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ABSTRACT

A procedure 1S proposed that may be used to quant1fy the relationsh1p

between land use and lake troph1c qual1ty. Th1S methodology, based on an

1nput-output phosphorus lake model, lS presented 1n a step-by-step manner

and 111ustrated through example An 1mportant part of th1S procedure 1S a

sect10n descr1b1ng the est1mat1on of nonparametr1c predict10n 1ntervals.

These 1ntervals quant1fy the total pred1ct1on uncerta1nty Wh1Ch lS a measure

of 1nformat1on value conta1ned 1n a pred1ct1on.

When the methodology lS employed to pred1ct the 1mpact of proJected

land use changes, 1t lS necessary to use phosphorus export coeff1c1ents

extrapolated from other p01nts in t1me and/or space. These coeff1c1ents re

present the mass load1ng of phosphorus to a surface water body per year per

unit of source (e.g., per hectare of forested land) A substant1al port1on

of th1S document 1S devoted to a presentat10n of carefully screened nutr1ent

export coeff1c1ents. These values are 1ntended for 1nclus1on 1n the model 1ng/

uncertalnty analys1s methodology To that end, cr1ter1a are descr1bed that

w1ll a1d the analyst 1n the select10n of appropr1ate export coeff1cients and

1U the 1uterpretat1ou of the results of an appl1cat1on of th1S methodology
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Chapter 1

INTRODUCTION

The planner or eng1neer concerned w1th the 1ssue of lake troph1c

qual1ty management must be conversant across several d1sc1pl1nes. Eutro

ph1cat1on lS fundamentally a problem 1n chem1cal and b1olog1cal llmnology,

so the analyst must be fam1l1ar w1th the natural SC1ences Methods and

processes for manag1ng watershed character1st1cs and human act1v1ties that

determine water qual1ty have an eng1neer1ng baS1S w1th strong econom1C and

soc1olog1C features. F1nally, techn1ques that proJect the llnk between

the eng1neered management strateg1es and the llmnolog1cal water qual1ty are

1n the plann1ng arena yet require a good foundat1on 1n stat1st1cs and mathe

mat1cs. It lS th1S latter set of plann1ng methods, w1th a f1rm basis 1n

the stat1st1cal understand1ng and descr1pt1on of emp1r1cal relat1onsh1ps,

that lS the focus of th1S manual.

Lake eutroph1cat1on lS both a natural and culturally-1nduced phenomenon.

Natural eutroph1cat1on lS a slow, largely 1rrevers1ble process assoc1ated

w1th the gradual accumulat10n of organ1c matter and sed1ments 1n lake

baS1ns Cultural eutrophicat1on lS an often rap1d, poss1bly revers1ble

process of nutr1ent enrichment and h1gh b10mass product1on st1mulated by

cultural act1v1t1es caus1ng nutr1ent transport to lakes. Eutroph1cat1on lS

a complex process, and hence the reference lS made above to the 1mportance

of chemical and llmnolog1cal knowledge for proper lake management. Each

lake lS un1que, and a study and understand1ng of the un1que features are

essent1al for good plann1ng Yet there are also character1st1cs of water

shed and lake behav10r that are, 1f not un1versal, certa1nly shared by many

lake systems. The planner can explo1t th1S commonal1ty 1n management
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studies, providing he/she is aware of where the commonal1ty ends and the

uniqueness begins. In fact, to the degree that plann1ng stud1es must

surely depend upon the eff1c1ent use of resources, all planning is probably

a compromise between unique and common features.

This manual 1S based on the aforement1oned prem1se of slm1lar troph1c

behavior among lakes. Th1S 1S both a strength and a weakness. Its strength

lles ln the fact that the methodolog1es are not necessar1ly lake-spec1f1c,

so that models and data are transferrable, keep1ng analys1s costs low. Its

weakness 1S that the ease of applicat10n of the methodology and stat1st1cs

can foster inappropr1ate use of the techn1ques descr1bed hereln and 1ncom

plete study of the unlque features of a lake. Th1S lowers plann1ng costs

but increases risks assoclated w1th poor plann1ng dec1s1ons. Aga1n, the

lesson is to know the limitations of the general methodology.

