtrate

uptake can affect the processes of photosynthesIs, carbohydrate allocatIon, and nutnent

uptake The unpact of a reduced carbon supply to the shoot or to the roots and the affect on

subsequent allocatIOn of mtrogen, as well as other nutnents, can be deduced from

FIgure 10-17

The unportance of the mtrogen-photosynthesis relatIonshIp and the allocatIon of mtrogen

and carbon on plant growth has been dIscussed m the pIeVIous sectIon Patterns of carbon

allocatIOn dIrectly mfluence the growth rate (McLaughlm et al , 1982, U S EnVIronmental

ProtectIOn Agency, 1986, Gamer et al ,1989) The ready availability of mtrogen m the soll

and ItS uptake mfluence the process of photosynthesIs by mcreasmg carbohydrate demand and

shIftmg allocatIOn (FIgure 10-17) from the roots, to the shoots To mcrease carbohydrate

productIon m order to utilize mcreased leaf mtrogen, plants compensate by producmg more

leaves

Exposure to 03 mhIbitS photosynthesIs and mcreases carbohydrate demand m plants that

already have a hIgh carbohydrate demand Ozone IS the most phytotoXIC of the ambIent aIr

pollutants Many controlled studIes usmg both herbaceous and woody vegetatIon have

demonstrated mhIbitIOn of photosyntheSIS and premature senescence of leaves by 03 exposure

(Gamer et al , 1989, U S EnVIronmental ProtectIOn Agency, 1986) Exposure of senSItIve

trees to 03 decreases growth and VIgor by mhIbltmg photosyntheSIS, decreasmg carbohydrate

productIon and allocatIon to the roots, and mterfenng WIth mycorrhIzae formatIOn

(McLaughlIn et al , 1982, Tmgey and Taylor, 1982, U S EnVIronmental ProtectIon Agency,

1986, Gamer et al , 1989)

Both mcreased soll mtrogen and 03 exposure can affect nutnent uptake When mtrogen

IS readlly avaJ1able, other nutnents (e g , phosphorus and calCIUm) can become Innltmg

Decreased carbohydrate allocatIOn to roots, a result of 0 3 exposure, mterferes WIth
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mycorrluzae formation and, subsequently, nutnent uptake Lmlltmg carbohydrate production

and nutrient avaIlability suppresses growth (McLaughlm et al , 1982, Mooney and Wmner,

1988; U.S. Environmental ProtectIOn Agency, 1986) The combmed stresses resultmg from

mcreased soll mtrogen and ambIent 03 exposure, therefore, have the capability of severely

impacting plant growth

10.9.7 Nitrogen Saturation, Critical Loads, and Current Deposition

Ecosystem mtrogen saturatIOn and the defImtlOn of the level of total mtrogen depOSItion

at which critical changes begm to appear m senSItive ecosystems have been the subject of

recent conferences m Europe (Nllsson and Grennfelt, 1988, Brown et al , 1988, Skeffmgton

and Wllson, 1988) The Workshop held at Skokloster, Sweden, m March 1988 (Nllsson and

Grennfelt, 1988) adopted the followmg defImtion for a cntIcalload "A quantitative estImate

of an exposure to one or more pollutants below which sIgmfIcant harmful effects on specIfIed

sensitive elements of the enVIronment do not occur accordmg to present knowledge" In the

Skokloster Report (Nllsson and Grennfelt, 1988) and subsequent publIcatIOns synthesIZmg

much of the Information, mtrogen cntIcalloads were aImed "to protect solls from long-term

chemical changes WIth respect to base saturatIOn" (NIlsson and Grennfelt, 1988, Schulze

et al ,1989) The cntIcalloads were estImated usmg two equatIOns Based on the equations

and estimates of the vanous parameters WIthIn them, the authors calculated cntIcalloads for

various forest ecosystems TheIr values ranged from a low of 3 to 5 kg mtrogenlha/year for

raised bogs to a high of 5 to 20 kg mtrogen/ha/year It IS Important to recognIZe that the

magnitude of such a cntIcalload will be SIte and specIes specIfIc because It IS highly

dependent on 1llltial soll chemistnes and bIolOgical growth potentIals (1 e , mtrogen

demands)

The aim of the mtrogen saturatIon concept IS to make It pOSSIble to defme a cntIcal

load for mtrogen (depOSItIon rate) at which no change or deletenous Impacts will occur to an

ecosystem (Nllsson, 1986) Problems eXist, however, WIth Implementmg the concept

EstablIshIng a cntIcalload depends on the cntena used (e g , one cntIcalload would be

reqUIred to prevent specIes change and another would be reqUITed to prevent commumty

change) (LllJelund and Torstensson, 1988)
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Skeffmgton and Wilson (1988) pomt out that mtnnsiC m all deflllltIons of a cntIcalload

IS the notIOn that there IS a load at whlch no long-tenn effects occur The compleXIty of the

mtrogen cycle and ecosystem diversIty make defmmg a cntIcalload for mtrogen very

dIfficult The followmg possIble cntena may be useful for defmmg appropnate cntIcal

mtrogen loads on ecosystems

• prevent mtrate levels ill dnnkmg or surface waters from nsmg above
standard levels,

• ensure proton productIOn less than weathering rate,
• mamtam a flxed NHrbase cation balance,
• mamtam mtrogen mputs below mtrogen outputs (the mtrogen-saturatIon approach),

and
• mmumze acceleratIOns m the rates of ecOlOgICal succeSSIOn (vegetation changes due

to altered mterspecillc competitIOn)

In summanzmg the results of a recent conference on cntIcal mtrogen loadmg, after

discussmg vanous options for settmg a cntIcal mtrogen load, Skeffmgton and Wilson (1988)

concluded that "we do not understand ecosystems well enough to set a cntIcalload for

mtrogen deposItion m a completely objective fashlon" Brown et al (1988) further

concluded that there was probably no umversal cntIcalload deflllltIon that could be apphed

to all ecosystems, and a combmatIOn of SCIentIflc, pohtLcal, and economIC conSIderatIOns

would be requIred for the apphcatIOn of the cntIcalload concept

The followmg terrestnal ecosystems have been suggested as bemg at nsk from the

depOSItIon of mtrogen-based compounds

• heathlands WIth a hlgh proportIon of hchen cover,
• low meadow vegetation types used for extenSIve grazmg and haymakmg, and
• comferous forests, especIally those at hlgh altItllldes (WorId Health

OrgmnzatIon, 1987)

The above ohgotrophlc ecosystems are conSIdered at nsk from atmosphenc mtrogen

depOSItion because plant speCIes nonnally restncted by low nutnent concentrations could gam

a competitive advantage, and theIr growth at the expens.e of eXIstmg specIes would change

the "nonnal" specIes compOSItIOn and displace some speCIes entIrely (Ellenberg, 1987,

Warmg, 1987) SenSItive natural ecosystems, unhke hlghly mampulated agncultural systems,

may be prone to change from exposure to dry depOSIted mtrogen compounds because

processes of natural selectIOn whereby tolerant mdIviduals surV1Ve may not be keepmg pace-
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WIth the current levels of atmosphenc mtrogen deposItion (World Health OrgamzatIon,

1987)

There IS little doubt that mtrogen deposItion has had an effect on many ecosystems m

Europe. KauppI et al (1992) report that bIOmass of European forest mcreased dunng the

1971 to 1990 penod ThIs IS m stark contrast to earher claImS of forest dechne The

authors attnbute this growth mcrease to mcreases m mtrogen depOSItIOn and base theIr

conclusions on a companson of the magmtude of mcreases m mtrogen depOSItion and

responses shown by European forests to mtrogen fertIhzer It IS lOgIcal to assume that the

same growth mcrease would occur m many forests m North Amenca (espeCIally western

North Amenca) WIth mcreased depOSItion, gIven known mtrogen defiCIenCIes and responses

to nitrogen fertilization (Aber et al , 1989, Gessel et al , 1973)

However, because ecosystems have a vanable capaCIty to buffer changes caused by

elevated mputs of nitrogen, It IS dIfficult to make general conclUSIons about the type and

extent of change (if any) currently resultIng from mtrogen depOSItion m North Amenca

More research needs to be conducted m thIs area to determme If the hypotheSIZed effects of

excess mtrogen depOSItion are takIng place and to determme the senSItiVIty of a WIde range

of natural ecosystems to mtrogen loadmg

10.9.8 Effects of Nitrogen on Wetlands and Bogs

The anaerobIC (oxygen-free) nature of theIr waterlogged sOIlS IS the feature that sets

wetlands apart AnaerobIC wetland sOlls favor the accumulatIOn of orgamc matter and losses

of mmeral mtrogen to the atmosphere through demtnficatIon reactions (the converSIOn of

nitrate to gaseous mtrogen by mIcrobes) NItrogen depOSItion can Impact plant and mIcrobIal

processes eIther dIrectly or mdIrectly by aCIdIfymg the enVIronment An mcrease In mtrogen

supply through atmosphenc depOSItIOn or other means alters the competitive relatIOnshIps

anlong plant specIes such that fast-growmg mtrophllous specIes (specIes that have a hIgh

nitrogen requirement) are favored MiCrobIal rates of decomposItion, mtrogen fIXatIOn (the

converSIOn of gaseous mtrogen to ammomum), mtnficatIOn (the converSIOn of ammomum to

mtrate), and dIsslffillatory mtrate reduction (conversIon to gaseous mtrogen or ammonIUm)

are all affected ACIdIficatIOn below pH 4 to 5 7 blocks the mtrogen cycle by mhtbItmg

nitrIficanon, and the accumulation of~+ m the enVIronment represses mtrogen fIXatIOn
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(Roelofs, 1986, Schuurkes et al , 1986, 1987, Rudd et a1 ,1988) The proportIon of N20

produced by demtnficatIon reactions mcreases wIth decreasmg pH below 7, and the absolute

rate of productIOn of N20 Increases wIth mcreasmg eutrophIcatIOn (nutnent ennchment of

the envIronment) (Focht, 1974) ThIs IS potentially nnportant on a global scale because of

chemIcal reactIOns WIth N20 m the atmosphere that result m a loss of 03

The nnportance of atmosphenc mtrogen deposItion to the commumty structure (specIes

compOSItIOn and mterrelatIonshIps) of wetlands mcreases as raInfall mcreases as a fractIOn of

the total water budget Pnmary productIOn (plant growth) m wetlands IS commonly InnIted

by mtrogen aVaIlability Pnmary productIOn IS proportIonal to the rate of mternal mtrogen

cyclmg, whIch IS mfluenced by the quantity of mmera1.Jzable soll mtrogen as well as the

supply of mtrogen to the ecosystem from the atmosphere or surface flow Total mtrogen

mputs range from about 10 kg mtrogen/ha/year m ombrotrophtc bogs (ram-fed bogs), whIch

receIve water only through precIpItatIon, to 750 kg mtrogenlhalyear or more In mtertIdal

wetlands WIth large ground and surface hydrologIc mputs

From studIes of nme North Amencan wetlands, bulk mtrogen deposItion ranges from

5 5 to 12 kg mtrogen/ha/year and occurs m the form of N03-, NH4+, and dIssolved orgamc

mtrogen m roughly equal proportIons More recent studIes, however, suggest that these rates

are too low and that the wet deposItion of N03- alone IS greater than 15 kg mtrogenlha/year

over much of eastern North Amenca (Zemba et al ,1988) Dry deposItion, whIch probably

accounts for greater than 50% of total deposItion, adds to the total Leaf capture of mtrogen

m fog droplets IS a thrrd form of deposItion that IS locally nnportant ApphcatIOns of

mtrogen fertJ.hzer m the field, rangmg from 7 to 3,120 kg mtlOgenihalyear, have mcreased

standmg bIomass by 6 to 413 % Other nutnents, hke phosphorus, become secondanly

hmItIng to pnmary productIOn after mtrogen mputs reach a threshold FertJ.hzatIOn and

mcreased atmosphenc deposItion have mcreased the dommance of grass speCIes over other

plant speCIes m bogs, and extreme eutrophIcatIOn IS aSsocIated WIth a decrease m plant

speCIes dIverSIty

Smgle addItions to vegetated wetland solls of 15N-Iabeled mmeral mtrogen at rates of

about 100 kg mtrogen/ha/year mdtcate that up to 93 % of apphed Nl4+ IS rapIdly assnnllated

mto orgamc matter WIthIn a smgle growmg season. The ma]onty of the labeled mtrogen IS

lost from the system after 3 years by the combmed processes of advectIve transport m water
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(carried m movmg water) of partIculate orgamc matter, advectIve and dIffusIve transport of

dissolved mtrogen, and demtnficatIon In the absence of plants, the major fate of morgamc

nitrogen applied to wetland solls IS loss to the atmosphere by demtnficatIon

Peat-formmg Sphagnum spp are largely absent from bogs m western Europe where

bulk deposition rates are about 20 to 40 kg mtrogen/halyear, and soft-water commumtIes

once dommated by IsoetIds m the Netherlands have been converted to later successIonal

stages dominated by Juncus spp (rush) and Sphagnum spp or to grasslands HeatWands

dominated by shrubs have also converted to grasslands Expenmental studIes mdicate that

ombrotrophic bogs can be mamtamed If mtrogen mputs are less than 20 kg mtrogen/ha/year

Increased prodUCtivIty associated WIth eutrophIcation IS accompamed by mcreased rates of

transpiration (evaporatIOn of water from leaf surfaces), whIch can alter wetland hydrology

and influence the dIrection of wetland succeSSIOn By thIs mechamsm, one modelmg study

suggests that a succesSIOn (change) from open ombrotrophIc bog to forested wetland occurs

when a threshold of 7 kg mtrogen/halyear IS exceeded These estImates are conSIstent WIth

conclusIOns from studies of specIes dIstnbutIons that place the hImt for many speCIes from

10 to 20 kg nitrogen/halyear (LllJelund and Torstensson, 1988)

Fourteen percent (18 specIes) of the plant speCIes from the contermmous Umted States

that are formally hsted as endangered, and an additional 284 speCIes hsted as potentially
I

threatened (Code of Federal Regulations, 1987), are found prmcipally m wetland habItats

Some of the endangered plants, hke the green pItcher plant, are known to be adapted to

infertile habItats and are threatened by current levels of mtrogen depOSItion m parts of North

Amenca. Plant specIes that are threatened by hIgh mtrogen depOSItion are not confmed to

wetland habitats, however, but are common across many ecosystem types (Ellenberg, 1988)

10.9.9 Effects of Nitrogen on Aquatic Systems

Nitrogen depOSItion has not hIstoncally been conSIdered a senous threat to the mtegnty

of aquatic ecosystems

Assessment of the aquatic effects of NOx depends on a close exammatIon of the

processes by whIch mtrogen may enter streams, lakes and estuanes Sources of mtrogen

may include (1) atmosphenc depOSItion drrectly to the water surface, (2) depOSItion to the

watershed that IS subsequently routed to the dramage waters, (3) gaseous uptake by plants
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that IS subsequently routed, by way of htter fall and d(~OmpositIon, to dramage waters, and

(4) mtrogen fIXatIon, eIther m the water Itself, or m watershed soils In addttIon, numerous

processes act to transform mtrogen speCIes mto forms that are only mdrrectly related to the

ongmal deposItIOn or rIXatIOn These transformatIOns mc1ude (1) mtrogen aSSImilatIOn (the

bIOlogICal uptake of morganIC mtrogen speCIes), (2) mtnficatIon (the OXidatIOn of ammomum

to mtrate), (3) demtnficatIOn (the bIOlogICal reductIon of mtrate to form gaseous forms of

mtrogen, N2, NO, or N20), and (4) mmerahzatIon (the decomposItIon of organIC forms of

mtrogen to form ammomum) The multIple sources of mtrogen to aquatIC systems, and the

compleXitIes of mtrogen transformatIOns m water and watersheds, have the effect of

decouphng mtrogen depOSItIOn from mtrogen effects, and reduce our ability to attnbute

known aquatIc effects to known rates of mtrogen depOSItIon Although It IS not currently

pOSSIble to trace the pathway of mtrogen from deposibon through any gIVen watershed and

mto dramage waters, we can, m areas of the Umted States where nonatmosphenc sources of

mtrogen are small, begm to Infer cases where mtrogen depOSItIOn IS havmg an Impact on

aquatIc ecosystems

Any dtscussmn of the aquatIc effects of NOx must focus on the concept of mtrogen

saturatIOn NItrogen saturatIon can be dermed as a SItuatIon where the supply of mtrogenous

compounds from the atmosphere exceeds the demand for these compounds on the part of

watershed plants and mIcrobes (Skefrmgton and Wilson, 1988, Aber et al ,1989) Under

condttions of mtrogen saturatIon, forested watersheds that prevIously retamed nearly all of

mtrogen mputs, due to a htgh demand for mtrogen by plants and mIcrobes, begm to supply

more mtrogen to the surface waters that dram them Our conceptual understandmg of

mtrogen saturatIOn suggests that, m aquatIc systems, the earhest stages of mtrogen saturatIon

will be observable as mcreases m the seventy and duratIOn of sprmgtIme pulses of mtrate

The aquatIc effects of NOx can be dIVIded mto tlrree general categones

(1) aCIdIficatIon, both chromc and epIsodIC, (2) eutrophtcatIOn of both fresh waters and

estuanes, and (3) drrectly tOXiC effects

10.9.9.1 Acidification

ACIdIficatIOn effects are tradttIonally dIVIded mto chrome (long-term) and epIsodIC

(short-term effects usually observable only durmg seasons of htgh runoff) effects NItrate,
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the dominant form of morgamc mtrogen m almost all aquatic systems, IS commonly present

in measurable concentrations only dunng wmter and early spnng, when terrestnal demand

for nitrogen IS low because plants m the watershed are dormant NItrogen will, therefore,

only be a problem m chromc aClCIIficatIon m rare cases where the process of mtrogen

saturatIOn is very much progressed Chromc aCIdlfication by mtrogen can be conclusIvely

demonstrated only in parts of Europe (e g , Hauhs, 1989, Hauhs et al , 1989, Van Breemen

and Van DIJk, 1988)

Episodic acidIficatIOn by mtrate IS far more common than chromc aCIdlficatIon, and IS

well documented for streams (Dnscoll et al , 1987b) and lakes (Gallowayet al , 1980,

Dnscoll et al , 1991, Schaefer et al , 1990) m the AdIrondack Mountams, for streams m the

Catskill Mountains (Stoddard and Murdoch, 1991, Murdoch and Stoddard, m press b), and

in a small proportIon of lakes m Vermont (Stoddard and Kellogg, m press), as well as m

many parts of Canada (Jeffnes, 1990) and Europe (e g , Hauhs et al , 1989)

Based on mtensive momtonng data, It IS pOSSIble to dIVIde lakes and streams mto three

groups, based on theIr seasonal N03- behaVIOr In many parts of the country, mtrogen

demand on the part of the terrestnal ecosystem IS suffiCIently hIgh that no leakage of N03

from watersheds occurs, even when mtrogen depOSItion rates are relatively hIgh, and cold

temperatures should lImIt the bIOlogICal demand for mtrogen Lakes and streams m these

areas show no eVIdence that mtrogen depOSItion IS producmg adverse aquatIC effects

In a second group of lakes and streams, N03- concentrations show strong seasonahty,

with peak concentratIOns dunng snowmelt or followmg large ram events In many cases,

these episodIC mcreases m N03-, along WIth already low basehne ANC are suffiCIent to

cause short-term aCIdIfication and potential adverse bIOlogICal effects It IS Important to note

that seasonal mcreases m N03- concentratIOns can be produced by normal watershed

processes; lowered terrestnal demand for mtrogen dunng the dormant season, for example,

creates a strong hkehhood that spnngtIme dramage waters will show N03- concentratIOns

that are elevated over summer and fall concentrations MmerahzatIOn of orgamc matter

during the cold months of wmter, coupled WIth low bIOlogICal demand for mtrogen, can

produce htgh wmter concentratIOns of N03- m SOll water that IS subsequently flushed mto

drainage waters dunng spnng snowmelt or dunng large ram storms Although the seasonal

pattern of elevated N03- concentratIOns m thIs group of lakes and streams can be conSIdered
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normal, the seventy of the N03- epIsodes that these systems expenence can be strongly

mfluenced by the amount of mtrogen stored m the snowpack over the course of the wmter

If bIOlogICal demand for mtrogen IS still low at the on.set of snowmelt, the entIre store of

snowpack N03- can be flushed mto dramage waters m the very early stages of snowmelt

(e g , Johannessen and HenrIksen, 1978, Jeffnes, 1990)

The thrrd group of lakes and streams exhIbIts both the strong seasonalIty m N03

concentratIon descnbed m the prevIous paragraph, and mcreasmg trends m N03

concentratIOns Because the early stages of mtrogen sa.turatIon are expected to produce

mcreases m N03- concentratIOns, especIally dunng epIsodes, long-term mcreases m N03

may represent the strongest eVIdence that mtrogen. deposItIon IS responSIble for aquatIc

effects In all cases where mcreasmg trends m N03- have been documented m the

Umted States (SmIth et al , 1987b, Stoddard and Murdoch, 1991, Murdoch and Stoddard, m

press b, Dnscoll and Van Dreason, m press), they have occurred at a tIme when mtrogen

deposItIOn IS relatIvely constant (e g , SImpson and Olsen, 1990) Increased leakage of N03

from watersheds m these areas, therefore, represents a long-term decrease m the ability of

watersheds to retam mtrogen A lIkely cause of such long-term changes IS a lowenng m the

demand for mtrogen as a nutnent on the part of the terrestnal ecosystem, whIch may result

from long-term hIgh rates of mtrogen deposItIon to affected watersheds (e g , Aber et al ,

1989), forest maturatIOn (Elwood et a1 , 1991), Of, more lIkely, a combmatIOn of both

factors

The locatIOns of lake and stream SItes m each of the three N03- groups are shown on

maps of the Northeast (FIgure 10-36), the Southeast (l:<'Igure 10-37), and the West

(FIgure 10-38) In order to assess whIch lake and stream SItes fall mto each group, It was

necessary to have data collected over several years (at least 3 years) and on a relatIvely

mtensIve samplmg schedule (at least four tImes per year, to illustrate seasonal patterns)

These cntena exclude many sources of data, most not:l.ble are those from the NSWS

(Lmthurst et al , 1986, Landers et a1 , 1987, Kaufmann et al , 1988), and lImIt the

conclUSIons that can be drawn concemmg the spatIal extent of aquatIc effects attnbutable to

mtrogen depOSItIon Nonetheless, the maps illustrate the eXIstence of severe problems m the

Northeast (espeCIally the AdIrondack and Catskill Mountams) and the Southeast (m the
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and Increasing trend in N03
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Figure 10-36. Location of acid-sensitive lakes and streams in the northeastern United
States where the importance of nitrate to seasonal water chemistry can be
determined.

Source: Kah1 et at (1991), WIgmgton et at (1990), Dnscoll et at (1987a), Dnscoll and Van Dreason
(m press), Kramer et at (1986), Murdoch and Stoddard (m press a), Eshleman and Hemond (1985),
Morgan and Good (1988), Baird et at (1987), LIkens (1985), Sharpe et al (1984), Stoddard and
Kellogg (m press), DeWalle et at (1988), Barker and WItt (1990), Schofield et al (1985), PhIllIps and
Stewart (1990)

Mid-Appalachians and Great Smoky MountaIns), and the potentIal for future problems ill the

West.

It is also pOSSible to draw correlatIons between rates of mtrogen depOSItIon and rates of

nitrogen loss from watersheds, although these analyses cannot illdtcate causal relatIOnships,

they can suggest patterns that ment further attentIOn Two mdependent attempts have been

made to relate deposillon and watershed mtrogen export ill the Umted States, and both

suggest SImilar conclusIOns Kaufmann et al (1991) used data from the NSS (Kaufmann
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o Data Indicate no Influence of N03

• Data indicate strong Influence of NO 3

* Data indIcate strong Influence of NO;
and increasing trend In N03

Figure 10-37. Location of acid-sensitive lakes and streams in the southeastern United
States where the importance of nitrate ions to seasonal water chemistry
can be determined.

Source Elwood et al (1991), Cosby et al (1991), Elwood and Turner (1989), Buell and Peters (1988), Swank
and Walde (1988), Jones et al (1983), SIlsbee and Larson (1982), Katz et al (1985), Weller et al
(1986), WIgmgton et al (1990), Kramer et al (1986), Edwards and Helvey (1991)

et al , 1988) and mterpolated wet deposItIOn values (of N03- -I- NH4 +) to correlate

deposItIon and surface water dIssolved morgamc mtrogen concentratIOns (N03- -I- NH4 +) ill

large physIOgrapluc regIOns of the eastern Umted States (FIgure 10-39) The NSS was a

probability-based sample of streams, sampled at sprmg base flow m 1987, because It IS

probability-based, the results from the relatIvely small number of streams sampled m the

NSS can be extrapolated to the populatIOn of streams Withm each of the nme regIOns

sampled The results of the correlatIon suggest a strong correspondence between medIan wet

depOSItIon of mtrogen m a regIOn and the medIan sprmg base-flow concentratIOn of mtrogen

10-253



Washington

•
• Oregon

o

California

~ Nevada

•••

o Data Indicate no Influence of NO~

• Data Indicate strong Influence of NOa

* Data Indicate strong Influence of NOa
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Figure 10-38. Location of acid-sensitive lakes and streams in the western United States
where the importance of nitrate ions to seasonal water chemistry can be
determined.

Source Melack and Stoddard (1991), Stoddard (1987a), Loranger et aI (1986), Wlgmgton et al (1990),
Kramer et aI (1986), Welch et aI (1986), Eilers et aI (1990), GIlbert et aI (1989)

m a region In addluon, the results suggest a threshold rate of wet mtrogen deposItion of

approximately 3 kg mtrogenfha/year, above whIch sIgmficant losses of mtrogen from

watersheds can begin to occur

Driscoll et ale (1989a) collected mputloutput budget data for a large number of

undisturbed forested watersheds m the Umted States and Canada, and summanzed the
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relatIOnslnp between mtrogen export (of N03-) and wet mtrogen deposItIon

(of N03- + NH4 +) These data are supplemented m FIgure 10-39 wIth some pubhshed

mput/output data that were not mc1uded m the ongmal figure Dnscoll et al (1989a) stress

that the data were collected usmg wIdely dIffermg methods and over vanous tIme scales

(from 1 year to several decades) Like the data of Kaufmann et al (1991, FIgure 10-39),

these budget data suggest a threshold rate of wet mtrogen deposItIon of approXImately 3 kg

mtrogen/ha/year, above winch sIgmficant export of N03- from watersheds may occur

10.9.9.2 Eutrophication

AssIgmng responsIbility for the eutroplncatIOn of lakes and estuanes to NOx requIres a

determmatIon of two key condItIons The :fIrst IS that the produCtIvIty of the aquatIc system

be hmited by the avaIlability of mtrogen, rather than by some other nutrIent or phYSICal

factor The second IS that mtrogen deposItIon be a sigruficant source of mtrogen to the

system In many cases of eutroplncatIOn, the supply of mtrogen from deposItIon IS mmor

when compared to other anthropogemc sources, such all pollutIon from eIther pomt or

nonpomt sources

It IS generally accepted that the produCtIvIty of fresh waters IS hmited by the avaIlability

of phosphorus, rather than the avaIlability of mtrogen (revIewed by Hecky and KIlham,

1988) CondItIons of mtrogen hmitatIon do occur m lakes, but are often eIther transItory, or

the result of Ingh mputs of phosphorus from anthropogemc sources Often when mtrogen

hmitatIOn does occur, It IS a short-term phenomenon because mtrogen-deficlent condItions

favor the growth of mtrogen-fixmg blue-green algae (e g , SmIth, 1982) Because mtrogen

fixmg speCIes are not hmited by the avaIlability of :fIXed mtrogen (e g , NH4 + or N03), they

may thnve under condItIons where other speCIes are m1rogen mmted, and may effectIvely

mcrease rates of mtrogen rnput to the system (by :fIXatIon of gaseous mtrogen) beyond the

levels where system prodUCtIVIty can be SaId to be mtTOgen mmted It appears that mtrogen

hmitatIon may occur naturally (1 e , m the absence of anthropogemc phosphorus mputs) m

lakes WIth very low concentratIons of both mtrogen and phosphorus, as are common m the

western Umted States and rn the Northeast Suttle and Hamson (1988) and Stockner and

Shortreed (1988) suggest that phosphorus concentratIOns are too low in these systems to

allow blue-green algae to thnve, because they are poor competItors for phosphorus at very
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Figure 10-39. (a) Relationship between median wet deposition of nitrogen (mtrate ions
plus ammonium ions) and median surface water nitrogen (nitrate ions
plus ammonium ions) concentrations for physiographic districts within
the National Stream Survey that have minimal agricultural activity.
[Subregions are Poconos/CatskiIIs (ID), Southern Blue Ridge Province
(2As), Valley and Ridge Province (2Bn), Northern Appalachians (2en),
Ozarks/Ouachitas (2D), Southern Appalachians (2X), Piedmont (3A),
Mid-Atlantic Coastal Plain (3B), and Florida (3C)]. From Kaufmann
et al. (1991). (b) Relationship between wet deposition of nitrogen (nitrate
ions plus ammonium ions) and rate of nitrogen export for watershed
studies throughout North America. Sites with significant internal sources
of nitrogen (e.g., from alder trees) have been excluded.

Source Dnscoll et al (l989a), addItional data from Barker and WItt (1990), Edwards and Helvey (1991),
Kelly and Meagher (1986), Katz et al (1985), Buell and Peters (1988), Weller et al (1986), Owens
et al (1989), Feller (1987), Stoddard and Murdoch (1991)
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low concentratIOns Results of the NSWS (KanclTIlk et al , 1986, Eilers et al , 1987) suggest

that the largest number of potentIally mtrogen-lImited lakes m the Umted States occur m the

West (20 to 30 % of the population of lakes sampled by NSWS), and partIcularly m the

PacIfic Northwest, although SIgnIficant numbers may also occur m the Upper MIdwest (15 to

25 % of population) In all cases, because the concentratIOns of both mtrogen and

phosphorus are low, addItIOnal mputs of mtrogen may have a lImIted potential to cause

eutrophication because their mput will qUIckly lead to a SWItch m the lImItmg nutnent,

addItions of mtrogen to these systems would soon lead to nitrogen-sufficIent and

phosphorus-deficIent conditions Increases m mtrogen dlepositIon to some regions would

probably lead to measurable mcreases m algal bIOmass m lakes WIth both low concentrations

of dIssolved mtrogen and substantial concentratIOns of phosphorus, but the number of lakes

that meet these cntena naturally (1 e , that do not have large anthropogemc mputs of

phosphorus) IS lIkely to be qUIte small

Few tOPICS m aquatic bIOlogy have receIved as much attention ill the past decade as the

debate over whether estuarme and coastal ecosystems are lImIted by mtrogen, phosphorus, or

some other factor (reVIewed by Hecky and K:tlham, 1988) Numerous geochemIcal and

expenmental studIes have suggested that mtrogen lImItatIOn IS much more common m

estuarme and coastal waters than m freshwater systems Expenments to confIrm WIdespread

mtrogen lImItation m estuanes have not been conducted, however, and mtrogen lImItatIOn

cannot be assumed to be the rule Taken as a whole, the prodUCtiVIty of estuarme waters of

the Umted States correlates more closely WIth supply rates of mtrogen than of other nutnents

(NIXon and Pilson, 1983) Specific mstances of phosphorus lImItation (SmIth, 1984) and of

seasonal SWItChmg between mtrogen and phosphorus lImItation (D'Eha et al , 1986, McComb

et al , 1981) have been observed and stand as exceptIOns to the general rule of mtrogen

lImItatIon m marme ecosystems Nitrogen-f'lXll1g blue-green algae are rarely abundant m

estuarme waters (Howarth et al , 1988a), and so mtrogen-deficient condItIons may contmue

mdefimtely m these systems, unless mtrogen supply exceeds the bIOlogICal demand for

mtrogen

EstimatIOn of the contnbution of mtrogen depOSItion to the eutrophication of estuarme

and coastal waters IS made dIfficult by the multiple dIrect anthropogemc sources (e g , from

agnculture and sewage) of mtrogen agamst which the illlportance of atmosphenc sources

10-257



must be weIghed Estuaries and coastal areas are natural locatIons for cItIes and ports, and

most of the watersheds of major estuanes m the Umted States have been substantIally

developed. The crux of any assessment of the 1lllportance of mtrogen depOSItIOn to estuanne

eutrophIcatIon is estabhshIng the relatIve 1lllportance of drrect anthropogemc effects (e g ,

sewage and agricultural runoff) and mdrrect effects (e g , atmosphenc depOSItIon) In the

Umted States, a large effort has been made to estabhsh the relatIve 1lllportance of sources of

nItrogen to the Chesapeake Bay (e g , D'Eha et al , 1982, Smullen et al , 1982, FIsher

et al , 1988b, Tyler, 1988) Est1lllates of the contnbutIOn of mtrogen to the Chesapeake Bay

from each mdividual source are very uncertaIn, est1lllatmg the proportIOn of mtrogen

depositlOn exported from forested watersheds is especially problematIc, but cntIcal to the

analysis because about 80% of the Chesapeake Bay basm is forested Nonetheless, three

attempts at determmmg the proportIon of the total N03- load to the bay attnbutable to

nitrogen depOSItion all produced est1lllates m the range of 18 to 31 % (Table 10-27) Supphes

of nitrogen from depOSition exceed supphes from all other nonpomt sources to the bay (e g ,

agricultural runoff, pastureland runoff, urban runoff), and only pomt-source mputs represent

a greater mput than depOSItIon

10.9.9.3 Direct Toxicity

Toxic effects of mtrogen on aquatIc blOta result from un-Iomzed NH3 , which occurs m

equilibrium With lOmzed NH4+ and OH- Ammoma concentratlOns approach tOXiC

concentrations most commonly at hIgh pH and temperature values, whIch are most typIcal of

heavily polluted lakes and streams (e g , Effler et al ,1990) In the well-oxygenated

conditions typical of unpolluted lakes and streams (as well as m most watersheds), NH4+ IS

rapidly oxichzed to N03-, whIch does not have tOXiC effects on aquatiC orgamsms WithIn

the typiCal range of pH and temperature that unpolluted lakes and streams expenence, tOXiC

concentratIons of NH3 resultIng from mtrogen depOSItIon would be extremely unusual At a

pH of 7 and a temperature of 15°C, for example, concentratlOns of total NH4+ 'would have

to reach over 750 Itmol/L before chromcally tOXiC concentratIons of free NH3 would

develop. Currently, no areas of North Amenca are known to expenence rates of mtrogen

deposition that are suffiCIent to produce such hIgh concentratlOns of total N'B4+ m surface

waters.
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TABLE 10-27. THREE NITROGEN BUDGETS FOR THE CHESAPEAKE BAY
EDF Budget Versar Budget Refined Budget

Source of NItrogen 8 (108 kg/year) (108 kg/year)(10 kg/year)
Duect DeposItiOn

NItrate Ions 08 07 06
Ammomum Ions 04

a 03-
b 13 07 08NItrogen Load to Bay (from duect deposItion)

Forests
NItrate Ion DeposItion 90 84 64
Ammomum Ion DeposItion 49 80% _a 95% 35 846%
Watershed Retention 08 50% 02 50% 07 35%
In-Stream Retention 14 02 10
Atmosphenc NItrate Ion Load to Bat (from forests)
NItrogen Load to Bay (from forests)

Pasture Land
NItrate Ion DeposItion 24 17 13
Ammomum Ion DeposItion 13 95%c a 94-99% 07 95%d-
Ammal Wastes 145 50%c 118 50% 195 35%
Watershed Retention 07 001- 013
In-Stream Retention 15 006 08
Atmosphenc NItrate Ion Load to Bay (from 007-
pastures) 04

bNItrogen Load to Bay (from pastures)
Cropland

NItrate Ion DeposItion 25 }70% 28 2 1
Ammomum Ion DeposItion 14 a 76-99% 1 1 95%-
FertIhzers 158 4 1- 50% 158 35%
Watershed Retention 08 270 007
In-Stream Retention 59 001- 06
Atmosphenc NItrate Ion Load to Bay (from 03
cropland) 006-

b 36NItrogen Load to Bay (from cropland)
ResIdentIallUrban

NItrate Ion DepOSItion 04 07 06
Ammomum Ion DepOSItion 03 35% _a 62-96% 03 50%
Watershed Retention 03 0% 001- 20% 01 35%
In-Stream Retention 04 014 03
Atmosphenc NItrate Ion Load to Bay (from urban 001-
areas) 014
NItrogen Load to Bay (from urban areas)b

Pomt Sources 34 20-32 34
NITRATE ION LOAD TO BAY (FROM 35 094- 153
DEPOSITION) 148
TOTAL NIlROGEN LOAD TO BAyb 1394 3 03- 682

826
% of NItrogen from N03- depOSition 25% 18- 225%

31%e

Rnte Versar Budget (Tyler, 1988) does not calculate loads of ammomum Ions (N"!4+)
bFor the Envuonmental Defense Fund (EDF) Budget (FIsher et al , 1988a, FIsher and OppenheImer, 1991) and

- Of'refined budget, total mtrogen load to the bay mcludes both mtrate iOns (N03 ) and NH4 The Versar Budget
(Tyler, 1988) mcludes only N03-

cWatershed and m-stream retention values for pastureland m the BDF Budget apply only to ammal wastes For
atmosphenc depOSItiOn, the cropland retention value (70%) was used

d95% retention was used for ammal wastes, 85% retention was used for depOSItion (see text m
Section 10 8 4 3)
~e range of contnbutiOns of N03- depOSItion to the total budget were calculated by comparmg maxlmum-to
maxlmum estimates and mmtmum-to-mmtmum estimates These combmatIons are more hkely to occur dunng
extreme (e g , very wet or very dry) years
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11. EFFECTS OF NITROGEN OXIDES
ON VISmILITY

Clear days are an Important aesthetic resource for us all They also carry
commercIal value for tounsm and real estate TllUs, the appearance of layers of
smoggy haze over CIties and across rural VIstas IS one of the most wIdely noticed
effects of aIr pollutIOn (Sloane and WhIte, 1986)

EmIssIons of mtrogen oXIdes (NOx) can contnbu1e sIgmficantly to VISIbility Imparrment,

or the lflayers of smoggy haze" noted by Sloane and "White They can have aesthetIc Impact

because they can cause a yellow-brown dIscoloration of the atmosphere when present ill

plumes or ill urban, regIOnal, and layered haze They can also reduce VISUal range, thereby

dImlllShmg the contrast of dIStant objects VIewed through an atmosphere contamillg NOx

Only some of the specIes ill the NOx family, however, are optICally active and thus able

to affect atmosphenc VISIbility FIgure 11-1 Illustrates the major categones (illcludmg

atmosphenc OXIdatIon products) of NOx speCIes and the two specIes that have an effect on

VISIbility mtrogen dIOXIde (N02), a gas that absorbs lIght, clllefly at the blue end of the

VISIble spectrum, and mtrate aerosols, partIcles that scatter lIght The other forms of NOx

that occur ill ambIent aIr, mtnc OXIde (NO), mtrous aCId (HONO), and mtnc aCId (HN0:3),

are optically mactIve gases and therefore do not coiitnbute to VISIbility Imparrment

(Peroxyacetyl mtrate [PAN], HONO, and HN03 , however, mterfere WIth chemIlummescence

N02 measurements and therefore would illdrrectly affect the estImation of the effects of N(h

on VISIbility) Thus, dependmg on the form ill whIch NOx eXIsts ill the atmosphere, NOx

mayor may not playa sIgmficant role overall ill VISIbiLIty For example, mtrate aerosol may

never form from HN03 ill certam warm clImates, ill ateas WIth low ambIent atmosphenc

concentrations of ammoma (NH3), or ill areas WIth hIgh ambIent concentrations of aCId

sulfate, smce aCId sulfate reacts WIth ammomum mtrate (NH4N03), thereby releasillg mtnc

aCId

NItrogen OXIdes have been found to playa sIgmficant role ill the aesthetiC Impact

caused by combustion emISSIon sources such as power plants ThIs Impact IS domillated by

the yellow-brown coloratIOn caused by N02 relatively near the source (WIthm 100 kIn)

NItrate aerosols have been found to playa sIgmficant role ill the haze observed ill urban
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areas ill the western Umted States, particularly dlllrmg wmter and near sIgmficant ammoma

sources (such as cattle feedlots) NItrate aerosols, alOltlg WIth sulfate, may also playa

sIgmficant role m the formatIOn of wmtertIme layered haze that has been observed m the

VIClillty of large, Isolated power plants

Although NOx has a clearly defmed effect on VISIbility (aesthetIc Impacts and VISUal

range reductiOn), m most areas of the country VISIbility Impamnent IS usually dommated by

other specIes, such as sulfate and elemental and orgamc carbon partIcles Also, It should be

noted that browmsh atmosphenc mscoloratIOn may be caused by partIcles such as sulfate and

not solely by N02 and mtrate

11.1 OVERVIEW OF LIGHT SCATTERING AND ABSORPTION

The VISIbility effects of the optICally active forms of NOx , N02 and mtrate aerosols,

can best be illustrated by revIewmg some of the fundamentals of atmosphenc optics The

detenoratIOn of VISIbility IS the result of the absorption and scattermg of hght by gaseous

molecules and suspended sohd or hqUld particles (MIddleton, 1952) Absorbed hght IS

transformed mto other forms of energy, such as heat, whereas scattered hght IS reramated m

all dIrections

The effect of the mtervenmg atmosphere on the VISIbility and coloratIOn of a VIewed

object, such as the honzon sky, a dIstant mountam, 01 a cloud, can be calculated by solvmg

the radIative transfer equatIOn along the hne of SIght (see schematic m FIgure 11-2) ThIs

equation can be solved IT the hght extmctIOn propertIes of the mtervenmg atmosphere are

known

The change m the hght mtensity of a specIfic wavelength, or spectral ramance I(A), as a

functIOn of mstance along the hne of SIght can be calculated as follows (Chandrasekhar,

1960, LatImer and Samuelsen, 1975, 1978, LatImer e1t al , 1978, WhIte et al , 1986)

(11-1)
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Figure 11-2. Schematic of an elemental volume of haze along a line of sight.

Source Latimer and Ireson (1980)

where

I(}..) - the spectral hght mtenslty of wavelength 'A,

r - the dIstance along the hue of sight from the object to the observer (see
Figure 11-2 for defImtlons),

J('A,8) - source function,

bscat('A) - the light scattenng coeffIcient, and

bext(}..) - the hght extinction coeffiCient, the sum of scattenng and absorption

An exammatlOn of EquatIOn 11-1 mdIcates that hght can be both removed and added to

the line of sight. The fIrst term on the nght Side of tms equatIOn represents the rate at wmch

light is removed from the hue of Sight and the second term IS the rate at wmch It IS added

If the fIrst term is larger than the second, the net effect IS a decrease m hght mtenslty
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(darkenmg) of an observed object as one moves along the hue of SIght (see upper curve m

FIgure 11-3) If the second term IS larger than the first, the net effect IS an mcrease m hght

mtensity (bnghtenmg) of an observed object The darkenmg effect, the :fIrst term, IS

dependent on total hght extmctIOn (bexJ, which IS the sum of hght scattenng and absorptIOn

The bnghtenmg effect, the second term, IS dependent only on hght scattenng (bscaJ Thus,

hght absorpoon can only darken objects VIewed tllrrough the atmosphere, whereas hght

scattenng can eIther bnghten or darken VIewed objects Smce N02 IS a gas that

preferenoally absorbs blue hght, It always tends to darken and dIscolor the sky and objects

VIewed through the atmosphere Because mtrate aerosol scatters hght, It can eIther bnghten

or darken the sky and objects

BRIGHT OBJECT

---------- .. - ........

BLACK OBJECT

o OBJECT-OBSERVER DISTANCE (fa)

Figure 11-3. Effect of a homogeneous atmosphere on light intensity of bright and dark
objects as a function of distance along a line of sight.

Source Latimer and Ireson (1980), adapted from MIddleton (1952)
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The hght extmctIon (bexJ coefficIent IS the optIcal eqUivalent of ambIent pollutant

concentration TIns parameter (as well as ItS scattermg and absorptIon components) has umts

of inverse dIstance (e g , m-I, lan-I, Mm-I
) These coefficIents can be consIdered to be the

equivalent hght extinctIOn, scattermg, or absorptIon cross-sectIOnal area (m2
) per umt volume

of ambient air (m3
) In EquatIon 11-1, the hght extmctIOn coeffiCIent IS the sum of ItS hght

scattering and hght absorptIon components

(11-2)

The first term, bsg' IS the scattermg coeffiCIent attnbutable to gases and IS the result

primarIly of RayleIgh scattermg caused by gases m the atmosphere (chIefly mtrogen and

oxygen). The second term, bsp, IS the scattermg coeffiCIent from partIcles suspended m the

atmosphere (aerosols) NItrate aerosol contnbutes to thIs term, along WIth other aerosols,

including sulfates, orgamc and elemental carbon, and other partIculate matter, both fme

(<2.5 p.m in dIameter) and coarse (> 2 5 p.m m diameter) The thIrd term, bag, IS the

absorption coefficIent resultmg from gases NItrogen dIOXide IS the only sIgmficant

contnbutor to thIs term m the VISIble spectrum The fourth and last term, bap, IS the

absorptIon coefficIent resultmg from partIcles TIns term IS dommated by the effect of

elemental carbon (soot), a combustIOn product found, for example, m diesel engme exhaust

Except m very clean areas of the western Umted States, natural bsg IS a small fraction

of bext' bsp usually dommates bext' and fme-partlcle bsp usually dommates total bsp (WhIte,

1990).

All of these components of total hght extmctIOn, as well as total extmctIOn Itself, are

functions of the wavelength of hght As dIscussed m more detaI1later, the atmosphenc

discoloratIon caused by NOx (both N02 and mtrate aerosol) can be explamed by the

wavelength-dependent nature of N02 hght absorptIOn and mtrate hght scattermg effects

Both scattering and absorptIOn from these NOx speCIes are stronger at the blue end of the

viSIble spectrum (wavelength X, = 0 4 p.m) than at the red end (X, = 0 7 p.m)

The scattermg or absorption coeffiCIent can be determmed from the product of the

concentration of an optically active speCIes and ItS hght scattermg or specIfic absorptIOn

efficiency (f3) ThIs effiCIency IS commonly stated m umts of m2/g When the ambIent
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The hght extmctIOn effiCIency for partIcles IS a s1i.rong functIon of partIcle SIZe (see

FIgure 11-4) Fme partIcles, those WIth dtameters < 2 5 p,m, are much more effectIve per

umt mass m scattermg hght than are coarse partIcles, those WIth dtameters >2 5 p,m

PartIcle scattermg effiCIency IS a maxImum for partIcl~~s havmg a dIameter of approXImately

o5 p,m Coarse partIcles have scattermg effiCIencIes that are approXImately an order of

magmtude smaller (see FIgure 11-4)
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Figure 11-4. Light extinction efficiency at A = O.SS p,m as a function of particle size for
soot and for typical, nonabsorbing atmospheric aerosol.