The techniques presented 1n th1S manual for lake troph1c management

planning are based on control of the nutr1ent phosphorus. There are two

reasons for th1S reliance on phosphorus:

1. Phosphorus 1S often the maJor nutr1ent 1n shortest supply

relative to the nutr1t1onal needs of algae and aquat1c

plants. Th1S means that the concentrat1on of phosphorus

1S frequently a pr1me determ1nant of the total b10mass

ln a lake.

2. Of the maJor nutr1ents, phosphorus 1S the most effec

t1vely controlled uS1ng eX1stlng eng1neering technology

and land use management

In general terms, w1th phosphorus as the controll1ng mechanlsm, the reasons

suggest that proper management of human act1v1t1es 1n the watershed can

often be effective 1n the ma1ntenance of des1rable b10mass levels 1n the

lake.
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Flgure 1 presents a schematlc dlagram of the watershed and lake eco

system as vlewed from the perspectlve of phosphorus movement. Human actlv

ltles (lncludlng land use)~ watershed characterlstlcs~ and cllmate are the

general determlnants of phosphorus mass transport to lakes. The phosphorus

loadlng to a lake is emplrlcally related to the phosphorus concentration ln

a lake as a functlon of the hydrologlc and geomorphologic characterlstlcs

of the lake. Phosphorus concentratlon~ ln turn~ lS causally llnked wlth

blomass levels~ water clarlty~ dissolved oxygen concentrations~ and flSh

populatlons~ WhlCh are all emplrically 1nterrelated.

The methodology presented hereln is based on the phosphorus flow sche

matlc In Flgure 1. Hlstorlcally~ it lS derlved from the work of Vol len

welder (1968~ 1975) on the phosphorus loadlng concept. Vollenwe1der ' s

contrlbutlon to thlS fleld was the recognltlon of the slmlllarltles among

lakes In trophlc response to nutrlent lnput. He deflned nutrient loadlng

cr1terla for lakes as a functlon of selected hydrologlc and geomorphologlc

characterlst1cs (e.g.~ mean depth or areal water 10ad1ng). Vollenwe1der

and others (Olllon and R1gler~ 1975~ Larsen and Merc1er~ 1976~ Chapra~ 1977~

Walker~ 1977~ and Reckhow~ 1979c) mod1f1ed Vollenwe1der ' s lnit1al approach

and emp1r1cally der1ved slmple input-output models for phosphorus One of

these cross-sect1onal emp1r1cal phosphorus lake models (Reckhow~ 1979d) 1S

1ncorporated 1n the procedure descrlbed 1n the next chapter.

The emp1r1cal phosphorus lake model mathemat1cally describes the sec

t10ns of F1gure 1 from phosphorus loadlng to lake phosphorus concentratlon.

The approprlate method for determlnat10n of the phosphorus loading depends

1n part upon whether the appllcat10n 1S prlmar11y descr1ptive or pred1ct1ve.

Oescr1pt1ve use of the model lmpl1es an assessment of current lake and

watershed condlt10ns. 01rect measurement of the phosphorus 10ad1ng would

therefore be posslble. Alternatlvely~ pred1ct1ve use of the model suggests

the estlmat10n of the impact of proJected land use on lake water qual1ty.
3
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Here dlrect measurement lS ObVlously lmposslble, so phosphorus loading In

formatlon must be extrapolated from other, Slml1ar watersheds It is for

the predlctlve functlon of emplrlcal phosphorus lake models that thlS manual

lS deslgned, although the methodology lS equally appllcable to descript1ve

appllcations (wlth perhaps an 1ncrease In plann1ng rlsks, see Reckhow and

Chapra, 1980, Chapter 1).