Source Latimer (1988a) after Bergstrom (1973)
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NItrate particles can be eIther coarse or :fme MIlford and DaVIdson (1987) reVIewed

the SIZes of partIculate sulfate and mtrate m the atmosphere, mtrate mass medIan dIameters

ranged from 0 23 to 4 2 /tm m 16 dIfferent measurement sets Wolff (1984) noted that m

continental enVIronments mtrate can eXIst as eIther coarse or :fme partIcles, however, m a

number of summertime studIes m the eastern Umted States, mtrate concentratIons were qUIte

low and nitrate occurred pnmanly m the coarse mode (Wolff, 1984, Mamane and Dzubay,

1986). Wolff explamed thIs qualItatIvely by the reactIOn of aIkahne sou dust WIth HN03,

nitrate aerosol IS not formed m the subffilcron mode If temperatures are hIgh or If NH3 IS not

available or IS tied up WIth sulfate It should be noted, however, that the data of Wolff

(1984) were collected usmg methods later found to have sIgmficant artIfact problems

In coastal envIronments, mtrate may also be pnmanly m the coarse mode because of reactIOn

with sea salt (YOSIDzuffil, 1986, Wall et al , 1988, Orel and Semfeld, 1977, Mamane and

Mehler, 1987). Richards (1983) suggested that coarse-partIcle mtrate may form from

mghttime OXIdation involvmg mtrogen pentoXIde-water reactIOns on the surfaces of partIcles

Nitrate IS in the submicron :fme mode when It reacts drrectly WIth NH3 to form NH4N03

(Orel and Seinfeld, 1977; Wolff, 1984) The submIcron mtrate forms when condItIOns are

favorable (abundant ambIent NH3 and moderate temperatures)

NItrate aerosol ill the SIZe range of 0 1 to 2 5 /tm IS most effectIve per umt mass m

scattering hght. For partIcles havmg a typICal denSIty (P) of 2 g/cm3 and a dIameter of

o5 /tm, Figure 11-4 shows that the scattermg effiCIency at the mIddle of the VISIble spectrum

(A = 0.55 /tm) IS approXlIDately 5 m2/g By contrast, the average N02 absorptIOn effiCIency

over the wavelengths 0 45 to 0 65 /tm, centered on 055 /tm, IS 0 144 m2/g (LatImer and

Ireson, 1988, based on DIXon, 1940) Thus, the extInctIon effiCIency of mtrate aerosol can

be more than an order of magmtude greater than that for N02 As dIscussed m the next

section, the extincnon effiCIencIes of both mtrate aerosol and N02 gas are strong functIOns of

the wavelength, bemg larger at the blue end (A = 0 4 /tm) of the VISIble spectrum
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11.2 ATMOSPHERIC DISCOLORATION CAUSED BY NITROGEN
OXIDES

As Fmlan (1981) so aptly stated "Many of the most beautIful sIghts ill nature are

caused by wavelength-dependent hght scattenng It can be truly exlnlaratmg to see the

beauty of the blue sky or to WItness a rambow, a sunset, or a sUnrIse Unfortunately, the

phYSICal processes responsIble for these beautIful sIghts also cause much of the color that we

often see m smogs and hazes over CItIes "

The undeSIrable yellow or whisky-brown color of hazes has been an ongomg tOPIC of

dISCUSSIon ill the hterature for more than 20 years Hodkmson (1966) descnbed the effects

that N02 could produce on the color of the atmosphere Charlson and AhlqUISt (1969),

however, argued that wavelength-dependent scattenng was the pnmary cause of atmosphenc

dIscoloratIOn ill most SItuatIons Horvath (1971) countered WIth the argument that any color

caused by wavelength-dependent hght scattenng that removed hght from the hne of SIght

would be offset by the addItIOnal hght scattered mto the hne of SIght by the same

wavelength-dependent scattenng Thus, he thought that any color would be the result of the

absorptIOn of blue hght by N02 He dId conclude, however, that 1f extremely bnght objects

were VIewed through an aerosol, a dIscoloratIOn could result Charlson et al (1972)

measured N02 concentratIOns and the wavelength dependence of the hght-scattenng

coeffiCIent ill Pasadena, CA, dunng August and September 1970 and concluded that N02 had

a slgmficant effect on atmosphenc color 20 % of the tnne Sloane (1987) apphed Mle theory

to calculate the effects of urban haze mIXtures of NOz and elemental carbon (soot) She

found that soot can offset the coloratIon caused by N02, even though both species absorb

preferentIally at the blue end of the spectrum Husar and Wrote (1976) performed careful

atmosphenc OptICS calculatIOns usmg Mle scattenng theory (Kerker, 1969) to assess the

relatIve roles of wavelength-dependent hght scattenng by partIcles and wavelength-dependent

hght absorptIOn caused by N02 They found that partIcles tYJPICal of Los Angeles haze could

cause yellow-brown dIscoloratIon when the sun was behInd the observer (scattenng angle

e > 90°), and typICal N02 concentratIOns could perc(~ptIbly add to thIs color More

detaIled analySIS by Fmlan (1981) confIrmed the lffipOltance of scattenng angle and the SIZe

dIstnbutIOn and refractIve mdex of the aerosol m determmmg atmosphenc color
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Atmosphenc color can be studIed theoretIcally by solvmg EquatIon 11-1 for the spectral

radiance or lIght mtensity of an object observed at dIstance r as follows (MIddleton, 1952,

Latimer and Samuelsen, 1975, 1978, latImer et al , 1978, Husar and WhIte, 1976, WhIte

et al" 1986)'

where

Ie = 10 exp(-7") + J [1 - exp( -7")], (11-3)

Ie' 10 - spectral lIght mtensitIes at dIstance r from an object and at the object Itself,

T - optIcal depth between the object and the observer (= S bext dr),

J - the source functIOn (the second term m EquatIOn 11-1, dIVIded by bexJ

EquatIon 11-3 can be used to evaluate the effect of a umform concentratIOn of N02 on

atmospheric coloratIOn The ratIo of the mtensity of the hOrIZon sky (h) WIth and WIthout a

given concentratIOn of N02 can be calculated from EquatIon 11-3 as follows (HodkInson,

1966, Robinson, 1968; WhIte, 1982)

(11-4)

The light absorption coeffiCIent for N02, bag, IS a strong functIOn of wavelength

Figure 11-5 shows the wavelength dependence of the N02 lIght absorptIOn effiCIency over

the ultraviolet and VISIble spectrum (DaVIdson et al ,1988) The lIght effiCIency, (1, IS the

ratio of the lIght absorptIon coeffiCIent to the N02 concentratIon The value at the blue end

of the viSIble spectrum, A = 04 /lm, IS 5 9 X 10-19 cm2 molecule-lor 1 45 km-1 ppm-I, IS

nearly six tImes larger than the value at the center of the VISIble spectrum at a green

wavelength A = 0.55 /lm, which IS lOx 10-19 cm2 molecule-1 (or 024 km-1 ppm-I) ThIs

value at A = 0 55 p,m of 024 km-1ppm-1 IS conSIderably less than the value of 0 33 km

Ippm-1 derived from earlIer measurements (DIXon, 1940) When EquatIon 11-4 IS evaluated

as a function of wavelength (A), and the A-dependence of bscat IS neglected, the curves shown
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multiply cm2 molecule- by 2.46 x 10]8.)

Source DaVIdson et al (1988)

m FIgure 11-6 are obtaIned for the honzon-sky hght-mtenslty ratio (HodkInson, 1966, WhIte,

1982) NItrogen choXIde causes a darkenmg effect, especially at the blue end of the VIsIble

spectrum For example, wIth an N02-visual range product of 0 3 ppm-km, the honzon sky

hght mtenslty at A = 0 4 j.tm IS about 14% less than It would be WIthout N02 and would

thus be qUIte notIceably dIscolored (yellow or brown) ThIs concentration-vIsual range

product could be caused by 0 03 ppm (60 j.tg/m3
) N02 assocIated WIth a VISUal range of

10 km, whIch IS typICal of urban haze (Note 003 ppm x 10 km = 03 ppm-km)

Atmosphenc aerosols, mcludmg partIculate mtrates, can also cause atmosphenc

dIscoloratIon (AhlqUISt and Charlson, 1969, Husar and WhIte, 1976) The scattenng

coeffiCIent of partIcles smaller than 1 5 j.tm m dIameter can be strongly dependent on the

11-11



10

09

03 ppm-km
0 08
II

C\i
0

07~

:S
~ 1 ppm-kmc 060

~
0.c

co 05-0
1\
C\i 040
~

3ppm-kmJ:

§ 03
c

~
0 02.c

co

01

00
04 05 06 07

BLUE RED
WAVELENGTH (j.Lm)

Figure 11-6. Effect of nitrogen dioxide on horizon sky brightness as a function of the
wavelength of light; relative horizon brightness, bscatl(bscat + bag) for
selected values of the product of nitrogen dioxide concentration and visual
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Source WhIte (1982) adapted from HodkInson (1966)

wavelength of hght, as shown ill Table 11-1 (Latuner and Ireson, 1980) For example, an

aerosol with a mass mechan dIameter of 0 5 !tm has a hght scattenng coeffiCIent bscat that IS

inversely proportIOnal to wavelength "A Thus, hght scattenng at the blue end ("A = 0 4 !tm)

of the VISIble spectrum would be 75 % greater (7/4 = 1 75) than at the red end

(A = 0.7 !tm). Because the hght-scattenng coeffiCIent caused by aerosols and the

light-absorption coeffiCIent caused by N02 are both wavelength-dependent, both can cause

atmosphenc dIscoloration
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TABLE 11-1. WAVELENGTH DEPENDENCE OF LIGHT SCATTERING
COEFFICIENT AS A FUNCTION OF PARTICLE

LOGNORMAL SIZE DISTRIBUTION

Mass Median
DIameter (DGt

(/-tm)

o 1
02
03
04
05
06
08
10
>5

:Geometnc standard devIatiOn CTg = 2
Ol IS defined as follows

(appropnate for 04 < A < 07 p.m)

Source LatImer and Ireson (1980)

b
O!

28
2 1
1 6
1 2
1 0
07
05
02
o

Husar and Whtte (1976) formulated the problem of atmosphenc coloratIon ngorously m

terms of radiative transfer theory A solutlOn was denved from theory and from aerosol SIZe

dtstnbutIons measured ill Los Angeles They found that aerosol (WIthout N02) could cause

yellow-brown dtscoloratIon, and that thts dtscoloratlOn would illcrease as N02 concentrations

mcrease and as the scattermg angle, 8, mcreases Noticeable discoloratlOn from N02 was

found to occur at concentratlOns as low as 0 05 ppm The discoloratlOn effect caused by

particles, unhke that caused by N02, IS dependent on the scattermg angle, 8, WIth most

mtense effects occurrmg m situatlOns m whtch the sun lS behmd the observer (8 > 90°)

In addttIon, when the VIewed object has a hght mtenslty greater than the honzon-sky hght

mtenslty (the ][h asymptote m FIgure 11-3), hght scattered by :fme partIcles would cause a

darkenmg and discolormg effect because of the wavelength-dependent hght scattermg

Waggoner et al (1983) used teleradtometer measurements to determme the color of the

wmter haze m Denver that IS commonly known as the "'brown cloud" Although thts haze
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appeared to be brown m contrast to the blue sky above, they found that Its spectral

light-intensity distrIbutIOn was gray and was caused pnmanly by aerosol rather than N~

These fmdIngs were consistent WIth the conclUSIOns of Horvath (1971) and of Husar and

White (1976) that yellow haze could appear brown If It were darker than the vIewmg

background. The chromatic adaptation of the human eye-bram system (Comsweet, 1970)

also explams why a gray haze may appear yellow or brown An observer that has adapted to

the color of the blue sky will visually perceIve a gray haze as the complementary color to

that adaptatIOn (1 e , yellow or brown)

11.3 VISUAL RANGE REDUCTION CAUSED BY NITROGEN OXIDES

At some distance from a black object, an observer can no longer dlstmgUlsh between

the mtensity of It and the sky ThIs hmit of perceptibility IS dermed by a threshold (hmmal)

contrast that is just notIceable to a human observer The dIstance at whIch the contrast of a

black object agamst the honzon sky equals thIs threshold IS called the VISUal range or,

commonly, VISIbility Although a range of values for the threshold contrast from about 1 to

20 % IS supported by the hterature (MIddleton, 1952, U S EnvlIonmental ProtectIOn Agency,

1979, Latimer, 1988b, Gnffmg, 1980, Dzubay et al , 1982), the threshold human VISUal

perceptIon threshold IS commonly assumed to be a contrast of 2 %

Koschmleder (1924) developed a formula for VISUal range, whIch IS based on the

assumptions that the threshold contrast IS 2 %, that the atmosphere IS unIform and cloud-free,

and that the curvature of the Earth can be Ignored when evaluatmg honzon hght mtensity

The KoschmIeder equatIon IS SImply

(11-5)

where

rv - the VISUal range,

Cmm - the contrast perceptIbility threshold, and

bext - the hght extlnctIon coeffiCIent, as
dermed preVIOusly
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If the commonly accepted threshold of 2 % IS used above, the Koschmieder equatIOn becomes

(11-6)

the most common form of the equatIon If the perceptIbility threshold IS assumed to be 5 %,

willch appears to correlate best wIth common arrport VLSIbility measurements (Samuels, 1973,

Johnson, 1981, LatImer, 1988b), the equatIOn becomes

(11-7)

Note that as the hght extmctIon coefficIent mcreases, VIsual range decreases ThIs

mverse relatIOnsillp suggests that mcreases m atmosphenc concentratIOns of hght scattermg

and absorbmg speCIes will cause a decrease m VISIbility FIgure 11-7 illustrates tills
2relatIOnsillp for fme partIcles assumed to have a scattermg effICIency of 4 m /g (U S

EnVIronmental ProtectIOn Agency, 1979) Because both of the optICally actIve NOx speCIes,

N02 and mtrate aerosol, contnbute to the absorptIOn and scattermg components of hght

extmctIOn (bex.)' they both tend to reduce VIsual range

If It IS not umformly dIstnbuted m the atmospheli~, N02 may not contnbute to a

reductIOn m the contrast of a dIStant object and hence to VIsual-range reductIOn ThIs can

happen when N02 IS located relatIvely close to the observer (e g , m a plume or haze layer)

In such a SItuatIon, the hght absorbed by N02 reduces the hght mtensity of both the sky and

the dark object equally, so that the sky and object are darkened but theIr contrast remams

unaffected LatImer and Samuelsen (1975, 1978) developed a formula to account for tills

effect for atmospheres contammg N02 plumes

11.4 NITRATE PHASE CHANGES AND HYGROSCOPICITY

Assessment of the role played by mtrate partIcles m urban, regIOnal, and layered haze

and m plumes IS more drrficult than for sulfates smce certam of the mtrate aerosols (e g ,

NH4N03) can volatilize durmg sample collectIOn because of theIr volatIle nature UnlIke

sulfate, willch IS always m the partIculate phase, mtrat~~ often remams m the gas
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phase as HN03 • In order for condensatIOn of particulate mtrate (NH.tN03) to occur, there

must be suffiCient atmosphenc NH3 to react With HN03 Furthermore, the vapor pressure of

NH4N03 is strongly temperature-dependent, so that even IT NH3 is present m the atmosphere

nitrate particles may not condense because of moderate or high temperatures The volatility

of particulate NH4N03 contnbutes to the dIfficulty and uncertamties m most measurement

programs carried out to date These difficulties regardmg phase changes are comphcated

even more by the fact that NH4N03 is dehquescent, it absorbs water from the atmosphere at
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moderate to Ingh relatIve humIdIties Thus, hke sulfate, the scattenng efficIency of NH4N03

IS enhanced by associated hqUld water ill the partIcle droplet

The Issue of changes in phase between gas and a'erosolls a key uncertaInty ill

understandillg, measunng, and mathematically modelmg the nnpacts of nitrate aerosol

(Sloane and Wlnte, 1986)

Just as a cloud produces a dramatic VIsual effect when only a small fractIOn of the
water vapor changes phase, a substantial haze results If only a fractIOn of the gaseous
pollutant mass enters a condensed phase In tins regard, VISIbility IS umque among arr
pollutIOn effects, It depends not only on the amount of arr pollutIOn but ill adwtIOn on
ItS phase ThIs pecuhanty greatly comphcates the pred1ctIOn of VISIbility nnparrment
and aerosol measurement procedures because the equilibnum between the condensed
and gaseous phases can be fragile

Ammomum mtrate partIcles will form only If (1) suffiCIent ambIent NH3 IS present to

neutrahze any aCIdIC sulfates and gas-phase HN03 and (2) temperatures and relatIve

humIwtIes are such that the thermodynamIC eqUlhbnurn favors the formation of mtrate

aerosol (Stelson et al , 1979, Stelson and Semfeld, 1982, Saxena et al , 1986, Sloane and

Wlnte, 1986) Until aCIwc sulfate compounds are fully neutrahzed as ammomum sulfate

((NH4hS04), they react WIth NH4N03, releasmg HN03 vapor (Saxena et al , 1986)

If suffiCIent gas-phase NH3 IS left after sulfate neutralIzatIon and temperatures are low

enough, NH4N03 aerosol will condense At relative humIdIties above 62 %, the dehquescent

pomt for NH4N03, water vapor IS taken up ill the nitrate particle (droplet), formmg a water

solution (Saxena et al ,1986) At these Ingher relatIv(~ huml(htIes, a new equilibnum IS

estabhshed favonng more mtrnte m the particulate phase (Sloane and Wlnte, 1986)

The net result of all of the mtrate phase mteractIons IS that partIculate NH4N03 IIcan

build up only m locations where suffiCIent ammoma IS present to neutrahze the sulfunc aCId.

ThIs occurs, for example, m Los Angeles and Denver, where sulfate concentratIOns are

relatIvely low compared to concentratIOns of ammoma" (MIlford and DaVIdson, 1987)

Wlnte and MaCiaS (1987) attnbute the extremely low mtrate aerosol concentrations observed

m the mtermountam West to very low ambIent HN03 and NH3 concentratIOns and to the

warm temperatures dunng the nonwmter months Thus, the conwtIons can be summarIZed

under winch :fme mtrate particles are most hkely to fonn Ingh ambIent concentratIOns of

NH3 and HN03 (e g , Los Angeles, Denver), low ambIent concentrations of sulfate (e g ,

most of the western Umted States), low temperatures (e g , winter), and Ingh hUmIdIties
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(e.g., winter, coastal sites) Conversely, fme mtrate partIcles are least hkely to form under

the following condItlons low ambIent concentratIOns of NH3 and HN03 (e g , mtermountam

West), lugh ambient concentratIOns of sulfate (e g , the eastern Umted States), lugh

temperatures (e g , summer), and low relative humiditles (e g , the Southwest)

Furthermore, If sufficient coarse partIcles eXist that can react wIth HN03 (e g , sea salt,

alkalme sou dust), coarse mtrate partIcle formatIon IS favored As subsequent diSCUSSIOn

bears out, these generalIzatlons based on thermodynamIC equIhbnum explam much of

observed mtrate aerosol behaVIOr

The volatlhty of partIculate mtrate makes ItS measurement dIfficult and uncertam

(Sloane and Wlute, 1986) SIgmficant posltlve and negatlve artIfacts can occur WIth dIfferent

measurement techmques usmg dIfferent futer media (see Sectlon 6 1) Thus, m evaluatmg

empirical studies of the Importance of mtrate to total hght eXtlnctIOn, It IS Important to

consider the comphcatIOns caused by uncertamty m mtrate partIcle measurements

Further comphcatIng the defimtIOn of the role of mtrate IS the fact that mtrate partIcles

will absorb water vapor, becommg water solutIOns, at lugh humidItles (above 62 %) The

water associated with the mtrate results m scattermg effiCIencIes per umt mass of mtrate that

are much larger than dry partIcle effiCIenCIes The effect on hght-scattermg effiCIenCIes of

liquid water associated WIth aerosols has been known for a long tIme, but the specIfic effect

of associated water is dIfficult to quantIfy Empmcal studies have used a nonhnear relatlve

humidity term to attempt to account for tlus effect

Tang and coworkers (Tang et al , 1981, Tang, 1982) developed a computer model for

calculating the optlcal propertIes of mtrate partIcles, both alone and m combmatIon WIth

sulfate, as a function of partIcle sIZe and relatIve humIdIty Tlus model was based on

multicomponent aerosol thermodynamIC theory as a functlon of partIcle chemIcal composItIon

and relative humIdity Light-scattermg effiCIencIes were calculated from resultmg particle

sizes using MIe scattermg theory FIgures 11-8 through 11-12 summanze the hght-extmctIOn

coeffiCIents for 1 p.g/m3 of sulfate or mtrate aerosol, or both, as a functIOn of humIdity

Figure 11-8 shows that pure (NH4hS04 exlublts a dehquescent pomt at 80% relatIve

humidity. At hUmIditles above 80 %, water vapor condenses, thereby mcreasmg the aerosol

particle size, volume, and hght scattermg At humidItles below 80 %, the extmctIOn

effiCIencies range from 1 to 4 m2/g of sulfate, whereas above 80% humIdity, extmctIOn
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efficiencies can mcrease considerably above 10 m2/g Figure 11-9 illustrates the hysteresIs

effect, that IS, the ability of the particle to hold on to hqUld water, that can result when

relatIve hUmIdIty IS slowly decreased Figure 11-10 shows the mcrease m hght extmctIon of

pure NH4N03 aerosol as a function of relative humidity At and above the dehquescent

pomt at 62 % humidity, the scattermg effiCiency mcreases by a factor of two or more because

of the condensed water vapor associated with the mtrate particle Figures 11-11 and 11-12

show the effects of humidIty on the hght extInction efficIenCIes of dIfferent mIXtures of

sulfate and nitrate aerosols Externally mIXed aerosols, those m wmch the sulfate and mtrate

exist on dIfferent particles, exmblt the separate dehquescent pomts for (NH4hS04 (80% RH)

and NH4N03 (62 % RH) Internally mIXed aerosols, m wmch the sulfate and mtrate occur
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mixed wItlun the same partIcle, do not exlubIt dIstmct dehquescent pomts and have more

water associated wIth them at a gIven humIdIty, and hence have larger hght-extmctIon

efficIencies The sulfate and mtrate aerosol mIxtures may also exlubit hystereSIS effects m

SItuatIons where hUmIdIty IS reduced, thereby causmg a haze to hnger

11.5 MEASUREMENTS OF THE CONTRIBUTION OF NITROGEN
OXIDES TO URBAN AND REGIONAL HAZE

ThIs section presents the VarIOUS estImates of the contnbutIOn of N02 and NH4N03

aerosols to hght extinctIOn The diSCUSSIon IS broken mto two sectIOns (1) recent state-of

the-art measurements, and (2) earher measurements havmg sIgmficant pOSItive or negatIve

biases. As mentIOned earher m tlus chapter and also m Section 6 10 of tlus document,

earher measurements of mtrate aerosol were plagued by sIgmficant pOSItive and negatIve

artifacts. Glass fIlters had pOSItive artIfacts (1 e , overestImated mtrate concentratIOns),

whereas Teflon® fIlters had negative artIfacts (1 e , underestImated mtrate concentratIOns)

The best measurements of mtrate are made WIth a denuder and nylon fIlter combmatIon

There are relatively few studies WIth the state-of-the-art measurement technology, these

studIes are discussed first For lustoncal completeness, addItional studIes WIth sIgmficant

nitrate measurement artifacts are summanzed next

11.5.1 Recent State-of-the-Art Measurements

Appel et al (1983, 1985) studied the chemIcal compOSItion of aerosol m July and

August 1982 usmg state-of-the-art denuder dIfference measurements m three CalIforma CIties

San Jose, RiverSIde, and Los Angeles Mean mtrate anIon concentrations were 4 4 p,g/m3

(17% of the total rme partIcle mass of 22 3 p,g/m3
) m San Jose, 17 4 p,g/m3 (37% of the

total rme partIcle mass of 47 5 p,g/m3
) m RiverSIde, and 102 p,g/m3 (17% of the total rme

particle mass of 61 5 p,g/m3
) m Los Angeles

Solomon et al (1992) have reported the results of a I-year measurement program

conducted throughout the South Coast AIr Basm m the greater Los Angeles area dunng

1986, based on state-of-the-art denuder/nylon-fIlter measurements Most of the HN03 m the

area was found in the aerosol phase, and a substantial fraction (about 42 %) of the mtrate was

11-24



coarse Fme-partIcle NH4N03 concentratIons ranged from 6 2 to 18 2 ",g/m3 and averaged

104 ",g/m3 for seven metropohtan area sItes The background sIte had a :fme-partIcle mtrate

concentratIOn of 1 1 ",g/m3 ThIs IS a substantIal fraction of total :fme-partIculate mass m the

Los Angeles area (23 1 to 42 1 ",g/m3
) measured m 1982, reported by Gray et al (1986)

LeWIS et al (1986) measured the chemIcal compOSItIon of :fme and coarse fractIons of

the aerosol for 20 days m January 1982 With therr denuder/nylon-:fI1ter combmatIon, they

measured a daytIme :fme-partIcle NH4N03 mass of 3 4 ",g/m3
, 18 % of the daytIme :fme

partICle total mass of 19 0 ",g/m3

Watson et al (1988) and Sloane et al (1991) measured the chemIcal compOSItIon of the

:fme-particle mass, makIng 7-h daytIme measurements (n = 24) durmg the winter of

1987-1988 The Mlcro-Onfice Umform DepOSIt Impactor (N[OUDI) was used to measure

:fme-partIcle mass m several SIZe ranges Nitrate measurements were consIdered accurate

based on a pnor companson of Impactor and denuder/nylon-:fI1ter measurements

Ammomum mtrate averaged 3 4 ",g/m3
, 21 % of the total :fme-particle mass of 16 4 p,g/m3

Particle SIZe dtstnbutIOns were measured for two dIstmctly dlfferent days durmg thts

measurement penod a hIgh-relative-humtdtty day wIth prolonged northeasterly flow and a

relatIvely 10w-humIdtty, stagnant day Durmg the hIgh-humldtty day, the hght-extmctIOn

effiCIency for mtrate amon was 7 2 m
2
/g (6 6 m2/g f01 hght scattermg and 0 6 m2/g for hght

absorptIOn) Durmg the stagnant, lower-humIdIty day, the hght-extmctIOn effiCIency for

mtrate amon was 3 6 m21g (3 0 m21g of scattermg and 0 6 m21g for absorptIOn)

Watson et al (1991) StudIed the chemIcal compOSItIon of the haze m Phoemx from

September 25, 1989, through January 22, 1990 The mean l\1H4N03 and total :fme-partIcle

mass concentratIons over the entrre tIme penod and the four measurement SIteS were 4 4 and

22 3 ",g/m3
, respectIvely, for mormng measurements and 4 8 and 15 5 ",g/m3

, respectIvely,

for afternoon measurements Thus, mtrate contnbuted 19 % of the :fme-partIcle mass m the

mormng and 31 % of the :fme-particle mass m the afternoon The hght-scattermg efficIency

of mtrate amon was fit wIth the followmg equatIOn 2 3 + [l 7/(1 - ",)] m2/g, where p, IS

relatIve humIdIty de:fmed as percentage dIVIded by 100 Thus, for 50 % RH, the mtrate amon

scattermg effiCIency IS 5 7 m2/g

Stevens et al (1988) reported measurements made durmg the wmter of 1986-1987 m

BOIse, ID NItrate aerosol was a sIgmficant component of total hght extmctIOn, contnbutmg
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13 % of the rme-partIcle mass Less than 10 % of the total mtrate was left m the vapor phase

as HN03• Measurements m tlus study were made usmg an annular denuder followed by
Gl

Teflon and nylon fllters

MaIm et al (1989) evaluated the contnbution of mtrate aerosol, along wIth larger

contnbutIOns from sulfate and carbonaceous aerosols, to wmtertIme VISIbility Imparrment m

the scenic Southwest near Grand Canyon and Canyonlands national parks NItrate

concentratIons dunng January and February 1987 at Grand Canyon averaged 0 1 to

0.3 p,g/m3 Multiple lmear-regressIOn analysIs suggested that mtrate partIcles had an average

scattenng efficiency of 47 m2/g and contnbuted 6 to 14% of the fme-particle hght extmctIOn

during the wmtertlille study NItrate was generally a much smaller contnbutor, however, to

light extinctIon than sulfates, wluch contnbuted 62 to 72 % of rme-particle extmctlOn, and

organIcs, wluch contnbuted 15 to 16%

RIchards et al (1991) measured aerosol composItion m and near the Grand Canyon

during January through March 1990 Ammomum mtrate was 6.4 to 10 4% of the fme

particle mass at three locations m the Grand Canyon

11.5.2 Earlier Measurements

Because these earher measurements have sIgmflcant pOSItive and negative mtrate

artifacts, they are less accurate than the previous studIes Such bIases should be kept m

mind.

WhIte and Roberts (1977) StudIed the statistical relatIOnslups between hght-scattenng

coefficient and the aerosol constItuents of Los Angeles area smog measured dunng the

summer and early fall of 1973 as part of ACHEX (Aerosol CharacterIZation Expenment)

Usmg linear-regressIOn techmques, they estImated that mtrate aerosols contnbuted, on

average, about 27% of the total hght-scattenng coefflclent NItrates were found to have a

light-scattering effiCIency, havmg umts of m2jg of mtrate amon, of 2 9 + 65 p?, where p, IS

the relative humIdity as prevIously dermed Thus, at a humIdIty of 50 %, the lIght scattenng

coefficient of mtrates was estImated to be 4 5 m2/g Appel et al (1985) have commented

that WhIte and Roberts (1977) may have senously underestImated mtrate scattenng

efficienCIes because the glass-flber fIlters used to collect aerosol samples had a strong
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posItive artIfact (1 e , gaseous HN03 was deposIted on the :fIlter, thereby mflatIng the mtrate

aerosol measurement)

Cass (1979) used lmear and nonlmear regreSSIOn to study the relatIOnshIps between

sulfate and mtrate concentratIOns and VISIbility m Los Angeles from 1965 through 1974

Sulfates and mtrates were found to be sIgmficant contnbutors to total hght extmctIOn The

best fits to measured VISIbility were obtamed wIth regreSSIOn coefficIents of the form,

(J/(1 - p.), where p. IS the relative humIdIty as defmed preVIOusly ThIs IS mdIcatIve of

hygroSCOpIC or dehquescent propertIes of sulfate and mtrate The values for {J for sulfate

and mtrate anIOn were 5 3 and 3 3 m2/g, respectively At 50% RH, thIs would yIeld overall

respective hght-extmctIOn effiCIencIes for sulfate and 11l1trate amons and aSSOCIated water of

10 7 and 6 6 m2/g The mtrate measurements used by Cass were subject to posItive

artIfacts The mtrate data were 24-h averages, wherea s the extmctIOn data were daytime

averages LIght extmctIon was denved from VIsual-range observatIOns rather than

nephelometer or transmIssometer measurements A KoschmIeder constant of 3 9 rather than

3 0 as recommended m EquatIOn 11-7 was used, thereby bIasmg extmctIon values hIgh It IS

not clear whether the two posItive bIases would cancel each other out

TnJoms et al (1982) mvestIgated the VISIbility-at,rosol relatIOnshIp m Cahforma usmg

data from 34 locations They found that N02 contnbuted a rather unIform 7 to 11 % of total

hght extmctIOn (bext) throughout CalIforma Although they were not of adequate quahty to

make defImtIve statements, the data suggest that mtratc~s are more Important contnbutors to

bext m northern CaMorma, where they may contnbute 10 to 40% of bext

Outside of Cahforma, the most sIgmficant urban hazes that have been shown to be

aSSOCIated WIth NOx occurred m the wmter m Denver and PhoenIX NItrogen OXIdes, both

N02 and mtrate aerosol, were found to be sIgmficant contnbutors to the wmter haze m

Denver (GrobhckI et al , 1981), even WIth the sIgmficant negatIve artifacts of the

measurement technIques used MultIvanate statistical analySIS (regresSIon) was used to

analyze the relationshIps between hght scattenng and absorptIOn and concentrations of

partIcles and gases measured on 41 consecutive days 111 November and December 1978

Most of the hght extinction was found to be caused by partIcles <2 5 p.m m dIameter

Elemental carbon (soot) was found to be the most sIgmficant contributor, accounting for 37%

of hght extmctIOn above natural RayleIgh background Sulfate (and assocIated water) was
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found to contnbute 20%, mtrate (and aSSOCIated water), 17%, and orgamc carbon, 13%, the

remaimng fme-partJ.cle matter contnbuted 7 %, and N02 contnbuted 6 % All measurements

were based on a wavelength of hght of 0475 J-tm (Hasan and Dzubay, 1983) If the

contnbution of nitrate and N02 are combmed, the total NOx contnbutiOn to Denver wmter

haze IS 23%, second only to the contnbutiOn of elemental carbon, however, thts IS probably

an underestimate of the NOx contnbutiOn because of the negative mtrate artIfact

Still, data from the Grobhckl et al (1981) study may be better than some of the other

data for Denver because of the cold temperatures and htgh NH3 concentratiOns found m

Denver dunng the study

Wolff et al (1981) determmed the emission source contnbutiOns to the Denver wmter

haze Of the total NOx contnbutlon to the wmter haze of 23 % (also an underestImate

because of the negative mtrate artIfact), combustIon of natural gas, oil, and coal (m power

plants and boilers) accounted for more than half (14%), and automotIve contnbutiOns were

the largest part of the remamder (9%) Hasan and Dzubay (1983) developed estImates of

light extinction effiCIency of vanous aerosol components of the 1978 Denver wmter haze

using both regreSSiOn analySIS and M1e scattenng theory based on measured partIcle sIZe

distnbutlons For mtrate amon, regreSSiOn gave a scattenng effiCIency of 3 1 to 3 2 m2/g,

whereas theoretical calculatiOns yIelded a scattenng effiCIency of 4 8 to 4 9 m2/g

Solomon and Moyers (1984) studIed the contnbutors to hght extmctIon m PhoenIX

during January 1983, when wmter hazes were observed Elemental carbon was estImated to

be the largest contnbutor to hght extmctiOn, at 41 % of bext' on average ApprOXImately

equal contnbutlons resulted from mtrate (15%), orgamc carbon (15%), and sulfate (13%)

However, these estImates are bIased because they used the Grobhckl et al (1981) regreSSiOn

equatiOns. The contnbutIon from N02 averaged 3 2 % Solomon and Moyers (1986)

reported that the fme mtrate aerosol measured m PhoenIX m January 1983 was 13 4% of the

total fme-partJ.cle mass, comparable to the 12 2 % contnbutIon of mtrate found m Denver

during November and December 1978 and much htgher than the contnbutiOn reported m

other major metropohtan and rural areas However, they concluded that theIr mtrate

measurements were SIgmficantly pOSItIvely bIased They concluded that motor vehtcle

emissions accounted for most of the mtrate and other fme-particle mass that caused the

observed haze
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Few studIes of the role of mtrate aerosol m VISIbIhty nnpamnent have been conducted

outsIde of the western Umted States NItrate aerosol contnbutIOns appear to be lower m the

eastern Umted States than m Cahforma and other western U S areas, perhaps because of

hIgher sulfate concentratIOns competmg for the available atmosphenc NH3

Usmg multIple hnear-regressmn techmques, TnJoms and Yuan (1978a) found that

mtrate dId not account for any of the observed hght extinctIOn m most of the CItIes m the

northeastern and north central Umted States NItrates a.ccounted for 8% of total hght

extmctIon m Columbus, OH There the hght extmctIOll effiCIency of mtrate was estnnated

from regressIOll analysIs to be m the range of 6 to 9 m2/g

Wolff et al (1982) found that mtrate contnbuted mmnnally to hght extmctIon m DetroIt

durmg July 1981 Fme-particle mtrate averaged 0 2 p,g/m3
, coarse-partIcle mtrate was

hIgher, at 1 p,g/m3 ThIs was conSIstent WIth other measurements made m the eastern Umted

States (Ferman et al , 1981), where httle mtrate was found ill the fme fractIOn NItrogen

dIOXIde contnbuted 4% of bext m the Wolff et al study (1982)

Dzubay et al (1982) studted the relatIOnshIps between VISIbility and aerosol

compOSItIon durmg summer m Houston, TX NItrate was found mamly on coarse partIcles

and was determmed to be an mSIgmficant (0 5 %) contrIbutor to the total hght extmctIOn

It was conjectured that fme mtrate aerosol dId not condense because the sulfate was not fully

neutralIZed (1 e , there was msufficient NH3 to react Wlth HN03), and that HN03 condensed

on the alkahne coarse partIcles, whIch were a sIgmficant smk for mtrate NItrate partIcle

measurement artIfacts may also have been a major factor m thIs study NItrogen dIOXIde

contnbuted 4 7 % of bext

Colbeck and Hamson (1984) found sIgmficant quantItIes of mtrate aerosol ill northwest

England VISIbility there was strongly correlated WIth both mtrate and sulfate concentratIOns

Dlederen et al (1985) illvestIgated the nature of the hale m western Netherlands durmg the

penod 1979 to 1981 Ammomum mtrate aerosol was found to contnbute 35% of total bext'

and N02 to contnbute 2 %

Bravo et al (1988) found hIgh concentratIons of mtrate aerosol and N02 m MeXICO

CIty (64 p,g/m3 and 0 07 ppm, respectIvely), however, the relatIve contnbutIOns of these

speCIes to the total hght extmctIon budget were small (5 and 2 5 %, respectIvely) because of
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the much Ingher concentrations of other aerosol speCIes Total hght extmctIon was

dOIDlnated by soot (31 %), sulfate (30%), orgamcs (15%), and other speCIes (16%)

The effects of N02 and mtrate on regIonal haze outsIde of urban areas appear to be less

significant than therr effects on urban hazes NItrogen OXides may not be sIgmficant m these

nonurban regional hazes because of low concentratIOns of HN03 and NH3, Ingh ambIent

temperatures, and low humIdIties m the West, and because of Ingh sulfate concentrations m

the East that compete for avaIlable NH3

MaCIas et al (1981) found that mtrate made small or neghgible contnbutIOns to

regional haze at one SIte m Anzona on several momtonng days m the summer and wmter of

1979, although on one day NH4N03 was about 8% of the fme-partIcle mass However,

these measurements were negatively bIased

White and Macias (1987) found very low concentratIOns of mtrate aerosol m the

nonurban, mtermountain West Measurements of mtrate aerosol concentratIOns averaged

0.09 p,g/m3
• NItrate was very epIsodIc, however, WIth major contnbutIOns to tins average

arising from a small number of epIsodes HIgher concentrations were observed m the North

and at all sites dunng the wmter WhIte and MaCiaS (1987) commented that dunng the

winter the measurements may have underestimated mtrate aerosol concentrations by as much

as a factor of three because of mtrate volatIhzatIon from the fIlters

Tnjoms et al (1988) analyzed data collected m the Mohave Desert of Cahforma over a

2-year period, 1983 to 1985, to determme the specIes contnbutmg to hght extmctIon They

found that for both average and worst-case condItions the sum of partIculate mtrate and N02

contributed 13 + 5 % of non-RayleIgh bext' however, mtrate measurements were subject to

artifacts

Mathai and Tombach (1987), m therr reVIew of VISIbility and aerosol measurements m

the eastern Umted States, concluded that fme mtrate concentrations averaged 1 p,g/m3

In the studIes they summarIZed, fme-particle mtrate had been measured for very short (week

and month) penods and concentrations had ranged from 0 2 to 0 9 p,g/m3

Wolff and Korsog (1989) found that N02 (averagmg 4 ppb) accounted for less than

1% of total hght extmctIOn m the Berkshrre Mountams of Massachusetts m the summer of

1984. Sulfate and aSSOCIated water caused most (77%) of the hght extmctIOn NItrate

aerosol was not found The measurements of Vossler et al (1989) at Deep Creek Lake m
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Maryland and of PIerson et al (1987) m the Allegheny Mountams were consIstent WIth the

Berkshrre Mountams study, N02 averaged 4 ppb, and mtrate aerosol concentratIons were

very small relatIve to sulfate The latter two studIes, unlIke the Berkshrre study, used the

more accurate denuder-nylon fIlter samples

Dzubay and Clubb (1981) found that for summer condItIons m Research Tnangle Park,

NC (nonurban but near urban areas), the sum of the scattermg and absorptIOn coefficIents by

specIes accounted for about 90 % of the measured bext PartIcle scattermg caused most of the

hght extmctlOn (75%), followed by RayleIgh scattermg from arr (7%) and partIcle hght

absorptIon (7%), N02 hght absorptIon accounted for only 2 % of total hght extInctIOn

11.6 MODELING REGIONAL AND URBAN HAZE EFFECTS

LatImer et al (l985a) used a LagrangIan regIOnaJI. VISIbility model and emISSIon

mventones for the southwestern Umted States to estImate the effects of manmade emISSIon

sources on regIOnal VISIbility m 1980 and 1995 In thIs assessment, mtrate aerosol was

found to be a potentIally sIgmficant contnbutor to the manmade portIon of nonurban regIOnal

haze WhIle manmade sulfate sources were found to be the largest contnbutors to haze,

contnbutmg over half (50 to 60 %) of the manmade fractIon, mtrate was estImated to be the

next largest contnbutor (10 to 20%) Although manmade orgamc and elemental carbon

contnbutIOns to regIOnal haze were found to be small (less than 10 % of the manmade

fractIOn), bIOgemc orgamc aerosol was estImated to be a large contnbutor to total hght

extmctIOn (the sum of natural and manmade fractIons)

In thIs modehng study, It was cautIOned that the <:~stImates of the contnbutIon of mtrate

to the manmade total were uncertaIn because of uncemuntIes m the relatIve dIstnbutIOn of

the mtrate amon (NO;) between optIcally mactIve HN03 and hght-scattermg NH4N03

aerosol ThIs uncertamty resulted largely from the uncertaInty regardmg background

concentratIOns of NH3 , whIch IS essentIal to the formatIon of NH4N03 aerosol On the basIs

of thermodynamIc equilibnum conSIderatIOns, the stud)' showed that mtrate aerosol would be

most hkely to condense m wmter and least hkely m summer NItrate aerosol was found to

be a sIgmficant portIon of mcreases m regIonal haze projected for the penod 1980 to 1995

LatImer et al (l985b, 1986) evaluated the performance of thIs regIOnal VISIbility model by
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companng model calculatlOns wIth partIculate, VISIbility, and wet depOSItion measurements

performed by the US EnVlfonmental Protection Agency (EPA), the NatlOnal Park ServIce,

and the Electnc Power Research Institute TIns companson showed that model preillctlOns

of sulfate and mtrate concentratlOns and hght extmctIon were only shghtly biased and were

hIghly correlated with actual measurements The average mtrate aerosol concentratlOn

predIcted by the model was 0 22 p.g/m3
, approXlDlately 2 4 times the average measured

durmg the Western ReglOnal Arr Quahty Study m 1981 of <0 1 p.g/m3 that was reported m

Tombach et al (1987) and the value of 009 p.g/m3 reported by WhIte and MaCiaS (1987),

however, these latter studies had negatIve artifacts

Latimer et al (1986) and LatlDler (1988c) apphed thIs reglOnal VISIbility model to the

case of winter layered haze observed near the natlOnal parks m Utah and Anzona

An average mtrate aerosol concentratlOn of 0 35 p.g/m3 was predIcted TIns value compares

reasonably well WIth the average of 0 16 p.g/m3 measured durmg a specIal study ill 1986

(Latuner, 1988c) and the average of 038 p.g/m3 measured durmg the WIllTEX expenment

in 1987 (Malm and Iyer, 1988) However, the model underpred1cted the observed sulfate

concentrations by a factor of two to four Although conSIderable uncertamty eXists over the

accuracy of mtrate measurements (Malm and Gebhard, 1988), mtrate may be a sIgmficant

contnbutor to winter layered haze (approXlDlately 15 to 25 % of extinction from manmade

sources, accordmg to Malm et al , 1989), even though sulfate appears to be the dommant

contributor

Latimer (1988a) developed a spreadsheet template for calculatmg the effect of changes

in aerosol species concentration on total hght extinction and VISIbility As part of that effort,

available measurements of chemIcal compOSItion and concentratlOn of partIcles and of

ViSIbility or light extmctlOn were compiled Usmg an assumed mtrate hght-scattermg

efficiency of 8 m2/g, LatlDler (1988a) estunated the relative contnbutlOn of mtrate to total

light extinction in numerous locatIons where both aerosol and VISIbility data were available

Nitrate generally contnbuted less than 10% to total extmctIon, except m Portland, OR, where

it was 11 to 14%, Denver, CO, 16%, Los Angeles, CA, 20%, and RiverSIde, CA, 40%

Latimer (1988a) found that measured VIsual ranges agreed well WIth VIsual ranges denved

from the measured aerosol constituents and thelf respective hght-extmctlOn effiCIencIes
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Russell and Cass (1986) developed a LagrangIan trajectory model that illcOlJ>orates

gaseous and aerosol chemIstry and aerosol eqUlhbnum This model was apphed to a smog

epIsode ill Southern Cabforma PredIctIOns from the model compared well wIth

measurements of 03' N02, HN03, NH3, PAN, and partIculate mtrate When the model was

used to illvesngate alternanve control techmques for rutrate aerosol, NOx emISSIOn control

was found to produce a nearly proportIonal (hnear) reductIOn ill total mtrate (HN03 vapor

plus partIculate mtrate) and shghtly greater than propomonal reductIOns ill partIculate mtrate

PartIculate mtrate concentrations were found to be effe:cnvely reduced by reducillg NH3

emISSIons, especially from fann-related activines

Russell et al (1988a,b) developed and apphed a gnd-based Eulenan arrshed model that

illcorporates a chemIcal reactlon mechamsm for gaseous and aerosol specIes The model was

compared WIth measurements and the model calculanons of aerosol mtrate concentratIOns

were found to be ill good agreement WIth measurements

PthnIs and Semfeld (1987) developed the SEQUILIB model, whtch consIsts of

thermodynamIc eqUlhbnum relanonshtps that descnbe the behavIOr of the HN03, NH4N03,

NH3, NH4+, S04=, cr, and H20 chemIcal system (Stelson and Semfeld, 1982a,b,c, Bassett

and Semfeld, 1983, 1984, Saxena et al , 1986, Pthms et al ,1987) ThIs model calculates

the eqUlhbnum concentranons of these specIes ill the gas and aerosol phases A model of

thts type IS essennal for calculatmg the amount of aerosol mtrate formed and the water

content of hygroSCOpIC aerosols ThIs model was apphed m the Phoemx wmter haze study

(Watson et al , 1991) to assess the degree of mtrate and NH3 control requITed to reduce

NH4N03 aerosol concentratIOns

Reacnve plume models have been developed (Joos et al , 1987, HudischewskyJ and

SeIgneur, 1989) that mcorporate such eqUlhbnum models and aerosol coagulatIOn models to

calculate aerosol SIZe dIstnbutIOns of mtrate and other aerosols Zhang (1991) has developed

mathemancal models to calculate hght-extmctIOn effiCIency from aerosol composinon

11.7 ROLE OF NITROGEN OXIDES IN P1LUME VISUAL IMPACT

Much of the regulatory attentIOn that has been gIven to VISIbility dunng the past decade

has focused on the Issue of the VISIbility Impacts of plumes from illdlvIdual emISSIon sources
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This plume visual Impact IS commonly called "plume bhght" (U S Envrronmental ProtectIon

Agency, 1979) Particularly m areas of pnstme background vIsibility, such as the

intennountain West, the ViSUal Impact of plumes such as those from power plants can be

quite sigmficant as far as 100 km from sources (U S Envrronmental ProtectIon Agency,

1979; LatImer, 1979, 1980) Considerable work has been carned out durmg the past decade

to develop and evaluate computer models of plume ViSUal Impact and to develop technIcal

gUIdance for plume ViSUal Impact evaluation as part of the ImplementatlOn of EPA's vIsibility

regulations under the vIsibility protection provIsions of the Clean Arr Act Nitrogen dlOJade

has been found to be a sigmficant contnbutor to plume ViSUal Impact from modem,

well-controlled power plants

The contrast of a plume against an optIcally thIck honzon-sky background can be

calculated by solvmg Equation 11-1 (LatImer et al , 1978, WhIte et al , 1986)

(11-8)

where

Cplume - contrast of the plume agamst the honzon sky (1:Iplume - I sky)/Isky],

J - source functlOn defmed prevlOusly,

Tplume - optical thIckness of the plume ( S bext dr),

bext - extInction coeffiCient of the mtervenmg background atmosphere between
the plume and the observer, and

rp - distance between the plume and the observer

For a pure N02 plume, the fIrst tenn (m the fIrst parr of square brackets) equals -1,

and therefore Cplume IS always negative, slgmfymg a dark plume If one also assumes either

that the plume is very close to the observer (rp ::::: 0) or that the mtervenmg atmosphere IS

optically thin (bext ::::: 0), then the last tenn m tills equatIon equals 1, and the followmg

equatIOn for an N02 plume IS obtamed

Cplume = -[1 - exp(-TplumtJ] = -[1 - exp( S plume bag dr)]
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If one assumes that Cplume must equal at least -0 02 for a plume to be vIsIble, then the

plume optIcal thIckness (7"plume) must be at least 0 02 For a plume that IS 1 km WIde, thIs

optIcal depth can be caused by 0 065 ppm (122 p,g/m3
) of N02 at A = 0 55 p,m or by

o012 ppm (22 p,g/m3
) at A = 0 4 p,m For a plume 10 km WIde, the same effect could be

caused by N02 concentratIons one-tenth as large Melo and Stevens (1981) found that under

typICal condItIOns a plume N02 optICal thIckness correspondmg to 90 ppm-m (or 0 090 ppm

mal km WIde plume) was requITed to make a plume Just VISIble agamst a blue honzon-sky

background Usmg a predecessor of the PLUVUE models (Johnson et al , 1980, SeIgneur

et al , 1984), LatImer (1980) mvestIgated the relatIOnslnp between NOx emISSIon rates from

power plants and plume contrast and other optIcal parameters He found that the yellow

brown coloratIon of the power plant plume was dommated by N02 for the modeled cases

Melo and Stevens (1981) confinned the dommant Importance of N02 to coloratIOn m an

actual power plant plume LatImer (1979, 1980) modeled the VISUal Impacts of power plants

of VarIOUS SIZes and NOx emISSion rates and concluded that yellow-brown plumes could be

observed as far as 100 to 150 km away from a power plant, but only on a few days per year

WhIte and Patterson (1981) developed nomographs that allow one to determme the

optIcal propertIes and relatIve Importance of emItted particles and N02 as a functIon of the

scattenng angle and the partIcle SIZe dIstnbutIOn Vanderpol and Humbert (1981) IdentIfied

N02 as the prImary plume colorant when particle SIZe was greater than 0 5 p,m Haas and

Fabnck (1981) performed a senSitIVIty analySiS to mvestIgate the effects of N02 and particles

m plumes on VarIOUS mdlCators of color and contrast

In studies of the NavajO Generatmg StatIOn plume m the southwestern Umted States as

part of the VISTIA project, Richards et al (1981) never found particulate mtrate, even

though HN03 vapor was formed at rates 3 to 10 tImes the rate at whIch sulfate aerosol was

formed They concluded that mtrate aerosol dId not condense because of madequate

background concentratIons of NH3 Hegg and Hobbs l1983) measured the constItuents of

another power-plant plume m the Southwest and found rapId formatIOn of both HN03 and

mtrate aerosol NItrate aerosol constItuted 15 to 75 % of the mtrate m the plume Measured

plume aerosol SIZe was pnmanly m the 0 25-p,m range ApproxImately equal contnbutIons

to plume hght extmctIon were made by partIcles and N02 The reason the Hegg and Hobbs

(1983) fmdmgs were qUite different from those of Richards et al (1981) IS not clear, but the
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findmgs may have dIffered because background NH3 concentrations dIffered at the respective

sites

Also as part of the VISTIA study, Blumenthal et al (1981) measured the dIsperSIOn,

chemistry, and opncal propertIes of the Navajo Generatmg Station On the baSIS of tills

measurement program, they concluded that N02 was the pnmary plume colorant, that

secondary aerosol formatIOn could be neglected Withm 100 km of the source, and that the

PLUVUE model adequately charactenzed observed effects Bergstrom et al (1981)

evaluated the PLUVUE model usmg VISTIA data and found that the model performed

reasonably well, but that It shghtly overpredIcted observed plume VIsual Impacts SenSItiVIty

analyses performed indIcated that N02 was the prmcipal plume colorant

The most detaIled evaluatIOn of plume VISIbility models was carned out as part of the

VISTIA study (Willte et al , 1985, 1986) Four plume VISIbility models, mcludmg the two

verSIOns of PLUVUE (LatImer and Samuelsen, 1975, 1978, LatImer et al , 1978, Johnson

et al., 1980, Seigneur et al , 1984), the ERT VISIbility model (Dnvas et al , 1980),

PHOENIX (Eltgroth, 1982), and the Los Alamos VISIbility model (Wtlhams et al 1980,

1981), were evaluated by companson WIth field measurements of plume concentratIOns,

optical parameters, and observed plume color and contrast made at the NavajO Generatmg

Station, well-controlled for partIculate, at less well-controlled power plants m the MIdwest,

and at an uncontrolled smelter m the Southwest Of the four, the first two, the PLUVUE

and ERT models, were found to be most accurate m predictIng the plume VISUal Impacts

observed m the field measurement programs The plume contrast for the power plant WIth

modem partIculate controls could be adequately explamed accountmg Just for the plume N02

concentrations; partIculates llid not playa sIgmficant role In the study of strong partIculate

emiSSIOn sources (Willte et al , 1986), the performance of PLUVUE IT and the ERT models

was less satisfactory than for the N02-dommated plumes However, the relatively poor

perfomlance of these two models may have resulted m large part from the ImpreCISe

specIfication of model mputs (partICle SIZe and background sky ralliance) Model

performance was found to depend strongly on model mput specIfication
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11.8 SUMMARY OF EFFECTS ON VISIBILITY