A slgn1flcant portion of thlS manual 1S devoted to a dlScuss10n and

presentatlon of the phosphorus export coeffic1ents that are used to estlmate

phosphorus loadlng for the predlctive mode of the modeling methodology

The phosphorus export coefflclents presented are taken largely from a com

prehenslve study (Beaulac, 1980) of the 11terature on the phosphorus mass

transported to surface water bodles from varlOUS land uses. An earlier

survey of thlS tOplC (Uttormark et al., 1974) has been frequently c1ted In

lake nutr1ent 10ad1ng stud1es. However, the paucity of well-des1gned phos

phorus export studles pre-datlng Uttormarkls thorough compllat1on resulted

In the unavoldable lncluslon of inaccurate export values In Uttormark's

work. Cognlzant of thlS problem, Beaulac screened the now conslderable

11terature on phosphorus export to water bodles for accurate and reliable

sampling deslgns. The result 1S a set of phosphorus export coeff1cients

that are generally representat1ve of the watershed condlt1ons descrlbed.

They are presented In Chapter 3 and 1n the Appendlx w1th watershed descrlp

tlons (10cat1on, prec1p1tatlon, S011 type, fert1llzer appllcatlon, etc.)

deslgned to facil1tate select10n of the approprlate export coefflclents for

lake phosphorus 10ad1ng.

The concern expressed above for representat1ve export coefflc1ents 1S

grounded 1n the emphas1s 1n th1S manual ·on uncerta1nty. For plann1ng to be

effectlve, it must be based upon reliable 1nformat1on. Predlct1ve models

prov1de 1nformation for planners, so 1t lS v1tal to the plann1ng process
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that the reliablllty of thlS predictive lnformatlon be estlmated Wlthout

a rellability measure, the planner has no basis for welghlng model predlc

tive information against other plannlng 1nformatl on. Inefflclent and un

popular decisions can be the result.

Fortunately, it is posslble to lncorporate an uncertalnty analysls lnto

the modellng methodology. ThlS lS presented In a step-by-step manner, along

with the phosphorus lake model, In Chapter 2. The end product lS an estl

mate of total predlctlon uncertalnty, which should be extremely useful to

a planner as a measure of the value of the lnformatlon provlded by the model.

It must be underscored that the estlmation of uncertalnty does not

obviate the need for conslderatlon of the llmltatl0ns of the model lng/error

analysls methodology and for care In the selectl0n of the phosphorus export

coefficients. Geomorphologic and cllmatlc constralnts on the phosphorus

lake model are mentloned In Chapter 2 These llmltatlons are assoclated

with the general rule that empirical models are developed for only a sub

population of lakes represented by the model development data set. Appllca

tion of the methodology to lakes not belonglng to thlS subpopulatlon can

increase uncertalnty and predictlon blas. Slnce there lS no mechanlsm for

the lnclusion of thlS addltional error term In the eXlstlng methodology,

hidden plann1rlg risks may result.

The description of the modellng/uncertalnty analysls methodology In

Chapter 2 offers guidance on the selectlon of phosphorus export coefflclents.

Failure to adhere to the crlterla for export coefflclent cholce or fallure

to carefully match the appllcatlon lake watershed characterlstlcs wlth the

candidate export coefflclent watershed characterlstlcs (descrlbed In the

tables in Chapter 3 and the Appendlx) can agaln lead to hldden error and blas.

This, too, may lncrease plannlng risks
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Th1S manual lS organized around the model1ng/error analysis methodology

1n Chapter 2. The phosphorus export coeff1c1ents are presented in Chapter 3

and 1n the Append1x. Th1S is accompanied by cr1ter1a used by Beaulac (1980)

1n the select10n of publ1shed coefficients and criteria to be employed by

users of th1S methodology when the export coeff1c1ents are selected and

appl1ed. At the end, some conclud1ng thoughts are offered 1n Chapter 4 on

the use of th1S manual for lake troph1c management planning.
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Chapter 2