EmISSIons of NOx can contnbute sIgmficantIy to VISIbility Impamnent m the form of

plumes and hazes NItrogen dIOXIde and NH4N03 art' the OptICally actIve specIes of NOx

Other specIes, mcludmg NO and RN03 , are gases wIth mSIgmficant optIcal effects

NItrogen dIoXIde IS a gas that preferentIally absorbs blue lIght, thus tendmg to cause yellow

brown atmosphenc dIscoloratIon There IS agreement among many studIes that N02 IS a

strong and conSIstent colorant Aerosols, however, mcludmg mtrate, can cause atmosphenc

dIscoloratIOn, partIcularly when bnght objects are observed or the sun IS behmd the observer

NItrogen dIoXIde has been shown to be the most. sIgmficant plume colorant for the

yellow-brown power plant plumes that have been observed, pnmanly m the western Umted

States, and that are of current regulatory concern to EPA and the States

NItrogen dIOXIde and mtrate aerosol are sIgmficant contnbutors to urban haze,

especIally m CalIforma and the western Umted States TheIr combmed share of total

extmctIOn can be 20 to 40 % of total lIght extInctIOn m such urban areas In nonurban areas,

NOx appears to be a relatIvely small contnbutor to lIght extmctIOn because N02, mtrate

aerosol, and NH3 concentratIOns tend to be lower or because moderate or hIgh temperatures

tend to prevent mtrate aerosol from condensmg NItrate aerosol does not appear m htgh

concentratIOn m areas of hIgh concentratIons of aCId sulfate, such as the eastern Umted

States, mamly because aCIdIC sulfate compounds consume the available atmosphenc NH3 that

IS needed to condense mtrate aerosol from HN03 vapor

TheoretIcal models have been developed for descnbmg the chemIcal reactIOns that

result m the formatIOn of optIcally actIve NOx speCIes, aerosol dynamICS of mtrate aerosol,

chemIcal eqUllIbnum of mtrate-water aerosols, the lIght scattenng and absorptIOn propertIes

as a functIOn of the wavelength of lIght, and effects on VISUal range, haze contrasts, and

atmosphenc color The available companson of plume VISIbility models suggests that the

effects of plume N02 can be accurately predicted but that model predIctIOns of the effects of

aerosol partIcles are less adequate LImIted work has been done to develop and test models

for urban, layered, and regIOnal haze, but much more work IS clearly needed

Measurement of mtrate aerosol IS complIcated by ItS volatility However, newer

measurement techmques based on the use of denuders have proVIded relIable measurements
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Because older techmques (such as Teflon :fIlters) can senously underestnnate mtrate aerosol

concentrations, care must be taken when mterpretmg data obtamed by those techmques

Work is needed to understand the apparently nonlmear effects of NOx emISSIon controls

on nitrate aerosol concentrations and resultmg VISIbility effects Also, work IS needed to

understand the effects of sulfur d1made emISSIon controls on mtrate aerosol production,

because the large-scale reductIOn of sulfate, whIch competes WIth mtrate for avaIlable NH3 ,

may result m mcreases m nitrate aerosol

11.9 ECONOMIC VALUATION OF EFFECTS ON VISIBILITY FROM
NITROGEN OXIDES

The pnmary effects of NOx on VISIbility were descnbed m preVIOUS sectIOns of thIs

chapter and are beheved to be (1) d1scoloratIon, producmg a browmsh color seen m plumes,

layered hazes, and umform hazes, and (2) reductIOns m VISUal range (mcreases m hght

extinction), espeCially m urban areas m the western Umted States ThIs sectIOn dIscusses the

avaIlable econOmlC eVIdence concemmg the value of preventmg or reducmg these types of

effects on viSIbility Economlc studIes have not focused specIfically on NOx- assocIated

changes in vlsibl1ity for the most part, but some studIes have conSIdered the types of

VISIbility effects that are associated WIth NOx The followmg summary of economIC

estimation methods and avaIlable results IS bnef For more detal1 see Chestnut and Rowe

(1990a), Mitchell and Carson (1989), Flschhoff and Furby (1988), Cummmgs et al (1986),

and Rowe and Chestnut (1982)

11.9.1 Basic Concepts of Economic Valuation

ViSIbility has value to mdlvldual economIC agents pnmanly through ItS nnpact upon

actiVIties of consumers and producers Stud1es of the economIC nnpact of VISIbility

degradatiOn by alf pollutlon have focused on consumer actIvitles Most economIC studIes of

the effects of alf pollutIOn on VISIbility have focused speclfically on the aesthetic effects to

the indIVIdual Some commerCIal actIVIties, such as aIrport operations, may be affected by

VISibility degradatiOn by alf pollution, but avaIlable eVIdence suggests that the economIC

magnitude of NOx effects on commerCIal operations probably IS very small In a 1985
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report, EPA concluded that some percentage of the VI1~Ibility lffiparrment mCIdents sufficIent

to affect arr traffic actIvIty mIght be attnbutable, at least m part, to manmade arr pollutants

(possIbly 2% to 12% m summer m the eastern Umted States), but accordmg to the

mformatIOn presented prevIously m tills chapter, NO" would not be expected to be a

sIgmficant contnbutor to these mCIdents

It IS well estabhshed that people notice those changes ill VISIbility conmtIOns that are

sIgmficant enough to be perceptible to the human observer, and that VISIbility condItions

affect the well-bemg of mdividuals ThIs has been venfied ill scemc and VISUal arr quahty

ratmg studIes (MIddleton et al , 1983, Latlffier et al , 1981, Damel and Hill, 1987), through

the observation that mmviduals spend less tlffie at scemc VIStaS on days WIth lower VISIbility

(MacFarland et al , 1983), and through use of attltudmal sunreys (Ross et al ,1987) The

mtent of VISIbility-related economIC stumes has been to put a dollar value on changes m well

bemg assocIated wIth VISIbility degradatIOn

Welfare economICS defmes a dollar measure of the change m mdividual well-bemg

(referred to as utility) that results from a change m the quahty of any pubhc good, such as

VISIbility, as the change m mcome that would cause the same change m well-bemg as that

caused by the change m the quahty of the pubhc good One way of dermmg tills measure of

value IS to determme the maxlffium amount the mdividual would be willmg to pay to obtam

lffiprovements or prevent degradatIOn m the pubhc good (see Freeman [1979] for more

detaIl) For most goods and servIces traded m markets, tills measure can be denved from

analysIs of market transactions For non-market goods, such as VISIbility, tills economIc

measure of value must be denved some other way

For purposes of tills dIScussIon, consumer values for changes m VISIbility can be

dIVIded mto use and non-use values (there are shght vanatIOns m the way these are dermed

by d1fferent economIsts) Use values are related to the direct mfluence of VISIbility on the

current and expected future activIties of an mdividual at a SIte Non-use values are the

values an mdividual places on protectmg VISIbility fOI use by others (bequest value) and on

knowmg that It IS bemg protected regardless of current or future use (eXistence value) Total

value, combmmg use and non-use, IS sometlffies called preservation value
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11.9.2 Economic Valuation Methods for Visibility

Two mam economic valuation methods have been used to estImate dollar values for

changes m vIsibility conditions m vanous settmgs (1) the contmgent valuatIOn method

(CVM:), and (2) the hedomc property value method Both methods have Important

hmltatlons, and uncertamtles surround the accuracy of avatlable results for vIsibility

Ongoing research continues to address Important methodological Issues, but at tills tIme some

fundamental questIOns remam unresolved (Chestnut and Rowe, 1990a, Mitchell and Carson,

1989, Fischhoff and Furby, 1988, Cummmgs et al ,1986) Recogrnzmg these uncertamtles

IS important, but the body of eVidence as a whole suggests that econOffilC values for changes

in vIsibility conditions are probably substantial m many cases and that a sense of the llkely

magmtude of these values can be denved m some mstances from the avatlable results

(Chestnut and Rowe, 1990a)

11.9.2.1 Contingent Valuation Method

The CVM: involves the use of surveys to ehclt values that respondents place on changes

in viSibility conditIOns (see Rowe and Chestnut [1982], Mitchell and Carson [1989], and

Cummmgs et al [1986] for more detatls on tills method) The most common vanatlon of the

CVM: rehes on questIons that drrectly ask respondents to estImate therr maxunum willmgness

to pay (WTP) to obtam or prevent vanous changes m VISibility conditions The potential

changes m VISibility conditions are usually presented to the respondents by means of

photographs and verbal descnptlOns, and some hypothetical payment mechamsm, such as a

general price increase or a utility bill mcrease, IS posed

The CVM: offers economists the greatest fleXibility and potential for estImatmg use and

non-use values for VISibility There are many types of changes m VISibility for willch total

values cannot be denved from market data As a result, most recent VISibility value

applications use the CVM: ThIs approach contInues to be controversial, however, and there

are those who questIOn whether the results are useful for pohcy analysIs (Flschhoff and

Furby, 1988, Kahneman and Knetsch, 1992) Sffilth (1992) has responded to some of the

questions raised about the CVM, but a consensus on ItS usefulness and rehability has not

been reached m the economics commumty Cummmgs et al (1986) and Mitchell and Carson

(1989) have conducted the most comprehensive reviews of the CVM approach to date and
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have concluded that there IS suffiCIent eVIdence to support the careful use of results from

well-desIgned CVM studIes ill certaIn apphcatIons

Among the fundamental Issues concernmg the apphcatIon of CVM for estImatmg

VISIbility values are (1) the ability of researchers to present VISIbility condItIons m a manner

relevant to respondents and to desIgn mstruments that can ehcIt unbIased values, and (2) the

ability of respondents to formulate and report values wIth acceptable accuracy As WIth any

survey mstrument, It IS Important that the presentatIOn be credIble, reahstIc, and as sImple as

possIble The optImal level of detaIl and the most cntlCal pIeces of InformatIon necessary m

the presentatIOn to respondents to obtam useful CVM lesponses contmue to be tOPICS of

research and dIScussIon Another Important Issue m CVM VISIbility research concerns the

ability of respondents to Isolate values related to vIslbIllIty aesthetIcs from other potentIal

benefits of arr pollutIOn control such as protectIOn of human health Prehmmary results

(Irwm et al , 1990, Carson et al , 1990) suggest that SImply tellmg respondents before askIng

the WTP questIOns to mclude only VISIbility is not adequate and may cause some upward bIas

m the responses

11.9.2.2 Hedonic Property Value Method

The hedomc property value method uses relatIOns.hIps between property values and arr

quahty condItIOns to Infer values for dIfferences m arr quahty (see Rowe and Chestnut [1982]

and TnJoms et al [1984] for more detaIl on thIs method) The approach IS used to

determme the ImphCIt, or "hedomc," pnce for arr quality m a reSIdentIal housmg market,

based on the theoretIcal expectatIOn that differences m property values that are associated

WIth dIfferences m arr quahty will reveal how much households are willmg to pay for

dIfferent levels of arr quahty m the areas where they hve The ma.Jor strength of thIs

approach IS that It uses real market data that reflect what people actually pay to obtam

Improvements ill arr quahty m aSSOCiatIOn WIth the purchase of theIr homes The method can

proVIde estImates of use value, but non-use values carulOt be estImated WIth thIs method

There are many theoretIcal and empmcal dIfficultIes m applymg the hedomc property

value method for estImatmg values for changes m VISIbility, but the most Important hmitation

IS the difficulty m Isolatmg values for VISibility from other effects of arr pollutIon at the

reSidence Hedomc property value studIes to date proVIde estImates of total value for all
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perceived lDlpacts resultmg from alI pollution at the resIdence, mc1udmg health, VISIbility,

soiling, and damage to matenals and vegetatIOn The potential for estImatmg separate values

for VIsibility WIth thIs method IS 1lDlited for two reasons Frrst, the actual effects of alI

pollution often are hIghly correlated, makIng It dIfficult to separate them statistically usmg

objectIve measures Second, mdIviduals are hkely to perceIve a correlation between these

effects and to act accordmgly m therr housmg decISIons, even If the effects are actually

separable usmg objective measures

11.9.3 Studies of Economic Valuation of Visibility

EconomIC studIes have estimated values for two types of VISIbility effects potentially

related to NOx : (1) use and non-use values for preventmg the types of plumes caused by

power plant emISSIons, VISIble from recreatIOn areas m the southwestern Umted States, and

(2) use values of local reSIdents for reducmg or preventmg mcreases m urban hazes m

several dIfferent locations

11.9.3.1 Economic Valuation Studies for Air Pollution Plumes

Three CVM studIes have estImated on-SIte use values for preventmg an alI pollutIon

plume visible from recreation areas m the southwestern Umted States (Table 11-2) One of

these studIes (Schulze et al , 1983) also estlDlated total preservatIOn (use and non-use) values

held by VIsitors and non-VIsItors for preventmg a plume at the Grand Canyon A fourth

study concerning a plume at Mesa Verde NatIOnal Park (Rae, 1983) was not mc1uded

because of methodologIcal problems WIth the contmgent rankmg approach used (Ruud,

1987) The plumes m all three studIes were Illustrated WIth actual or SImulated photographs

showmg a dark, tbm plume across the sky above scemc landscape features, but specIfic

measures such as contrast and thIckness of the plume were not reported Respondents were

told that the source of the plume was a power plant or an unspecIfied alI pollution source

In one study (Brookshrre et al , 1976), a power plant was VISIble m the photographs

The estimated on-SIte use values for the preventIOn or elIIDmanon of the plume ranged

from about $3 to $6 (1989 dollars) per day per VISItor-party at the park These value

estImates are comparable to values obtamed m these and other studIes for preventmg farrly

significant reductions m VISUal range caused by haze at parks and recreation areas m the
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TABLE 11-2. ECONOMIC VALUATION STUDffiS FOR AIR POLLUTION PLUMES

LocatiOn Year of Valuation Payment Mean Results
Study of Plume Study Subjects IntervIews Type of Value Method Vehtcle ($ 1989)

Schulze et al (1983) Grand Canyon Urban resIdents 1980 Datly use value Contmgent Dally park $6 17 per day at
National Park who have VIsIted at park per valuatiOn, dIrect entrance fee park per

or plan to VISIt household WTPa questiOn household
Grand Canyon

Urban resIdents 1980 Monthly Contmgent Monthly utIhty $5 31 per month
m Denver, Los preservation valuatiOn, dIrect bIllmcrease per household
Angeles, value per WTPa questiOn
Chtcago, household
Albuquerque, ~ if
VISItors and non- '-r

~

VISItors

MacFarland et al Grand Canyon Park vlSltors 1980 Datly use value Contmgent Dally park $2 84 per day at- (1983) National Park at park per valuation, duect entrance fee park per VIsltor-- VISItor-party WTPa questiOn party (household)I
.j::l.
~ (household)

Brookshtre et al Glen Canyon Nearby resIdents 197A. Datly use value Contmgent Dally entrance VISItors $332
(1976) National and lake VISItors at recreatiOn valuatiOn, duect fee per day addttIonal

RecreatiOn a to prevent VISIblearea per WTP question
Area (Lake VISItor-party plume

Powell) (household)
ReSIdents $221
per day addttiOnal
to prevent VISIble
plume

aWTP = Wtllmgness to pay



Southwest A potentIal problem common to all of these studIes IS the use of dally entrance

fees as a payment vehicle Respondents may have anchored on the then-typIcal $2 per day

fee and stated an acceptable proportIonal mcrease m entrance fees rather than reportmg a

maximum willmgness to pay TIns may have caused some downward biaS m the responses,

but empmcal exploratIon of this questIon IS needed An alternatIve payment vehicle to

consider mIght be total expendItures for the tnp to the park

The results of the Schulze et al (1983) study suggest that on-SIte use values may be

easily dwarfed by total preservatIOn values held by the entIre populatIon For example, WIth

average annual VISitatIOn at the Grand Canyon of about 1 3 millIon VISItor-partIes (about

three people per party), annual on-SIte use values for preventIng a VISIble plume every day

would be about $8 millIon based on the Schulze et al results, whereas the Imphed

preservatIon value for preventIng a VISIble plume most days (the exact frequency was not

specrlied) at the Grand Canyon would be about $5 7 billIon each year when apphed to the

total Urnted States populatIOn There IS, however, consIderable uncertamty m the

preservation value estImates from thIs study Chestnut and Rowe (1990b) found that the

Schulze et al. (1983) preservatIOn value estImates for haze at natIOnal parks ill the Southwest

are probably overstated by a factor of two or three and the same probably apphes to the

preservatIon value estImates for plumes

11.9.3.2 Economic Valuation Studies for Urban Haze

Six economIC studIes concemmg urban haze caused by arr pollutIon are summanzed m

Table 11-3 FIve of these are CVM studIes and one IS a hedomc property value study

Although many other hedomc property value studIes concemmg arr quahty have been

conducted (see TnJoms et al [1984] and Rowe and Chestnut [1982] for reVIews), the study

by Trijorns et al (1984) IS the only one that has used VISIbility as the measure of aIr quahty

The magmtudes of the changes ill VISUal range conSIdered m each study vary, makmg

direct compansons of the results dIfficult In Table 11-3 ImphClt values obtamed for a 10 %

change m visual range are reported to allow a companson of results across the studIes

Values for a 10% change are shown to illustrate the range of results across the dIfferent

studies These estImates are based on a model developed for companson purposes that
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TABLE 11-3. ECONOMIC VALUATION STUDIES ON URBAN HAZE

Imphed Mean Annual
WTPa for a 10% Change

PresentatIon/DefimtIon m VIsual Range
Study Location Year Valuation Methot Payment Velncle of Change m VISIbIlIty ($ 1989)

PART I UNIFORM URBAN HAZE

Western CIties

Loehman et al San FrancIsco 1980 Contmgent valuatIOn, Monthly utilIty bIll Change m frequency $106 per household
(1981) dIrect WTP questIOn mcreases dIstnbutIon Illustrated

wIth local photos for
3 levels of aIr qUalIty

Brookshtre et al Los Angeles 1978 Contmgent valuation, Monthly utilIty bIll Change m average $10 per household
(1982) dIrect WTP question mcreases VlSlbIlIty Illustrated WIth

local photos for 3 levels
of aIr qualIty

TnJonIs et al San FrancIsco 1978-79 HedonIC property LIght extmctIon based $208-231 per household- (1984) value on aIrport vlSlbIlIty data-I Los Angeles 1978-79 HedonIC property LIght extmctIon based $112-226 per household.j:>.
Ul

value on aIrport vlSlbIhty data

Eastern CIties

Tolley et al (1986) Chtcago, 1982 Contmgent valuation, Monthly payment Change m average $8-51 per household
Atlanta, dIrect WTP question for VISIbIlIty VISIbIlIty Illustrated WIth
Boston, Improvement Chtcago photos for
MobIle, program levels of aIr qualIty
Washmgton,
DC,
MIaIU1,
CmcmnatI



TABLE 11-3 (cont'd). ECONOMIC VALUATION STUDIES ON URBAN HAZE

Study locatIon Year ValuatIon Methocf Payment VehIcle
PresentatIonJDefimtIon
of Change m VISIbIlIty

ImplIed Mean Annual
~ for a 10% Change

m VIsual Range
($ 1989)

PART I (cont'd). UNIFORM URBAN HAZE

Rae (1984) CmcmnatI 1982 Contmgent valuatIon,
drrect WTP questIon

Monthly payment
for VISIbIlIty
lffiprovement
program

Change m average
vlSlbIlIty Illustrated
wIth ChIcago photos
for 3 levels of aIr
qualIty

$48 per household

PART II. URBAN HAZE WITH BORDER

I--'
I--'

.p.
0'1

Irwm et al (1990) Denver 1989 Contmgent valuatIon,
dIrect WTP questIon

General hIgher
pnces each year

I-step change m
7-pomt air quahty
scale, Illustrated WIth
photos

Preillmnary results
mdicate mean annual
WTP of about $100 per
household for a I-step
change m the 7-pomt
scale, WIth about one
thIrd of the value
attributed to VISibIlIty
alone

aWTP = WIllmgness to pay



assumes economIc values are proportIOnal to the percentage change ill vIsual range Values

for a 20% change, for example, would be about tWIce as large as those shown for a 10%

change, given the underlymg companson model Each of these studies rehed on a

reasonably representative sample of resIdents m the study area, such that a range of

SOCIOeconomIC charactenstIcs and of neIghborhood pollution levels was mcluded m each

sample

The first five studIes m Table 11-3 all focused on changes ill urban hazes WIth farrly

umform features that can be descnbed as changes ill VISUal range The SIXth study (lrwm

et al , 1990) focused on VIsual arr quahty ill Denver, where a dIStinCt edge to the haze IS

often noticeable, makIng VISUal range a less useful descnptIve measure because It would vary

dependmg on the viewpomt of the mdividual and whether the target was m or above the haze

layer The studies conducted m Denver and ill the Cabforma CIties are the most relevant

because hazes m these CIties are lIkely to have a higher NOx component than ill the eastern

CItIes, but none of these studIes focused specifically on NOx

Both of the CVM studIes m CalIforma asked respondents to conSIder health and VIsual

effects but used dIfferent techniques to have respondents partItIOn the total values They

found that, on average, respondents attnbuted about one-third to one-half of their total values

to aesthetic VIsual effects In spIte of many sl1mlantIes ill the approaches used, the CVM

results for San FranCISCO are notably higher than for Los Angeles when adjusted to a

comparable percentage change ill VIsual range One potentially unportant dIfference m the

presentations was that Loehman et al (1981) defmed the change ill VISIbility as a change ill a

frequency dIstnbutIon rather than sunply a change m average conditIOns ThIs type of

presentatIon IS more reahstIc but more complex, and It IS unclear how It may affect responses

relative to presentation of a change ill the average It IS pOSSIble that the dIstnbutIon

presentatIOn mIght ehcIt higher WTP responses because It may focus respondents' attention

on the reduction m the number of relatIvely bad days (and on the illcrease ill the number of

relatIvely good days), whereas the associated change m the average may not appear as

SIgnIficant The unphed change m average condItions ill the Loehman et al (1981)

San FranCISCO study was conSIderably smaller than that presented ill the Brookshire et al

(1982) Los Angeles study, which may have also resulted m a fugher value when adjusted to a
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comparable SIZe change m average vISUal range because of dunmIshmg margmal utility (1 e ,

the fIrSt mcrementalImprovement IS expected to be worth more than the second)

The CalIforma studIes m Los Angeles and San FranCISCO proVIde some mterestmg

compansons because two dIfferent estImatIOn techruques were apphed for the same locatIons

Property value results for changes m arr qualIty for both CItIes were found to be hIgher than

comparable values (for changes m total arr qualIty) obtamed m the CVM studIes ThIs IS as

expected gIven the theoretIcal underpmnmgs of each estImatIon method, although Graves

et al (1988) have reported that subsequent analySIS of the property value data revealed that

the estImates are more vanable than the ongmal results suggest These property value

results are not reported here because they are for changes m arr pollutIon mdIces that are not

tied to VISUal arr qualIty

The property value study results reported m Table 11-3 from TnJoms et al (1984) were

estimated usmg light extInctIOn as the measure of arr qualIty However, as dIscussed m the

preVIOUS section on the hedomc property value method, these estImates are still lIkely to

include perceived benefits to human health for reductIons m arr pollutIOn as well as values

for VISUal aesthetIcs ConSIstent WIth thIs expectatIon, the results for a 10% change m hght

extinction are hIgher than the CVM results for VISUal range changes for the same CItIes

Respondents m several CVM studIes have reported that, on average, they would attnbute to

visibility aesthetIcs about one-fourth to one-half of theIr total WTP for Improvements m arr

qualIty ThIs would Imply that the TnJoms et al results may reflect $25 to $100 for a

change in VISIbility alone

The results for the unIform urban haze studIes m CItIes m the eastern Umted States fall

between the respective CVM results for the CalIforma CItIes The changes m VISUal range

presented m these studIes were SImilar to those presented m the Los Angeles study In all of

the eastern studIes respondents were SImply asked to conSIder only the VISUal effects when

answering the WTP questIons ThIs approach IS now conSIdered to be madequate (lrwm

et al , 1990; Carson et al , 1990)

A recent study that has not as yet completed the peer-revIew process has apphed the

approach recommended m recent methodologIcal exploratIons to estImate values for changes

in ViSIbility McClelland et al (1991) conducted a mail survey m 1990 m ChIcago and

Atlanta ReSIdents were asked what they would be wllhng to pay to have an Improvement m
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arr quahty, wInch amounted to about a 14% l1llprovement m annual average VISUal range

Respondents were then asked to say what percentage of theIr response was attnbutable to

concern about health effects, s01lmg, VISIbility, or other arr quahty l1llpact Respondents, on

average, attnbuted about 20 % of theIr total WTP to VISIbility The authors conducted two

analyses and adjustments on the responses One was to estl1llate and elnnmate the potentIal

selectIOn bIas resultmg from non-response to the WTP questIOns (mcludmg what has been

called protest responses) The other was to account for the potentIal skewed mstnbutIOn of

errors caused by the skewed dIstnbutIOn of responses (the long taIl at the Ingh end) Both of

these adjustments caused the mean value to decrease The annual average household WTP

for the deSIgnated VISIbility l1llprovement was $39 before the adjustments and $18 after the

adjustments ThIs adjusted mean value l1llphes about $13 per household for a 10%

l1llprovement m VISUal range ThIs IS at the low end of the range of estImates shown m