THE PHOSPHORUS LAKE MODELING AND

UNCERTAINTY ANALYSIS METHODOLOGY

2. 1 Introduction

The lake modeling/uncertalnty analysls procedure presented below lS a

varlation of the methodology developed by Reckhow and Slmpson (1980) Be

cause of the emphasls attached to uncertalnty, the analyst lS urged to

follow the directions carefully. Further, lt lS suggested that the analyst

read Chapter 1 (and posslb1y Chapter 4) before beglnnlng the model lng, and

read Chapter 4 before preparing a final report documentlng the methodology

and the app11catlon. These chapters offer valuable gUldance on model lng,

error ana1ysls, and the lnterpretatlon of results for lake qua11ty management

planning.

2. 2 The Phosphorus Lake Model

In order to plan for the management of phosphorus ln a lake watershed,

mathematical models descrlblng phosphorus loadlng and lake trophlc response

can be quite useful. Given the state of knowledge regarding phosphorus

cycles, and the limited funds available to most plannlng agencies, often the

most practlcal mathematlcal model for phosphorus management lS the slmple

input/output or IIblack box" emplrlcal model (Reckhow and Chapra, 1980) ThlS

type of model contalns terms for the lnput, the output, and the settllng (to

the lake bottom) of phosphorus, but lt does not expllcltly lnclude any bl0

logical or chemical reactions. The term "black box" lS employed because the model

treats the lake like a maglcian's black box, one lS aware only of oqJects that

enter and exit the box, as the contents and 1nter~al processes remaln a mystery
8



The left side of Flgure 1 (Chapter 1) lS a schematlc of a "black box"

phosphorus model and represents the conceptual foundatlon for the mathematical

model used In thlS procedure. The flgure shows that phosphorus input (load~

109) to a lake lS a result of cllmate, watershed characterlstlcs, and human

actlvlties. ThlS input lS mod1fled by envlronmental factors and Ylelds an

output: the lake's average phosphorus concentratlon.

The mathematlcal model proposed hereln was developed by Reckhow {1979d}
,

from 47 north temperate lakes lncluded in the EnVlronmental Protectlon Agency's

Nat1onalEutrophicatlon Survey ThlS model expresses phosphorus concentra-

tlon (P, In mg/l) as a funct10n of phosphorus loading (L, 1n g/m2~yr), areal

wat~r loadlng (qs' in m/yr), and apparent phosphorus settllng veloclty (vs '

In m/yr) In the form:

p = _...:::;.L_
Vs + qs

(l)

USlng least squares regresslon, lt was found that the apparent settling velo

Clty could be flt uSlng a weak functl0n of qs. ThlS resulted In the fitted

model'

P _ L
- 11.6 + 1.2qs (2)

A few llmltations on the use of thlS model should be ment10ned now.

Slnce the model was constructed only from lakes wlthln the north temperate

cllmatlc zone, it should be applled only to lakes wlthln thlS zone. Further

more, the model should not be applled to a lake wlth varlable values more

than the maXlmum values, or less than the minimum values, specified in Table

2. This is because an emplrlcal model should not be used on lakes dlfferent

from those used to develop the model, wlthout prlor testing. Flnally, the

9



model may be used to predict the average phosphorus concentrat10n throughout

a lake durlng the growing season. It cannot be used, as developed, to pre~

dict nearshore or short-term concentratl0ns.

An important yet often overlooked aspect of the appllcat10n of models

is the fact that the model 1tse1f 1S a s1mpl1f1cat1on of the real world: and

thus the pred1ction from a model 1S 1nherently uncertain. Therefore, quant1

fication of the prediction uncerta1nty should be a required step when a

mathematical model is applied. This estimate of the pred1ct10n uncerta1nty

could then be used by a modeler or planner as a we1ght ind1cat1ng the value

of the informat10n conta1ned in the pred1ct10n.