Table 11-3 If peer-reVIew of tIns research effort confinns the appropnateness of the study

deSIgn and analysIs, the results suggest that greater confidence should be placed m the lower

end of the range of results shown m Table 11-3 because tIns study represents an

l1llprovement m approach over the other eastern-cItIes stumes

Irwm et al (1990) have reported prelnnmary results for the Denver study (part IT,

Table 11-3) Companson of these prelnnmary results WIth results from other studIes IS

dIfficult because the photographs used to illustrate dIffi~rent levels of arr quahty were not tIed

to VISUal range levels Instead, they were rated on a sleven-pomt arr quahty scale by the

respondents, who were then asked theIr maxunum WTP for a one-step l1llprovement m the

scale ThIs study reports some l1llportant methodoiogieal f'mdmgs One of these IS

comrrmatlOn that sl1llply askmg respondents to thInk only about VISIbility results m Ingher

WTP responses for VISIbility changes than when respondents are asked to gIve WTP for the

change m aIr quahty and then to say what portIon of that total they would attnbute to

VISIbility only The latter approach produced a mean ~N'TP estImate for a one-step change m

VISIbility that was about one-half the SIZe of the mean 'WTP estl1llate gIven when respondents

were SImply asked to thInk only about VISIbility ThIs may result from the effect of budget

constramts on margmal values (the respondent has less to spend on VISIbility when he also IS

buymg health), however, the authors express the conce rn that some, but not all, of the value

for health may be mcluded m the response when respondents are told to thInk only about
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VIsibility. They recommend that respondents be asked to glVe total values for changes m

urban air quality and then be asked to say what portIOn IS for VISIbility

11.9.4 Summary of Economic Valuation

ViSibility has value to mdividual economIC agents pnmanly through ItS lIDpact upon

activities of consumers and producers Most economIC studies of the effects of arr pollution

on ViSIbility have focused on the aesthetic effects to the mdividual, willch are, at tills tlIDe,

believed to be the most slgmficant economIC lIDpacts of VISIbility degradation caused by arr

pollution in the Umted States It IS well estabhshed that people notice those changes m

ViSIbility condItions that are sIgmficant enough to be perceptible to the human observer, and

that visibility condItIons affect the well-bemg of mdividuals

Welfare econoIDlcs dermes a dollar measure of the change m mdividual well-bemg

(referred to as utlhty) that results from the change m the quahty of any pubhc good, such as

visibility, as the change m mcome that would cause the same change m well-bemg as that

caused by the change m the quahty of the pubhc good One way of dermmg tills measure of

value IS to determme the maXlDlUm amount the mdIvidual would be willmg to pay to obtaIn

improvements or prevent degradation m the pubhc good Two economIC valuatIOn

techniques have been used to estlIDate willmgness to pay for changes m VISIbility (1) the

contingent valuatIOn method, and (2) the hedomc property value method Both methods have

important hmItatIons, and uncertamtIes eXist m the avaIlable results Recogmzmg these

uncertainties IS lIDportant, but the body of eVIdence as a whole suggests that economIC values

for changes m viSibility condItions are probably subStantIal m some cases, and that a sense of

the hkely magmtude of these values can be denved from avaIlable results m some mstances

Economic studies have estlIDated values for two types of VISIbility effects potentially related

to NOx: (1) use and non-use values for preventIng the types of plumes caused by power

plant eillissions, VISIble from recreation areas m the southwestern Umted States, and (2) use

values of local reSIdents for reducmg or preventIng mcreases m urban hazes m several

duferentlocations

Available eVIdence suggests that VISItors to major recreation areas m the southwestern

United States value the preventIOn of manmade plumes VISIble from the recreatIOn area The

results of two studIes suggest values per VISItor-party per day m the range of $3 to $6 (1989
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dollars) m adchtIOnal park entrance fees to ensure that a thm, dark plume IS not VISIble from

a popular observatIOn pomt at .:orand Canyon National Park A sImilar study at Lake Powell

found somewhat smaller values, m the range of $2 to $3 per day Schulze et al (1983)

found that total preservation values held by VISItors and non-VIsItors for preventmg a plume

vISIble from the Grand Canyon may substantially overwhelm on-SIte use values based on a

few dollars per day at the sIte, however, consIderable uncertaInty eXists m the quantitative

results of thIs study, gIVen the pIOneermg nature of the effort

The best economIC mformatIon avaIlable for VISIbility effects associated WIth NOx IS for

on-SIte use values related to changes m VISUal range m urban areas caused by umform haze

These values fall roughly between $10 and $100 per year pel local household for a 10%

change m VISUal range m major urban areas m CalIfOlma anel throughout the eastern

Umted States Reasonable extrapolations of on-SIte use values (WIth an order-of-magmtude

range of uncertamty) could be made from these stuches for estImates of changes m vIsual

range that are attnbutable to changes m NOx levels m these and other major urban areas,

where NOx contnbutes to umform haze that can be characterIZed by changes m VIsual range

AvaIlable results WIth regard to vIsual range m urban areas appear to be suffiCIent to

determme the Importance of VISIbility values (on-SIte use) related to NOx-caused umform

haze m urban areas relative to other potentIal benefits of NOx controls, and to proVIde order

of-magmtude estImates of such VISIbility values To dlo so, however, would reqUITe estImates

of the changes m VIsual range that mIght be expected as a result of NOx controls

Extrapolations to less urbanIZed areas or to othelr VISIbility changes, or both, would

reqUITe adchtIonal assumptIOns and mIght mtroduce adchtIOnal uncertaInty Because each of

the studIes completed to elate has some Important wealknesses and lImItations, it would be

deSIrable to contmue to enhance the geographIc extent and the techmcal breadth of Issues

addressed m these studIes to arnve at a broader and more defensIble set of estImates

Very httle work has been done regardmg layered hazes m recreatIOn or reSIdentIal

settIngs PrelImInary results from Irwm et al (1990) suggest annual reSIdential household

values of about $30 for a notIceable Improvement m VISIbility condItIons m the Denver area,

where layered hazes are common More InformatIon IS needed about the specIfic VIsual

charactenstIcs of such hazes that are most Important to VIewers, as well as about the value

people may place on reducmg or preventIng them
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12. EFFECTS OF NITROGEN OXIDES
ON MATERlALS

12.1 INTRODUCTION

Matenals exposed to the atmosphere m both mdoor and outdoor enVIronments may

suffer undesIrable phYSICal and chemIcal changes All hough many of these changes occur

whether or not pollutants are present, the rate at whIch these changes occur can be mfluenced

by pollutant concentratIOns NItrogen oXIdes (NOx), mcludmg mtnc oXIde (NO), mtrogen

dIOXIde (N02), and mtnc aCId (HN03), are known to affect the fadmg of dyes, the strength

of fabncs, plastIcs, and rubber products, the corrOSIon of metals, and the use-lIfe of

electromc components, pamts, and masonry Although the matenals damage potentIal of

sulfur oXIdes (SOx) has been extensIvely studIed, much less research has been reported for

NOx Graedel and McGill (1986) have pomted out, however, that sulfur dIOXIde (S02)

concentratIons are generally decreasmg across the country Levels of NOx mcreased through

1985 but declmed from 1985 through 1991 (U S EnvlIonmental ProtectIon Agency, 1992)

The amount of matenals damage attnbutable to NOx can therefore be expected not to

mcrease TIns chapter dIscusses the Impact of NOx on a number of categones of matenals

EmphasIs IS placed on those expenments and matenals, m whIch degradatIon was observed

To understand the results of matenals exposure to NOx , It IS Important to appreciate the

mfluence of several factors on the matenals damage plocess

1 The enVIronment m whIch matenals are m.posed,

2 The mechamsms that cause damage m dIfferent exposures,

3 The wet and dry deposItIon processes that mfluence damage rates, and
,

4 The chemIcal mteractIOns of NOx speCIes WIth matenals and wIth other
components of the envIronment, for example, other arrborne pollutants and
mOIsture

It IS also necessary to understand the expenmental techtmques used to study damage processes

and the lImItatIOns of these study techmques, as well as the results of the studIes Fmally, If
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estimates of the costs of matenals damage are desIred, an understandmg of the economlC

estimatIon procedures IS needed A useful survey of the tOPIC of arr pollutIOn damage to

matenals IS contaIned m Jorg et al (1985)

12.1.1 Environmental Exposures of Materials

The matenals affected by NOx occur m both mdoor and outdoor enVIronments

Outdoor matenals will be exposed to NOx concentrauons such as those dIscussed ill

Chapter 7 plus stresses caused by a WIde range of temperatures and humIdIues, sunlIght, and

precipitation IdentIcal matenals exposed m nearby locatIOns may be damaged at very

different rates dependmg on theIr mIcroenVIronments (e g , bUlldmg stone sheltered by an

overhang will be damaged at a dIfferent rate than stone openly exposed on the face of the

same structure). Most matenals exposed for extended penods to the outdoor enVIronment

are selected or deSIgned to WIthstand these exposures and, therefore, they degrade at a slow

rate. Matenals that may be subject to NOx damage and that are WIdely used outdoors

include pamts, cement and concrete, stone, archItectural and statuary metals, plasucs, and

elastomers.

Indoor concentrauons of NOx are dIscussed m Chapter 7 Although mdoor

enVIronments are free of many of the extreme envIronmental stresses present outdoors, NOx

concentratIons may be sIgmficantly hIgher m some mdoor enVIronments (e g , where

unvented gas apphances are ill use) and the matenals exposed mdoors may be more senSIuve

VIrtually all the matenals found outSIde are also found mdoors to some extent, however,

additIonal matenals such as paper, fme textiles, and electromc components are more common

in indoor than outdoor enVIronments In addIuon, pamt formulatIOns mtended for mdoor

applications are dIfferent from those formulatIOns mtended for outdoor use

12.1.2 Mechanisms of Materials Damage

Damage to exposed matenals results from attack through both phySIcal and chemIcal

processes, and damage IS mduced both by pollutIOn and by other agents PhYSICal processes

include erOSIon by wmdbome partIcles, dIfferenual heatmg, and frost attack ChemIcal

processes mclude corrosion, bIOlOgIcal attack (e g , mildew), dIrect attack by aCId mIsts, and

gaseous and parucle deposluon and subsequent reactIOns (Tombach, 1982, Yocom and Baer,
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1983) It IS dIfficult to dIstmgmsh a smgle causatIve agent for observed damage to exposed

matenals because many agents, together wIth a numbel of envIronmental stresses, act on a

surface throughout ItS lrfe Even some extensIvely studIed systems (such as the effect of S0:2

pollutIOn on metals) are not thoroughly understood, and there IS work stIll ,needed to

understand the mteractIOn of NOx WIth the vanety of matenals m use today

12.1.3 Deposition Processes

For them to cause damage to a matenal, atmosphenc pollutants such as NOx must come

m contact WIth the matenal OXides of mtrogen are depOSIted on matenal surfaces through

both wet and dry depOSItIon processes (Tombach, 1982) Dry depOSItIOn processes for

gaseous NOx mclude Browman or molecular drffusion 10 the surface, Stefan flow toward

surfaces where mOIsture IS condensmg, thennophoresis toward cold surfaces, and

drffusIOphoresis toward evaporatmg surfaces In addItion, partIcles contammg NOx can be

transported to a matenal surface through graVItatIonal settlmg or mertIalImpactIon of the

partIcles on the surface Wet depOSItIOn (e g , aCId ram) processes mclude the scavengmg of

gaseous NOx or particles contammg absorbed NOx mto precIpItatIon or fog droplets that

Impact the surface The rate at winch depOSItIon processes transport NOx to the surface IS

dependent on the NOx concentratIons m the envIronment, the chemIstry and geometry of the

surface, the concentratIOns of other atmosphenc constituents, and the turbulent transfer

propertIes of the air (Lipfert, 1989)

The transfer of pollutants from the atmosphere to a surface IS often vIsualIzed m tenns

of the "multIple reSIstance analogy" (Sherwood et al ,1990) In tins analogy, the rate of

mass transfer of pollutants IS modeled as a senes of resllstances to the mass transfer

(12-1)

The total reSIstance, RT, IS made up of the sum of "free arr" turbulent transfer

reSIstance, Ra, the near-surface, quasi-lammar boundary layer reSIstance, Rt" and the surface

uptake reSIstance, Rc The aerodynamIC reSIstance, Ra , IS dommated by atmosphenc

turbulence The boundary layer reSIstance, Rb , depends on the aerodynamICS of flow

Immediately adjacent to the surface and the molecular dltffuSIvity of the pollutant The
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surface resistance, Rc, depends on the physical and chemical mteractions of the surface and

the pollutant Dependmg on the aerodynamic conmuons, and the physical and chemical state

of the surface, any of these tenns can be the rate-hnlltmg step for the transfer

The mverse of the total resistance IS the depOSitiOn velocity, Vd (m umts of cm/s) The

deposluon velOCity IS the ratio of flux of mass to the surface (g/cm2 s) to the free arr

concentration of the pollutant (g/cm3
)

In a laboratory study, Edney et al (1986) measured the deposluon ofN~ and vanous

other compounds to both wet and dry galVanIZed steel A large "smog chamber"

(an envlIonmental chamber deSigned to slIDulate photochemical processes) was used for the

study; N02, propylene (C3H6), and S02 were mtroduced m vanous combmatiOns to study

depOSition processes GalVanIZed steel was exposed both dry and wet with artIfiCial dew

cycles caused by coohng the samples An expenment with a dry surface and N02 alone

yielded a deposluon velOCity for N02-to-galvanIZed steel of 0 05 cm/s A slIDl1ar test with

S02 yielded an S02-to-galvanIZed steel depOSition velOCity of 0 8 cm/s, or depOSition about

16 tlmes greater for S02 than for N02 Dry deposluon of N02 on galvamzed steel IS thus

significantly slower than the dry deposluon of S02 These researchers suggest that, for the

purposes of developmg a damage functiOn representauve of typical polluted atmospheres,

N02 dry depOSition on galvanIZed steel can be Ignored

In a test With an N02 and C3H6 mIXture, Edney et al (1986) slIDulated smog conditiOns

that might be slIDl1ar to Southern CalIforma conmuons (I e , smog with very low S02

concentrations) ThIs expenment was allowed to proceed m the smog chamber for

336 h (2 weeks) With a total tlme of mduced dew of 196 h m 7-h penods At the end of the

expenment, concentrations m the gas phase and m dew on the surface of the galvamzed steel

were measured Results are shown m Table 12-1 Farrly small amounts of mtnte Ions

(N02) and mtrate Ions (N03) were found on the surface and relatively httle zmc was freed

(corroded). Clearly, however, the N02 and other reactants had reacted to fonn a number of

species.

A test With N02, C3H6, and S02 was also run for companson After 25 h, With a total

time of wetness of 14 h for the galVanIZed steel, the gas and surface-dew concentratiOns

shown m Table 12-2 were measured The gaseous species concentratiOns were slIDl1ar to

those found m the prevIous test, except for S02 Agam, httle mtrate or mtnte was found m
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TABLE 12-1. SMOG CHAMBER REACTIONS OF NITROGEN DIOXIDE
AND PROPYLENE AND DEPOSITION OF REACTION PRODUCTS

ON GALVANIZED STEEL

ChemIcal
SpecIes

°3
CH3CHO

HCHO

PAN

NOx-PAN
HN03
N02-

N03

S04=

Zn

Source Edney et al (1986)

Gas-Phase
Concentration

(Ppb)

134
254
621
57

359
7

Surface-Dew
ConcentratIOn

(nmol/cm2
)

133

11

77
1

77

TABLE 12-2. SMOG CHAMBER REACTIONS OF NITROGEN DIOXIDE,
PROPYLENE, AND SULFUR DIOXll>E AND DEPOSITION OF

REACTION PRODUCTS ON GALVANIZED STEEL

ChemIcal
SpecIes

°3
HCHO

PAN

NOx-PAN
HN03
S02
N02-

S03=
N0

3-

S04=

Zn

Source Edney et al (1986)

Gas-Phase
Concentration

(Ppb)

240
1,150

114
159

9
1,190
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Surface-Dew
Concentration

(nmol/cm2
)

560

4
595

19
91

441



the dew on the surface of the galVanIZed steel, especIally when compared to the SOx

depositIon. Furthennore, far more zmc was found m solution (1 e , corroded) when S02 was

added to the N02-C3H6 mIXture

The above laboratory studIes illustrate both the complex nature of the NOx chemIstry

and the relatIvely low deposItion rate of NOx on galVanIZed steel In a subsequent field

expenment, Edney et al (1987) measured the Ion concentrations for dry depOSItion and m

rainwater runoff from galVanIZed steel samples exposed outdoors m Research Tnangle Park,

NC. The dry depOSItion ratio of sulfate IOns (S04=) to N03- was 3 4, agam illustratmg the

relatively low depOSItion velOCIty of NOx compared to SOx for galvanIZed steel, this time

under outdoor exposure condItIOns ThIs ratio mIght change as ambIent concentratIOns of

SOx and NOx change These researchers speculated that the N03- resulted from dry

deposition of HN03 and partIculate mtrate The ratio of dry to total mtrate depOSItion was

0.46, suggestlng that wet and dry depOSItion appeared to play about equal roles m mtrate

depositIOn. RegreSSIOn analySIS of the Ion concentration showed that the N03- dId not

significantly relate to the zmc m solutIOn concentratIOns, however, S04= concentratIOns were

in a one-to-one relationship WIth dIssolved zmc Edney et al (1987) concluded that NOx IS

not effectIvely depOSIted on galVanIZed steel surfaces and that sulfates dommate galVanIZed

steel corrosion

Although NOx deposition to galVanIZed steel may be mSlgmficant, SpIcer et al (1987)

found that there is a sIgmficant range of removal rates of N02 by common mdoor matenals

Samples of 35 matenals (surface area 33m2) were exposed m chambers to 282 p,g/m3

(0.15 ppm) N02 (illltIal condItion) at 50% relative humIdIty (RH) for 12 h and the rate of

N02 removal was measured The results of these expenments are shown m FIgure 12-1

Galvanized metal ducts were near the low end of removal rates measured m the SpIcer et al

(1987) expenments Many common mdoor matenals (wallboard, wool carpet) were found to

have very high removal rates Nltnc made gaseous concentrations were also momtored

during these expenments and were often found to mcrease as N02 levels decreased The

author suggested that jUdiCIOUS selection of mdoor matenals mIght be conSIdered as a means

of indoor N02 control However, It was not pOSSIble from these expenments to detennme

the amount of NOx accumulatIng on the surfaces of these matenals, nor could conclUSIOns be

drawn on any damage to mdoor matenals that mIght result from exposure to N02
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Figure 12-1. Bar graph of nitrogen dioxide remo"al rate for "arious materials e"aluated
in a 1.64-m3 test chamber at 50% relati"e humidity.

Source Spicer et al (1987)
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MIyazala (1984) conducted a sundar expernnent, exposmg common mtenor matenals

in a chamber to inItIal concentratIons of 1,645 mg/m3 (875 ppm) N02 and 1,124 mg/m3

(914 ppm) NO A summary of these results IS shown m Table 12-3 The trend m these data

IS sunilar to that reported by SpIcer et al (1987), WIth wool carpetmg and cement showmg

relatively hIgh depOSItIon velocItIes for N02 Vmyl floor tde, glass, and metals showed

relatively low deposItIon velocItIes for N02 Insulation board and an ester/acryhc carpet,

materials not tested by SpIcer et al (1987), had the hIghest deposItion velocItIes MiyazakI

(1984) also found that N02 depOSItion rates mcreased If turbulence, humIdIty, and

temperature were each mcreased m the chamber Increased turbulence escalates the rate of

delivery of N02 to the surface Increased humIdIty probably results m dISsolutIOn of N02

Increased temperature causes faster reaction rates

The depOSItIon rates reported by MIyazakI appear to be low compared to the rates

reported by Edney et al (1986) The reason for the dIscrepancy IS not apparent, however,

the differences may have been caused by dIfferent levels of turbulence m the two

experimental chambers CautIOn should be used m applymg data from MIyazakI (1984) for

more than comparatIve purposes

12.1.4 Chemical Interactions of Nitrogen Oxides Species

Not only is there WIde vanatIOn m the depOSItion of NOx to dIfferent surfaces but NOx

species themselves are reactIve and therr mteractIOns WIth other atmosphenc constituents are

complex. Bassett and Semfeld (1983) proposed a chemIcal eqUlhbnum model for the

behaVIOr of NOx, SOx, ammoma (NH3), and water m the atmosphere that IS mstructIve for

understandmg the role of NOx ill matenals damage NItrogen speCIes (NO, N02, HN03 ,

etc.) are present as gases and ill partIculates (hqUld and sohd) and are depOSIted on matenal

surfaces NItnC aCId IS potentIally the NOx speCIes most dIrectly damagmg to matenals and

is formed by photochemIcally lIDtIated reactions mvolvmg NOx m the atmosphere Under

dry conditions, HN03 can depOSIt on a surface and can cause dIrect damage If hqUld water

is present, HN03 eXists ill equIhbnum between the hqUld phase m water solution and the

gaseous phase in the atmosphere However, Bassett and Semfeld (1983) showed that m the

presence of atmosphenc NH3 and sulfunc aCId (H2S04), the HN03 gas-phase versus hqUld

phase equilibnum IS shifted toward the gas phase Thus, as mtrates accumulate on the
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TABLE 12-3. DEPOSITION VELOCITIES OF NITROGEN DIOXIDE AND
NITRIC OXIDE FOR INTERIOR MATERIALS

DeposItion VelocIty
(cm/s)a

Intenor Matenal

Floonng matenals
Carpet 1 (Acryhc fiber)
Carpet 2 (Acryhc fiber)
Carpet 3 (Acryhc fiber)
Carpet 4 (Wool)
Carpet 5 (30% Ester, 70% Acryhc fiber)
Tataml facmg
Needle punch
Bath mat (100% Cotton)
Floor sheet 1 (Vmyl cWonde)
Floor sheet 2 (Vmyl cWonde)
Floor sheet 3 (Vmyl cWonde)
Plastic tile
CeramIc tIle

Wall matenals
Wallpaper 1
Wallpaper 2
Pnnted plywood

Ceiling matenals
InsulatIOn board
Pamted msulatIOn board
Plaster board
Wooden cement board
Asbestos cement board

FIttmgs
Glass
Pamted staInless steel
Pamted wood
CurtaIn
Fusuma paper
ShOJI paper

003
002
002
006
010
001
001
005
0001
0003
0003
0003
0004

0002
0002
0001

011
006
002
003
004

000
00008
0003
00008
0003
00003

NO

00003

0003
00008

000

000

000
0001
0003
0003

00008
0001
00003
00003
0002
00003

~ese values were averaged from the results of the expenments at 20 to 26°C, 40 to 60% relative hUlmdlty

Source ModIfied from MIyazala (1984)
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surface of a matenal, much of the accumulated mtrate mass may be evaporated mto the

atmosphere as HN03 Baedecker et al (1990) beheve that tIns mechamsm explams why

most post facto mIcroanalytIcal mvestIgatIOns of damaged surfaces reveal very small amounts

of mtrogen species, whereas sulfates are frequently present It IS also pOSSIble that, because

of their soluble nature, mtrate compounds have been washed off the damaged surfaces pnor

to analysis Wolff et al (1990) reported the results of a field study durmg wInch pollutant

fluxes were analyzed They found that S04= accounted for 79 %, on average, of the total

acidity of the wet deposIuon, whereas N03- was responsIble for 21 % of the aCIdIty The

fmdmgs of Wolff et al (1990) mdicate that, m polluted atmospheres contammg S02 and

condensing mOIsture, It IS pOSSIble that NOx currently plays a relatively small role compared

to S02 in causmg the observed damage to most matenals

12.1.5 Materials Damage Experimental Techniques

Because of the number of pOSSIble damagmg agents and the compleXity of synergistic

mteractions, depositIOn processes, and exposure scenanos, researchers have tYPICally rehed

on controlled environmental chambers to quantITy the damage rates attnbutable to speclfic

agents such as NOx Often matenals exposure chamber studIes are conducted at Ingh

concentrations or at elevated temperatures and humIdIties m order to see damage WItlnn a

reasonable exposure penod In addItIOn, some chamber studIes are conducted at low flow

rates that poorly slffiulate mass transfer propertIes m the natural envrronment and lead,

therefore, to underestlmatIon of real-world depOSItion rates Also, the sequence m wInch

materials are exposed to dIfferent pollutants can affect the formation of protective corrOSIon

fl1ms, and this process IS sometlmes poorly slffiulated m chambers Although such studIes

are useful, care should be exerCIsed m the extrapolatIOn of data and conclUSIOns based on

chamber studIes to effects expected from ambIent exposures

The alternative to chamber studIes has been ambIent exposure studIes In these

exposure studIes, the matenals of mterest are usually exposed to ambIent condItIons at

severa1locauons representIng a spectrum of envrronmental vanables (e g , temperature,

sunslnne, humidIty, pollutant concentrations) StatlstIcal and chemIcal analyses are then used

to assess the contnbution of the measured envrronmental vanables to the matenals damage

Agam, the number of pOSSIble agents and the compleXity of synergIstlc mteractIons makes It
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drfficult to apportIOn observed damage among all the possIble causes Franey and Graedel

(1985) revIewed the pollutant specIes that mduce dam,age under actual ambIent exposure

condItIons, and have suggested that for any chamber situdy to be realIstIc, mOIsture,

radiatIOn, carbon dIoXide, reduced sulfur, a chlorme-contammg gas, and a mtrogen

contammg gas must be mcluded Because of the dIffil~ulties mvolved m apportIOnmg the

causes of matenals damage, rehable appraIsals of the damage mduced by NOx exposure

alone are not yet avaIlable

Both chamber studIes and ambIent exposure studIes have come to rely on sophIstIcated

surface chemIstry analytIcal techmques, as well as tradItIonal bulk: chemIstry analyses and

measurements of phYSICal propertIes AddItIOnally, mOIsture collected from the samples

(runoff) has been analyzed for ItS chemIcal constItuents The objectIve of these efforts IS to

understand the chemIcal reactIOns occurrmg on the sample surfaces

Generally, httle evidence of NOx specIes has bee'll found m these analyses As noted m

the prevIOUS sectIon, much of the NOx will be converted mto HN03 and subsequently will be

evaporated back mto the atmosphere Thus, If HN03 IS leadmg to damage, It may not be

adequately accounted for m eIther surface chemIcal or runoff chemIcal analyses, and ItS role

m the damage process could be underestImated Better expenmental techmques are needed,

both for mvestIgatmg materials damage on the whole Cllnd for determmmg the role played by

NOx

12.2 EFFECTS OF NITROGEN OXIDES ON DYES AND TEXTILES

12.2.1 Fading of Dyes by Nitrogen Oxides

Textile and dye manufacturers have recogmzed the problem of dye fadmg mduced by

NOx for some tIme Rowe and Chamberlam (1937) reported that dyes fade because of the

presence of NOx m combustIOn effluents Carpets, upholstery, and drapes that have been

subjected to elevated NOx levels m bUlldmgs usmg unvented gas heat have been observed to

fade withm a year when dyes not reSIstant to NOx fadmg have been used Fadmg IS

exacerbated when susceptIble fabncs are dned m gas-fued clothes dryers, m whIch the

concentratIOns of N02 can reach 3,760 p.g/m3 (20 ppm) (McLendon and Richardson, 1965)

Moreover, dryer exhaust IS sometImes vented to the mdoor enVIronment to conserve heat and
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humlClIty, thus mcreasmg mdoor concentratlOns of NOx Textile and dye manufacturers have

responded to NOx-mduced detenoratlon by seekmg out and usmg NOx-reslstant dyes or

inlubltors that forestall fadIng Fadmg from NOx has been observed on acetate, cotton,

nylon, rayon, sIlk, wool, and polyester

NItrogen made-mduced ("gas-fume") fadmg receIved senous attentlOn when blue

disperse dyes were found to detenorate slgmficantly on cellulose acetate Salvm and

coworkers (1952) pomted out that N02 IS soluble m cellulose acetate, and that dunng

laboratory tests sIgmficant fadIng of dyes on the matenal can be observed Withm an hour

Hemphill et al (1976) tested a spectrum of dyes on vanous fabncs and found that N02

caused sigmficant fadIng on the cellulose acetate samples Salvm and Walker (1959) and

Salvin (1964) showed that alternatIve dyemg processes are available to milllffilZe the Impact

of NO£mduced fadIng on cellulose acetate, but that m many cases these substltute processes

and dyes are more expenSIve to use than the processes and dyes they replaced

Belom (1973) exposed a vanety of fabncs and dyes to 120 p,g/m3 (0 1 ppm) and

1,230 p,g/m3 (1 ppm) of NO, and 90 p,g/m3 (005 ppm) and 940 p,g/m3 (05 ppm) of N02

for 12 weeks m an enVIronmental exposure chamber He found that "apprecIable" to "very

much I' (the most severe category) fadmg occurred at both concentratIons of NO for cottons

WIth drrect, reactlve, and vat blue dyes, cellulose acetate WIth dIsperse blue dyes, and nylon

with a blue dye. The cellulose acetate samples exposed to N02 had generally greater

amounts of color change than the samples exposed to NO In addltlOn, N02 affected cotton

with dIrect and reactIve red dyes, cotton WIth reactlve blue dye, and rayon WIth drrect red

dye. Belom (1972) conducted tests on 67 dye-fabnc combmatlOns at 11 urban and rural SItes

nationWIde for 3-mo exposures The tests were conducted outdoors usmg chambers deSIgned

to let the ambIent arr circulate around the samples but to exclude sunlIght Usmg multlple

regresslOn analySIS, he sought to determme whIch pollutants played a sIgmficant role m the

observed change of colors on the fabncs He found that S02 concentratlOns were sigmficant

for 23 fabncs, ozone (03) was sIgmficant for 8 fabncs, and N02 was sIgmficant for

7 fabrics Fabnc-dye combmatIons affected by N02 mcluded cellulose acetate WIth red and

blue disperse dyes, cotton muslm WIth reactIve red and blue dyes, wool flannel WIth aCId

blue dye, and the NOx gas-fadIng control nbbon recommended by the Amencan ASSOCIatlOn

of Textile ChemIsts and Colonsts (AATCC) for testmg NOx fadmg
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Cotton IS the most wIdely used natural textile fih;,r and, agam, sIgmficant gas-fume

fadmg has been noted Hayme et al (1976) exposed plum-colored cotton drapery fabnc to

N02 m a chamber for 1,000 h and found that senous fadmg occurred. Based on

extrapolatIOn, they predIcted that the use-lIfe of drapenes exposed to 100 p,g/m3 (0053 ppm)

N02 would decrease 19% In Belom's chamber study descnbed above, dyes on cotton were

found to expenence "notIceable" to "much" fadmg when exposed to NO and "notIceable" to

"very much" fadmg when exposed to N02 McLendon and RIchardson (1965) found that

blue-dyed cotton fabnc became green after repeated NOx exposures m gas-fITed dryers and

that the NOx exposure caused whIte fabnc to "yellow" Sa!:vm (1969) reported the results of

sheltered, outdoor exposures of dyed cottons for 90 days m Los Angeles ThIrty-one colors

of drrect, vat, reactIve, and sulfur dyes were tested and frfteen faded substantIally The

author concluded that NOx and 03 were pnmanly responsIble HemphIll et al -(1976) also

demonstrated NOx-mduced fadmg of vat, dIrect, and reactIve dyes on cotton at

concentratIOns of 940 p,g/m3 (0 5 ppm) m a chamber for a 5-h exposure

Impenal ChemIcal Industnes LImIted (1973), a suppher of dyes for synthetICS, ISSUed a

techmcal bulletIn on the gas-fume fastness of dyes used for nylon (polyamIde) Nylons have

hIgh reSIstance to wear and thus are often used as carpetmg In thIs apphcatIon, nylons are

exposedto mdoor atmospheres for long penods Impenal ChemIcal Industry's bulletm

showed that se.veral of the commerCIally available dyes faded notIceably on nylon when

exposed to NOx fumes and adVIsed that these dyes not be used The susceptIble dyes fade,

become duller m appearance, or acquIre a redder or yellower cast HemphIll et al (1976)

demonstrated that certam blue and red dyes on nylon icide substantIally when exposed to

940 p,g/m3 (05 ppm) N02 Belom's (1973) chamber study found that "apprecIable" to "very

much" fadmg occurred on nylon fabncs exposed to NO or N02 In outdoor exposures m

Los Angeles, Salvm (1964) found that nylon faded only shghtly to very shghtly

Other fabncs have been tested for dye gas-fadmg reSIstance as well HemphIll et al

(1976) mvestIgated dye fadmg of rayon They found that two of the dyes tested, DIrect Blue

86 and DIrect Red 79, showed "notIceable" to "sIgmficant" fadmg Belom (1973) found that

rayon WIthstood NO exposure WIth only a trace of fadIng, but exhIbIted "very much" fading

when exposed to N02 In checkmg orIon, HemphIll et al (1976) found milllffial dye fadmg

Salvm (1964) found that wool dId not fade sIgmficantly m Los Angeles ambIent exposures,
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but Hemphill et al (1976) showed moderate fadmg of red dye on wool m chamber

exposures Polyester exlubIted very good dye-fadmg resIstance m Salvm's Los Angeles

study (1964).

Whitmore and Cass (1989) report the results of a chamber study m whIch VarIOUS art

matenals were evaluated for color change due to N02 exposure m the absence of hght

The air m the exposure chamber was StIffed and marntamed at 24°C and 50 % RH for the

12-week exposure penods The N02 concentratIOn was 940 p,g/m3 (0 5 ppm) and the NO

concentratIon was 48 p,g/m3 (0 04 ppm) They tested 23 dIfferent natural dyes tradItIonally

used m Japan on sIlk and found that, m most cases, the changes were small The largest

color change occurred for enJu (a dye made from the Japanese pagoda tree) WhItmore and

Cass rated the change as notIceable

The AATCC encourages textIle manufacturers and supphers to test dye and fabnc

combmations for NOx fadmg These tests are routmely performed and NOx-susceptIble dye

and fabnc combmatIons rarely are produced ill large quantItIes for the open market (Tew,

1990).

12.2.2 Degradation of Textile Fibers by Nitrogen Oxides

NItrogen oXIdes not only affect fabnc color, but can also alter the phYSICal

charactenstics of the fibers themselves, especIally synthetIc fibers Jellmek (1970) and

Jellmek et al. (1969) reported SIgnIficant charn-scIssIOnmg of nylon after N02 exposure

Chain-scissIOnmg IS the breakIng of the molecular structure that makes up a polymer and It

results in a loss of strength VIJayakumar et al (1989) found statIstIcally SIgnIficant amounts

of damage to nylon textiles exposed for 28 days to 0 1 ppm and 0 5 ppm concentratIOns of

HN03 Zeroman et al (1971) illvestIgated the Impact of N02 on acryhc, modacryhc, nylon,

and polyester yarn The yarns were contInuously exposed ill chambers for 1 week to

SImulated sunlight and 3,760 p,g/m3 (20 ppm) N02 The yarn strength and rupture energIes

were reduced for all matenals The most senously affected was nylon yam, whIch lost

approXImately 30% of ItS strength and 33 % of ItS rupture energy as compared to control

samples exposed without N02 The least affected was polyester, WIth about a 13 % decrease

in strength The loss of strength of the acryhcs was illtermedIate between the other two

yarns.
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12.3 EFFECTS OF NITROGEN OXIDES ON PLASTICS AND
ELASTOMERS

PlastIcs are Inghly polymenzed matenals, mostly synthetIcs, combmed WIth other

constItuents such as hardeners, fillers, and remforcmg agents (Hawley, 1981) PlastIcs

mc1ude fluorocarbon resms, phenohcs, polylffildes, pollyethylene, acryhc polymers,

polystyrene, polyurethane, and numerous other synthetIc compounds Major uses of plastIcs

mc1ude automobile bodIes and components, boat hulls, buIldmg and constructIOn matenals

(pIpe, SIdmg, floonng), packagmg (bottles, vapor bamers, drum hnmgs), textIles (carpets,

cordage, hOSIery), orgamc coatmgs such as pamt and VarnIsh velnc1es, adheSIves, electncal

components, and numerous other apphcatIOns Use of plastIcs m the Umted States m 1980

was estImated at approXlffiately 60 bIlhon pounds per year, 01 double the 1970 consumptIOn

Further development of and greater rehance on plastIcs are expected to mcrease the demand

for them m the future

Elastomers are synthetIc polymers WIth the ability to stretch to at least tWIce theIr

normal length and retract rapIdly to near theIr normal length when released Examples of

elastomers mc1ude butyl, mtnle, and polysulfide rubbelr, and neoprene Elastomers are used

for VIbratIon dampers, WIre coatIngs, fabncs, automobll1e tIres, bumpers, and wmdslneld

WIpers, and other apphcatIons

PlastIcs and elastomers are subject to detenoratIon on exposure to ultraVIolet (UV)

radIatIOn, 03, S02, and NOx Jellmek et al (1969) and Jelhnek (1970) reported a senes of

expenments ill winch a vanety of polymers and elastomers were exposed to UV radIatIOn

and pollutants m chamber expenments Jellmek et al (1969) reported the followmg results

for Ingh concentratIOn (nearly pure) N02 exposures

1 Polyethylene mImmal effect except for an mcrease m VISCOSIty

2 Polypropylene some cross-hnkmg (formmg of addItIOnal chemIcal bonds) of the
polymer, although not as much as when exposed to S02

3 Polystyrene some cham-scissIOnmg (brealung of chemIcal bonds)

4 Polymethyl methacrylate some cham-scissIonmg (breaking of chemIcal bonds)

5 Polyvmyl chlonde loss of chlonne due to reactIon WIth N02
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6. Polyacrylomtnle no sIgmficant change

7 Nylon cham-scissIOnmg occurs

8. Butyl rubber cham-scissIOnmg

9. Polyisoprene appreciable cham-scissIonmg

10. PolybutadIene. cross-lmkmg occurs

They concluded that damage to elastomers was generally greater than damage to plastics, but

that 03-induced damage was probably more unportant than N02-mduced degradation

JelImek (1970) reported fmdIngs for the same senes of plastics and elastomers at N02
concentratlons of 1,880 p.g/m3 and 9,400 p.g/m3 (1 and 5 ppm) for 1 h exposures At these

levels polymethyl methacrylate, nylon, and butyl rubber were found to suffer cham

scissioning. Polyethylene, polypropylene, polyisoprene, and polybutadiene exhIbIted cross

linkIng.

Krause et ale (1989) exposed polyvmyl cWonde, polyurethane, glass-fiber-remforced

polyester, and alkyd resm for 5 years m glass chambers to eIther 5,000 p.g/m3 N02,

5,000 p.g/m3 S02, 2,500 p.g/m3 03' or a mIXture of the pollutants The exposure cells were

kept at a humIdity of 50 to 60 % Half of each chamber was exposed to sunlIght through

UV-transmItting glass The other half was kept dark The mvestIgators found that most of

the degradatIon was caused by sunlIght, WIth slgmficantly less degradatIOn occurnng from

dark exposures to pollutants

Haynie et al (1976) exposed tIre rubber and vmyl house sldmg to N02, S02,

03' radiation, and humIdIty ill a chamber Two N02 concentrations, 94 and 940 p.g/m3

(0.05 and 0.5 ppm), were used WIth exposure tImes of 250, 500, and 1,000 h Vanous

combinatIons of other pollutants, rad1atIOn, and humId1ty were used m the exposures

The primary cause of damage to rubber was 03 exposure, and N02 actually seemed to

inhIbit the rate of 0Tmduced damage No apprecIable damage to vmyl sIdmg was observed

The National Research Council (1977) notes that dIscoloratIOn and detenoratIon of strength

of foam rubber occurs from N02 exposure
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12.4 EFFECTS OF NITROGEN OXIDES ON METALS

12.4.1 Role of Nitrogen Oxides in the Corrosion Process

Atmosphenc corrOSIon of metals is a senous prolblem and arr pollution IS known to

accelerate corrOSIon processes Sulfur oXIdes and chlondes are the atmosphenc contamInants

most frequently Imphcated m the corrOSIOn of metals NItrogen oXIdes are also mvolved but

have receIved less attention MOIsture enables these contammants to form aggressIve acids

that attack the metal surface and promote electrochemIcal reactIons For tills reason, both

pollutant concentratIons and the "tIme of wetness" (1 e , how long hqUld water IS present on

the surface of the matenal) for exposed surfaces are mlportant m determmmg the amount of

damage that will occur

For most metals, NOx alone as an attackmg agent IS much less aggressIve than sulfur or

chlonne compounds Svedung et al. (1983), Kucera (986), and Johansson (1986), however,

have pomted out the synergIstIc Impact of NOx on atmosphenc corrosion mechamsms

Usmg an exposure chamber, Kucera (1986) showed that carbon steel corrodes rapIdly when

exposed to 3,421 p,g/m3 S02 and 90% RH, but very slowly when exposed to S02 at the

same concentratIon and 50 % RH At 50 % RH, steel corrodes about three tImes more

qUIckly when exposed to N02 (5,640 p,g/m3
) However, when both N02 and S02 at the

same concentratIOns are present at 50 % RH, the corrOSIon rate IS approXImately 30 tImes the

rate seen wIth S02 alone Kucera noted that the presence of N02 mcreases the rate of

depOSItion of S02 on the metal surface Johansson (1986), also usmg an exposure chamber,

showed that N02 depOSItion leads to the formation of hygroscopIC mtrate-contammg

corrOSIon products on the surface of the metal These corrOSIOn products, m tum, absorb

mOisture onto the surface, makIng the mOisture avaIlable to mobIlIze other IOns (such as

sulfates and chlondes) and thus leadmg to active corrOSIon at much lower relative humIdIties

than If N02 were not present EffectIvely, N02 acts to mcrease the tIme of wetness for the

surfaces Svedung et al (1983) showed sImI1ar results for gold-coated brass (a common

electncal contact), wIth NOTcontammg atmospheres acceleratmg degradation at all humIdIty

levels between 40 and 80 %

In the outdoor envIronment, the depOSItion of N02 IS hmited, for most matenals, by the

surface uptake resIstance, and N02 IS more slowly adsorbed than S02 In the expenments

conducted by Svedung et al (1983), Kucera (1986), and Johansson (1986), low flow rates
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were used m the exposure chambers Durmg low-flow condItions, the deposItIOn rate

becomes limIted by the surface boundary layer resIstance and the effective depOSItion rates of

N02 and S02 will become more nearly equal Thus, the conclusIOn from chamber studIes

that NOx IS synergistic WIth S02 may not be apphcable m outdoor enVIronments In mdoor

exposures of materials, however, the conclUSIOns of Svedung et al , Kucera, and Johansson

are applicable

12.4.2 Effects of Nitrogen Oxides on Economically Important Metals

Steel

Steel IS the most WIdely used structural metal and IS avaIlable m a WIde vanety of types

with varying percentages of alloymg elements BasIcally, steel conSIsts of Iron contammg

0.02 to 1.5 % carbon The corrOSIOn behaVIOr of common constructIOn steels (carbon steels,

containing about 0.2 % carbon) IS SImIlar, and rusting of exposed surfaces proceeds rapIdly

Low-alloy steels, contammg chronnum, mckel, copper, molybdenum, phosphorus, and

vanadIUm in the range of a few percent or less for the total mclusIOn, are substantially

stronger and offer Improved reSIstance to atmosphenc corrOSIon SpecIalty steels, such as

stamless steels containmg over 10% chronnum, are deSIgned to be hIghly corrOSIOn-reSIstant,

but are also much more costly Bare steel IS not usually exposed to the envIronment, but

rather is pamted to prevent rust and premature faIlure Nevertheless, except where

specifically noted, the following WScussIon concerns common constructIon steel that IS boldly

exposed with no coatmgs.

Samples of enameling steel were exposed at 57 of the NatIOnal AIr Surveillance

Network locations (Hayme and Upham, 1974), for 1- and 2-year exposure cycles Sulfur

dIoxide and partIculate matter concentrations, relatIve humIwty, and partIculate chemIstry

were momtored at the SItes CorrOSIOn rates for the steel samples, determmed from weIght

loss measurements, were correlated agamst the pollutIOn measurements Hayme and Upham

(1974) concluded that eIther S02 or partIculate sulfate, or both, were sIgmficant m causmg

steel corrosion. PartIculate nitrate (PN) was not statiStically sIgmficantly related to the

observed corrOSIon, however, their measurement technIques for PN were unrehable

Measurements of gaseous NOx specIes were not made
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Johansson (1986) showed m a low-flow chamber study that gaseous N02 adsorbs on

steel surfaces and reacts WIth water to fonn HN03 and HONO Construction steel was

exposed contmuously for 6 weeks to 376 p,g/m3 or 5,640 p,g/m3 (02 or 30 ppm) N02 and

dIfferent levels of mOIsture and S02 He detennmed that the depOSItIon rate of NOz was

much lower than the depositIOn rate for S02 and that steel exposed to N02 alone, m the

absence of other pollutants, will slowly acquIre a thm OXIde layer (rust) that protects the

underlymg steel from further damage Unfortunately, the mtrates fonned dunng the

corrOSIOn process are hygroscopIC and act to adsorb further mOIsture from the atmosphere at

around 50 % RH and above If It IS also present, S02, which does not fonn hygrOSCOpIC

corrOSIOn products but does have a hIgher deposItIon rate than N02 (Johansson, 1986), reacts

WIth thIs mOIsture to fonn strong aCIds that corrode the surface very rapIdly In addItIon to

ItS hygroSCOPIC effect, Johansson suggested that N02 mIght mcrease the OXIdatIOn rate of S02

to S04=, and thus enhance corrOSlOn At relatIve humIdItIes m excess of 90%, the

synergIstIc effect of N02 IS lost because at these hIgh bUmIdIty levels mOIsture fonns on the

surface whether or not N02 IS present In fact, Henriksen and Rode (1986) have suggested

that N02 may actually mhIbIt S02-mduced steel corrOSIOn at 95 % RH

Hayme (1986) analyzed data from 30-mo exposures of weathenng steels at nme SItes

around St LoUIS, MO, as part of the U S EnvlIOnmental ProtectIon Agency's ReglOnal AIr

PollutIOn Study Weathenng steels are architectural stlools specIfically fonnulated to rapIdly

develop a surface corrOSIon layer that protects the und{~rlymg substrate steel The exposure

samples were co-located WIth aIr qualIty momtonng stations Hayme (1986) statIstIcally

analyzed the observed corrOSIon m relatIon to meteorollogIcal and aIr qualIty variables

He found that the sample weIght change was pOSItIvely correlated WIth the S02 levels, but

negatIvely correlated with N02 He concluded that N02 decreases the solubility of the

corrOSIon layer

Hayme et al (1976) StudIed weathenng steel m an exposure chamber. Although they

concluded that N02 dId not have as sIgmficant an Impact as S02 on the mdIcated corrOSIOn,

a reVIew of the data showed that at low relatIve hUmIdltles the samples showed somewhat

more damage at hIgh N02 concentratIOns (940 p,g/m3 [05 ppm]) than at low concentratlons

(94 p,g/m3 [0 05 ppm]).
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Galvanized Steel and Zinc

Because most carbon steels rust readily when exposed to mOIst arr, a layer of zmc IS

frequently coated or galvamzed onto the surface The zmc acts to protect the substrate steel

electrochemIcally by preferentIally corrodmg away, leavmg the steel rust-free Zmc

galvanIZed steel is used for many outdoor purposes, mcludmg cham-link fences, hIghway

guard rails and sign posts, roof'mg, and automobile body panels

Whitbeck and Jones (1987) studIed the accumulatIon of mtrates on galvamzed steel m

an exposure chamber They exposed the galvamzed steel to 18,800 p,g/m3 (10 ppm) of N02

(much higher than ambIent arr levels) and measured the mtrate formatIon as a functIOn of

time on the sample surface. They found that the formatIon of mtrates was lmear WIth tIme
,

Haynie et al (1976) included galvamzed steel m therr chamber study dISCUSSed above and

concluded that the effects of S02 are much more sIgmficant than those of N02

These results are further supported by the field mveStIgatIOns reported by Cramer et al

(1988). They found that S02 IS more readily absorbed on galvamzed surfaces than NO and

N02 and that S02-mduced corrOSIon probably dommates corrOSIon by NOx m most

enviromnents In relatIvely dry envrromnents, Cramer et al (cItmg Johansson, 1986) pomted

out that N02 can participate m a reactIOn to OXIdIZe S02 and form H2S04, whIch IS very

aggresSIve to galvanized surfaces Edney et al (1987) StatIStICally analyzed the results of

exposures of galvanized steel and chemIcal analyses of the runoff ramwater from the

samples. They found that the amount of depOSIted S04= dommated the amount of depOSIted

N03-, and that S04= and N03- depOSItIon rates were strongly correlated at the field exposure

site. From the regreSSIOn analySIS, therefore, S04= was found to dommate the corrOSIon of

galvanized steel and N03- was found not to be a slgmficant contnbutor to corrOSIon at thIs

location Subsequent analysIs of data from the same site by Spence et al (1988), usmg a

more complete regreSSIOn model, found no statIStIcally slgmficant effects of pollutIon on

either galvamzed steel or weathermg steel exposed for 3 years The site used for tills

experiment, Research Tnangle Park, NC, IS relatIvely rural and S02 and N02 concentratIons

are fairly low. The analysIs of Spence et al suggests that natural weathenng processes

dominate over corrosion at thIs site

Although rarely used alone as a constructIOn matenal, zmc IS used for galvamzmg and

as an alloying metal and ItS corrOSIon behaVior has been mvestIgated Johansson (1986)
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exposed zmc to N02 and 802 m a low-flow exposure chamber He showed that N02 alone

had httle Impact, but that small amounts, 376 p,g/m3 (02 ppm), were strongly synergIstIc

when combmed wIth 802 As the N02 concentratIOn m the mIXture was mcreased from

376 p,g/m3 to 5,640 p,g/m3 (02 ppm to 3 0 ppm) and the 802 concentratIons were held

constant, there was httle change m the rate of corrOSIOn

Kucera (1986) has noted that, m the open arr, zmc tends to form a layer of sulfates and

carbonates Olll the surface that acts to passIvate the metal TIns layer IS basIC, and If ram

wIth a pH value of 4 or less washes the surface, the layer IS removed, exposmg the substrate

metal In thIs way zmc IS sensItIve to aCId depOSItIon, so that any pollutant, mcludmg NOx,

that adds to the aCIdIty of the enVIronment IS damagmg to zmc

Hermance (1966) and Hermance et al (1971) reported the Impact of mtrates on zmc

contammg mckel-brass WIre sprmgs used m telephone lrelays They pomted out that

hygroSCOpIC mtrate salts collected on the sprmgs and mOIsture formed on the surface at any

relatIve humIdIty exceedmg 50 % The mtrate depOSItum resulted m attack on the zmc m the

spnngs and premature failure of the relays In addItIon, Graedel and McGill (1986) have

pomted out that N02 IS known to be moderately aggressIve towards mckel UltImately, the

telephone compames were forced to replace zmc-contammg mckel-brass sprmgs m areas WIth

hIgh NOx levels, such as Los Angeles Hennkson and Rode (1986) showed that at 95 % RH

the synergIstIc effects of N02 and 802 were not detectlble for zmc corrOSIOn At hIgh

humIdItIes, 802 appears to dommate zmc corrOSIon

Alummum

Alummum IS WIdely used because of ItS cOrrOSIOI1 reSIstance and IS second only to steel

m the amount of metal muse Alummum IS often exposed WIthout coatmgs, such as paint,

and IS used for archItectural tnm, arrcraft, small buIldmgs, cookIng utensils, etc Kucera

(1986) noted that the tIme of wetness of alummum surfaces correlates WIth NOx

concentratIons, but could not conclude that NOx was of any practIcal importance m the

alummum corrOSIon process Johansson (1986) demonistrated m a chamber study that N02

dId not sIgmficantly adsorb on alummum but that at 90% RH N02 was synergIstIc WIth 802

and caused nearly three tImes the corrOSIon caused by eIther pollutant alone Hennksen and

Rode (1986) showed that N02 mhIbitS 80T mduced alummum corrOSIOn at 95% RH In a
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chamber study, Loskutov et al (1982) demonstrated that the mteractIon of NOz and water on

an alummum surface was a complex process They concluded that adsorbed water acted to

displace NOz on the surface, and that metal corrosIOn occurred SImultaneously WIth the

adsOJ:ptIon/dtsplacement process but slowed substantially as water dtsplaced NOx

VIjayakumar et al (1989) exposed alummum to 940 and 1,880 p,g/m3 (05 and 1 ppm)

NOz m a chamber for 28 days They found no statistically sIgmficant Impact of NOz on

aluminum. They also exposed alummum to 252 and 1,260 p,g/m3 (0 1 and 0 5 ppm) HN03

and determined that there was statistically SIgmficant damage and that the rate of the

damaging reactIon was relatively rapId

Copper

Copper is used for architectural trun, electncal components, and heat transfer cotIs m

aIr conditIoners. Chamber studtes (Schubert, 1978, RIce et al , 1981) have shown that NOz
has httle Impact on copper at concentratIOns up to 2,444 p,g/m3 (1 3 ppm) RIce et al

(1980a) concluded from a multiple-CIty exposure study that hydrogen sulfide (HzS), SOz, and

0 3 all had more Impact than NOx on copper Kucera (1986), Johansson (1986), and

Hennksen and Rode (1986), usmg chamber studtes, found that NOz and SOz m combmatIOn

was synergistic and mcreased the observed corrOSIon rate of copper by 10 to 20 tlmes the

rate observed WIth smgle-gas exposures under low-flow-rate condItions

Nickel

Nickel is used as a coatmg matenal to protect other metals from corrosion and IS

partIcularly reSIstant to enVlfonments that aggressively attack steels, alummums, and a

variety of other metals (e.g, marme envlfonments) RIce et al (1980a) mvestIgated the

indoor corrOSion of nickel m several urban areas and found that SOz, NOz, and chlondes

played a SIgmficant role ill acceleratIng mckel corrOSion In a chamber study, RIce et al

(1980b) found that NOz attacked mckel but that SOz and chlorme (Clz) were more aggreSSIve

than NOz. Graedel and McGill (1986) have hsted NOz as bemg moderately aggreSSIve

toward nickel
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12.4.3 Effects of Nitrogen Oxides on Electronics

Although the Impact of alI pollutIOn on archttectural and structural metals m the

outdoor enVIronment has been recognIZed for some tmle, the attack of NOx on electromc

components, generally used m indoor envIronments, IS a more recently recognized problem

Telephone compames first reported the problem, notmg faIlures of wIre-sprmg relays m

telephone SWItChmg offices located m regIOns wIth htgh NOx levels (Hermance, 1966,

McKmney and Hermance, 1967, Hermance et al ,1971) NItrogen OXIdes were deposItmg

on the sprmgs and eventually leadmg to stress corrOSIOn faIlures Here, the cost of the faIled

part, the sprmg, was a mmor consIderatIOn compared 10 the loss of servIce Eventually,

technology made the wIre-sprmg relays obsolete, but, meanwhile, mconvemences and costs

were mcurred as the result of these faIlures

Most of the gold used for mdustnal pUlposes IS Used to mhtbit corroSIOn m electncal

contacts Svedung et al (1983) tested the corrOSIon reSIstance of gold-plated brass, one of

the most common contact matenals, m an atmosphere I::ontammg 940 p.,g/m3 (05 ppm) N02

They found that N02-contammg enVIronments were more aggressive than S02 enVIronments

at all relative humIdItIes from 40 to 80 % As found WIth common metals, an envIronment

contammg a mIXture of N02 and S02 was even more damagmg Samples of gold contacts

exposed to mIXed-gas atmospheres became partly covel ed by VISIble corrOSIon after 2 to 3 h

Kucera (1986) reported SImilar :fmdmgs for electrolytIc copper contacts Buildup of

corrOSIon layers on electncal contacts causes loss of conductIvIty and pOSSIble faIlure of the

contact

Voytko and GuI1mger (1988) exposed gold, mckel, and palladIUm samples electroplated

on copper substrates to an atmosphere contammg 100 ppb N02, 100 ppb H2S, and 10 ppb

e12 at 60 % RH for 332 h These samples were deSIgned to SImulate typICal electncal contact

matenals They found that all coatmgs developed "pOles" that allowed the substrate copper

to corrode and that the "solderability" of the specImens generally decreased after exposure

Graedel and McGill (1986) reVIewed the Impact of poUlutants on a vanety of matenals, and

hsted N02 as bemg moderately aggreSSIve to solder

Abbott (1987) exposed electncal contacts made of cobalt-hardened gold over sulfamate

mckel to dIfferent pollutant mIXtures m a laboratory test enVIronment He found that H2S

and S02, both smgly and m combmatIon, were farrly bemgn to the contact surfaces,
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producing only nuld pore corrOSIOn even as concentrallons approached 1 ppm The reacllon

became more severe when N02 was added to the mIXture A mIXture of 0 1 ppm each of

H2S, S02, and N02 was more aggressive than 0 5 ppm H2S plus 1 0 ppm S02 Abbott also

estimated that approXImately 30 % of mdoor electncal and electrome eqUIpment enVIronments

are corrosive enough to result m pore corrosion and f"Ilm creep that could lead to component

failure.

Freitag et al (1980) invesllgated the corrosion of magnellc recordmg heads of the types

used in computers They found that exposure to 0 3 ppm each of N02 and S02 led to the

formallon of corrosion products on the heads ThIs corrosion would lead to a degradatIOn of

the magnetic propemes of the recordmg head

12.5 EFFECTS OF NITROGEN OXIDES ON PAINTS

Pamts are by far the dominant class of manmade matenals exposed to the atmosphere m

both mdoor and outdoor enVIronments Pamt systems are used to protect substrate matenals

such as wood, steel, and stucco from damagmg envIronmental agents, mc1udmg mOIsture,

sunlight, and pollutants Pamts are also apphed for aesthellc reasons Pamts are broadly

classified as archItectural coatIngs (e g , house pamts, starns, varmshes), product coatIngs

(e.g, furmture f"Imshes, automollve pamts, apphance coatmgs), and specIal-purpose coatmgs

(e.g., bridge paints, SWImmmg pool coatIngs, hIghway markIng paint)

Although paints are deSIgned to erode unIformly and repamtmg IS expected, any

damaging process that exposes the substrate matenal or dIscolors the flmsh more rapIdly than

natural weathenng results m premature failure of the pamt system and leads to the need for

more frequent mamtenance and thus to mcreased costs Major pamt manufacturers routmely

conduct propnetary tests of theIr coatIngs, and some mformallon IS available m the open

literature about the effects of NOx on selected pamt systems Because pamt formulallons

vary widely, however, results obtarned for one pamt may not be dIrectly apphcable to other

paints

Spence et al (1975) mveshgated the effects of vanous pollutants on oil-based house

paint, vinyl coil coatIng, and acryhc coil coatIng A chamber study approach was used With

1,000 h of exposure to 94 and 940 p.,g/m3 (005 and 05 ppm) N02 m combmahon WIth

12-24



vanous levels of S02, 03' and humIdIty The coil coatmgs were very resIstant to all

pollutants and showed httle change over the course of the experiment The oil-based house

pamt was found to be most sensItIve to S02 and humIdIty, but mcreased concentratIOns of

N02 led to mcreased sample weIghts ThIs Imphes that the N02 was reactmg wIth the pamt

m some way, although whether thIs reactIon was sigru.:licant was not dISCUSSed

Hayme and Spence (1984) reported results of exposures of latex and oil extenor house

pamts for 30 mo at nme SItes around St LoUIS, MO They reported that NOx became

mcorporated mto the latex pamt film and suggested that It reacted WIth the polymers that

make up the pamt SImilar results were reported for oil-based pamt and brown stammg

VIJayakumar et al (1989) exposed samples of hIgh- and low-carbonate pamts to N02

and HN03 for 28 days m an exposure chamber They found statIstically slgmficant damage
3 3to low-carbonate pamts at 940 ",g/m (0 5 ppm) N02, but not at 1,880 ",g/m (l ppm) N02

The amount of damage was shght At 1,260 ",g/m3 (05 ppm) HN03, however, both

carbonate and noncarbonate pamts were damaged

12.6 EFFECTS OF NITROGEN OXIDES ON STONE AND
CONCRETE

AIr pollution has been known to damage both bUIJldmg and statuary stone Many

famous edIfices, such as the Parthenon m Athens, have been the subject of studIes of arr

pollutIon-mduced damage to bUIldmg stone Calcareous stone, such as hmestone, marble,

and carbonate cemented sandstone, IS subject to arr pollutIOn attack Silicate stone, such as

gramte, slate, and noncarbonate sandstone, IS much less susceptIble The effects of S02

depOSItion on calcareous stone are well documented because calCIUm sulfate (gypsum) has

hmited solubility and remamS on protected stone surfaces as a gypsum coatmg CalCIUm

mtrate resultmg from dIrect NOx attack IS both very soluble and hygroSCOpIC and thus washes

off the stone surface almost as soon as It IS exposed to fam LIvmgston and Baer (1983)

suggest that the solubility of calCIUm mtrate has caused many researchers to overlook NOx

depOSItIon to stone Thus, although few data are available, NOx may have a sIgmficant

effect on certam types of stone
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The mteractlon of NOx wIth bUlldmg stone IS complex Not only will mtrogen

compounds mteract drrectly wIth the stone, but vanous endohtillc bactena present m the

stone result m bIOchemIcal mteractIOns (Baumgaertner et al ,1990) Nltrosomonas speCIes

oXIdIZe ammomum to HONO and Nltrobacter specIes oXldIZe HONO to HN03 ProductIOn

of these acids results m dIrect cheffilcal attack to calcareous stone and concrete

Baumgaertner et ale (1990) have also reported that the surface of construction stone IS a

significant source of NO, apparently bIOlogICally produced On the other hand, N02 and

NH3 are absorbed by the stone

Baedecker et al (1990) summarIZed the work of several researchers for the NatIOnal

Acid Precipitatlon Assessment Program (NAPAP) They noted that by far the greatest

chemical erosion of calcareous stone results from the natural constituents of clean ram

Carbon dIOXide dIssolved m ram forms carbomc aCId that reacts WIth the calcmm of the

stone. Baedecker et al (1990) estlmated that wet-depOSIted hydrogen Ions from all aCId

specIes account for about 20% of the chemIcal weathermg of the NAPAP hmestone and

marble samples. Dry depOSItion of S02 was responSIble for apprmamately 6 to 10% of the

chemical weathermg and dry depOSItIon of HN03 (beheved to be the major form of NOy

attack) accounted for 2 to 6% of chemIcal erOSIOn They noted that an adequate model for

predlctlng dry depOSItIon of HN03 to stone IS not avatlable, and suggested that tills tOPIC

needs further research

Mansfeld (1980) performed a statistical analySIS of damage mcurred on marble samples

exposed for 30 mo at nme arr quahty momtormg SItes around St LoUIS, MO He concluded

that N03- and total suspended partIculate levels best correlated WIth observed stone

degradation, however, the analytIcal techmques used may be questionable and could have

resulted in mappropnate conclUSIOns LIvmgston (1985) reviewed current studIes regardmg

the impact of NOx on calcareous stone He concluded that sulfates dommate the damage to

stone, but that NOx can playa role LIvmgston also showed that the reactIon of stone WIth

502 is thermodynamIcally favored over the reactIOn WIth N02, and that 1f both pollutants are

present more calcmm sulfate than calcmm mtrate will be formed Amoroso and Fassma

(1983) have suggested that the pnmary lffipact of NOx on stone may be ItS role m oXldIZmg

S02 to form sulfate and eventually H2S04 Although tills IS not a drrect NOx attack, It does

lead to the degradatIOn of stone
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Johansson et al (1988) exposed hmestone, marble, and travertme to S02 and NOx for

6 weeks at vanous concentration combmatIOns m the parts-per-mIllion and sUb-parts-per

ml1hon range The exposure chamber flow rates were low, wIth a net "wmd speed" over the

samples of only 0 004 mls The mvestIgators found that sIgmficantly more gypsum

formatIOn occurred wIth the combmatIons of pollutantB than wIth eIther pollutant alone The

low flow rates m the chamber, however, make these data questionable for dIrect apphcatIOn

to outdoor exposures

Concrete IS a WIdely used construction matenal aLnd dommates mfrastructure

constructIOn (bndges, hIghways, water and sewer systems) Webster and Kukacka (1985)

surveyed the constructIOn mdustry and the technIcal hterature for mformatIon regardmg the

Impact of pollutants on concrete and cement They speculate that HONO and HN0:3 are

more damagmg than H2S04 to concrete on bnef exposures be-"cause they convert calCIUm

hydrOXIde to very soluble calCIUm mtrate They also beheve that even hIghly dIluted HN03

solutIOns can bnng about extenSIve destructIOn to concrete

12.7 EFFECTS OF NITROGEN OXIDES ON PAPER AND ARCmVAL
MATERIALS

Paper IS the pnmary storage medIUm for permanent records rangmg from personal

photographs to the Constitution of the Umted States The National Research CouncIl (1986)

noted that N02 and other "acId gases" are expected to promote the faI1ure of the cellulose

fibers that make up paper They recommended that the storage condItIOn standards suggested

by the NatIOnal Institute of Standards and Technology be followed and that NOx levels m

archIves, hbranes, and museums not exceed 5 p,g/m3

Baer and Banks (1985) have pomted out a partIcular problem WIth NOx pollution that

hbranes, museums, and archIves face In the nmeteenth century, cellulose mtrate was

produced m large quantities as the f'Irst plastIc and was used m a WIde vanety of products

The common uses mcluded photographIc mID, "acetate" recordmg dIsks, pre-vmylImItatIOn

leather, adheSIves, and f'1ll1shes As cellulose mtrate ages, It contmuously emIts NOx

If large quantities of books WIth artlfiCIal leather bmdmgs (or replacement bmdmgs usmg

pyroxyhn-Impregnated cloth) or of early photographIc fIlm are stored, NOx mdoor emISSIOnS,
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which can be sIgnIficant, may cause elevated concentratIOns unless the storage area IS

adequately vented In extreme cases of mtrate f11m storage m sealed vaults wIth no

ventilation, the resultIng gas pressure "may be enough to force out masonry walls"

If cellulose mtrate f11m IS stored m sealed contamers, NOx concentratIOns can budd up to the

point of causmg an autocatalytIc reaction that can end m spontaneous combustion Several

collections of hIstonc motIOn pIcture f11ms have been destroyed m flres resultmg from this

process

Salmon et al (1990) measured mtrogen speCIes depOSItion dunng two seasons m flve

museums in Los Angeles and measured outdoor concentrations of NOx speCIes, as well

They noted that preVIOUS studies that attnbuted the damage to N02 may have actually been

seemg damage induced by "co-pollutant" specIes, such as RN03 ConcentratIOns of HN03

WIthin the museums were m the range of 1 to 40 % of the outdoor concentrations They

measured apparent RN03 depOSItion velOCIties to vertical surfaces mSIde the museums, and

found values of approXlffiately 0 18 to 2 37 cm/s They suggested that the depOSItion of total

inorganIC mtrate (gas-phase plus aerosol-phase) onto vertIcal surfaces IS dommated by gas

phase specIes (probably RN03 vapor) A further study of HN03 removal by arr-handlmg

systems was conducted at one museum, and Salmon et al (1990) found that approXlffiately

40% of the RN03 was removed by depOSItion WIthin the ventdatIOn system It was

suggested that very low measured values of RN03 WIthin gallenes may be misleadmg

Deposition of RN03 on surfaces WIthin the museums, probably mc1udmg the collectIOn, was

rapId and potentially mduced damage

Whitmore and Cass (1989), m the chamber study descnbed m SectIOn 122 1, tested a

selection of natural and synthetic artIsts' colorants applIed to paper NItnc aCId was carefully

removed from the chamber envrronment for these studIes, and the N02 concentratIOn was

940 p.g/m3 (05 ppm) Seventeen natural orgamc colorants, 18 synthetic orgamc colorants,

and 7 inorgamc colorants were tested m the absence of lIght for 12 weeks of exposure

Changes in color were measured WIth a spectrophotometer The paper Itself exhibIted slIght

yellowing as the result of exposure, and several of the natural colorants showed noticeable

color changes For many of these samples, there was yellowmg as measured by decreased

reflectance of blue lIght Four of the synthetic orgamc colorants and two of the morgamc

colorants showed measurable changes The authors noted that the cumulative N02 dose to
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~hIch the samples were exposed was roughly eqlll1valent to 2 years of exposure m an

unprotected museum m downtown Los Angeles They concluded that the damage to a few of

the samples should be regarded as unacceptable

12.8 COSTS OF MATERIALS DAMAGE :FROM NITROGEN OXIDES

Cost estnnates for matenals damage have been hased on two dIstmct approaches

The fIrst technIque, the "top-down approach", mvolves determmmg the dollar value of a

matenal produced each year and then estunatmg the percentage of that value that IS lost each

year from pollutant-mduced damage The advantage of thIs approach IS ItS ease of

apphcatIOn However, It IS not ngorous and IS hkely to con1l:am slgmfIcant errors For

example, usmg the top-down approach, It is not possIble to determme the pollutant exposure

levels of the matenals because there IS no way to detennme the locatIOns m whIch the

matenals are deployed All that can be done IS to use gross averages for exposures With thIs

technIque

The second technIque IS the "bottom-up approach", m whIch as much detaIl as pOSSible

IS gathered regardmg the geographIc dIstnbutIOn of matenals, the spatIally resolved pollutant

concentratIOns and other vanables, and the costs of reparrs and replacement. The bottom-up

approach IS more ngorous and demandmg m terms of data requIrements, and may yIeld a

closer estunate of actual costs than the top-down, productIOn approach The accuracy of

eIther approach IS unknown The methodology of cost estunatIOn for matenals damage needs

further research and development

The costs of some types of NOx-mduced damage to textiles were estnnated by the

NatIOnal Research Council (1977) The followmg estImates, m 1977 dollars and based on

1977 productIon rates and pollutant concentratIons, were made

1 $53 mIlhon mcurred from dye fadmg on acetate fIbers ThIs
mcludes costs for more expenSIve, fade-reSIstant dyes, mhIbltors,
research, qUalIty control, fade losses at the manufactunng and retaIl
level, and reduced product hfe at the consumer level as the result of
fadmg
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2 $22 mIlhon mcurred from dye fadmg on cotton fibers Thts mc1udes
estimates of cotton fabncs exposed m polluted areas, percentages of
dyes known to be susceptIble to NOx fadmg, and yearly loss m use
hfe

3. $22 mIlhon mcurred from dye fadmg on VIscose rayon and rayon
blends wIth nylon, polyester, or acetate Thts mc1udes reduced
wear-hfe for sensItIve dye shades

Estimates of the costs of other types of losses caused by adverse NOx Impacts on

textJ.1es and fibers are not available Loss of strength and shortened use-hfe may be a

significant cost for fibers used for mdustnal purposes Accordmg to the NatIonal Research

Council (1977), 18 to 20% of all fibers produced are used by mdustry for Items such as

tarpaulins, cords, and rope Loss of strength for fibers used for these purposes shortens use

life and may present a safety hazard

Estimates of the costs of NOx-mduced damage to plastIcs and elastomers are not

reported in the literature. The damages suffered through cross-hnkmg and cham-scissIonmg

are loss of strength, increased craclang, and dIscoloratIOn As the use of these compounds

for constructIon and automotIve apphcatIOns mcreases, the amount of exposure to NOx will

increase and the d1sbenefit costs of tills exposure are expected to mcrease

No overall estimates of the costs of NOx-mduced damage to metals and electromcs are

available. For metallic corrOSIon m general, the costs are large The pamt and coatmgs

industry, for example, produces a spectrum of products deSIgned to prevent rust on steel and

these coatIngs would not be needed 1f corrOSIOn were not a problem

Damage to pamts, concrete, and stone produces potentIally one of the largest economIC

disbenefits of NOx-mduced matenals damage because the use of these matenals IS

widespread In 1987, sales by the pamts and coatmgs mdustry alone approached $10 bIlhon

The costs of infrastructure replacement because of concrete degradatIOn can be seen as part

of the annual illghway budgets Damage to illstonc stone structures and statues IS mostly a

cultural cost and IS not readIly calculated

All of the foregomg cost estImates are eIther based upon old mformatIon (e g , the

National Research Councll data were complIed m 1977) or are not specIfic for NOx-mduced

damage. Also, the matenals reported are only a subset of all matenals exposed to NOx
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Recent and specIfic NOx-mduced matenals damage cost estunates are not aVallable m the

hterature ThIs IS an area of research that requIres attentIOn and updatmg

12.9 SUMMARY OF THE EFFECTS OF NITROGEN OXIDES ON
MATERIALS

NItrogen oXides have been shown to cause or accelerate damage to manmade matenals

exposed to the atmosphere NItrogen oXides atmosphenc and surface chemIstry IS complex

and there many compounds, mcludmg NO, N02, and HN03, that can contnbute to thIs

damage

Strong eVIdence eXists for the negatIve unpact of NOx on dyes and fabncs Many

vanetIes of dyes are known to fade, become duller, 0][' acquIre a dIfferent cast, and whIte

fabncs may "yellow" from exposure to NOx NItnc OXide and N02 were found to be

sIgnrficant causes of color change for vanous fabnc and dye combmatIOns exposed ill

ambIent arr Fade-resIstant dyes and mhIbitors have belen developed, but are generally more

costly to employ NItrogen OXides also attack textIle fibers, resultmg m a loss of strength

Nylon, m particular, appears to be susceptIble to N02 damage PlastIcs and elastomers are

subject to N02 reactIOns that cause dIscoloratIOn and changes m phYSICal propertIes,

mcludmg loss of strength

Although NOx attacks metals, attack by S02 IS more aggressive, partly because m

outdoor enVIronments the uptake of N02 IS hmited by surface reSIstance and S02 depOSIts

more rapIdly There IS eVIdence that HN03 attacks alummum, but that N02 IS not drrectly

damagmg to alummum Damage to metals from NOx can generally be dIscounted, except

perhaps m mdoor exposures, where N02 may react synergIstIcally WIth S02 Also largely

mdoors, NOx IS depOSIted on electromc components and magnetIc recordmg equipment and

may lead to fallures m these systems NItrogen dIOXide leads to pore corrOSIon on the gold

plated surfaces of electncal contacts, leadmg to component fallure

The mfluence of NOx on parnts and stone has not been clearly demonstrated Many

researchers have reported that NOx and NOy (e g , RN03) playa role m damagmg these

matenals, but most concede that S02 and 03 are more dIrectly damagmg than NOx and NOy

m typICal polluted atmospheres NItrogen OXides, along with other "aCId pollutants", attack
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the cellulose fibers m paper, leadIng to dIscoloratIOn and weakened structure NItrogen

dioxide bas been shown to affect art supply colorants adversely and thus can damage works

offme art

The hIghest NOx levels are to be found mdoors where unvented combustion systems

(e.g, gas stoves) are used and the WIdest vanety of matenals are routmely exposed

Therefore, the prinCIpal effects of NO£mduced damage to matenals are probably seen m the

indoor enVIronment Few data are avaIlable regardIng matenals detenoratIOn mdoors

The presence of NOx will shorten the use-hfe of susceptible matenals, and generally the

rate of damage IS proportIOnal to the pollutant concentratIOn Adequate NOx damage

functions for a WIde vanety of matenals are not avaIlable Consequently, practical

cost/benefit analyses of permISSIble NOx levels VIs-a-VIS shortened use-lIfe estImates may be

impossible Cost estimates for NOx-specIfic damage at eXlstmg concentratIOns are avaIlable

only for dye fadIng ($97 millIOn annually m 1977 dollars), and these estlmates are very out

of date
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