Uncertainty, or error, 1n th1S modellng exerC1se may ar1se from three

primary sources: the model, the model parameters, and the model var1ables

Errors in the model and model parameters are der1ved from the procedure

(regression analysis) used to emp1rically f1t the model. For the phosphorus

lake model (Equation 2), the model error (smlog) for the log transformed

model is .128; parameter error was found to be qUlte small for most appl1ca

t10ns so it was 19nored. Model variables uncerta1nty 1S est1mated for the

application lake, and Steps 2 and 4 in the procedure presented hereln 111u

strate the necessary calculat10ns. The separate error terms are comb1ned

for an est1mate of total pred1ct10n uncertalnty 1n Step 4

Once phosphorus concentratlon 1S pred1cted through the appl1cat10n of

the empirical model, it 1S useful to 1nterpret th1S pred1ct10n 1n the context

of expected water quallty character1st1cs 1n the lake of 1nterest. One ex

ample of a trophic state rank1ng scheme or 1ndex was proposed by Chapra and

Reckhow (1979) based on average phosphorus concentrat10n. In an earller work,

Dillon and Rlg1er (1975) also dev1sed a troph1c class1f1catlon scheme Wh1Ch

related general water quality and lake use features to the trad1t10nal troph1c

states. These two 1ndices are comblned 1n Table 1 to 11nk phosphorus concen

tration to potential lake use.
10



Table 1: Proposed relat1onsh1ps among phosphorus concentration, trophic state, and

lake use for north temperate lakes. (Adapted from Chapra and Reckhow, 1979;

D1llon and R1gler, 1975).

Phosphorus Concentratlon (mg!l)

< 0 010
•

0.010 - 0 020

0.020 - 0.050

> 0.050

TrophlC State

Ollgotrophlc

rvlesotroph 1C

EutrophlC

HypereutrophlC

Lake Use

SUltable for water based recreatlon and pro~

pagatlon of cold water flsherles, such as trout

Very hlgh clarlty and aesthetlcally pleaslng

Suitable for water-based recreat10n but often not

for cold water f1sher1es. Clar1ty less than

ol1gotroph1c lake.

Reduct10n 1n aesthet1c properties dim1n1shes

enJoyment from body contact recreation.

Generally very product1ve for warm water f1sher1es.

A typlcal "old aged ll lake In advanced succeSSlon.
l

Some flsherles, but hlgh levels of sedlmentatlon

and algae or macrophyte growth may be dlmlnlshlng

open water surface area.



2. 3 The Model1ngjUncerta1nty Analys1s Procedure

The method proposed herein has as 1tS bas1s a procedure developed by

Dillon and Rigler (1975) that may be used to calculate the capac1ty of a

lake for development based upon the relationsh1p between phosphorus 1nput

and water quality. The procedure presented below has two maJor 1mprovements

over that of Dillon and Rigler. F1rst t the most 1mportant 1mprovement 1S

the addition of an error est1mation procedure. Th1S perm1ts the quant1f1ca

tion of pred1ction uncertaintYt and 1t ind1cates to the user how valuable

(certain) the 1nformat10n 1S that 1S prov1ded by the model. Second t the

phosphorus lake model imbedded in th1S procedure has a w1der range of appl1

cability than does the D1l10n-R1g1er model. D1110n and R1g1er der1ved the1r

model from a highly homogeneous set of lakes t the model development data set

for the model presented here1n 1ncludes a fa1rly w1de range of lake types

(see Table 2).

In order to facilitate understand1ng of the 1mpact assessment procedure,

it is presented in conJunct10n w1th an appl1cat10n to H1ggins Lake 1n M1Ch1-

gan. It should not be 1nferred from th1S that the procedure t as presented t

is appl1cable only to Higgins Lake On the contrary, the procedure 1S qU1te

general and can be easily appl1ed to most lakes (subJect to north temperate

10cat10n and data set constra1nts such as those 1n Table 2) slmply by sub

stituting the appropr1ate lake data for the H1gg1ns Lake data 1n the example.

H1ggins Lake t located 1n the northern, lower pen1nsula of Mlch1gan t is
.

a deep, cool, 01igotroph1c lake with a well-oxygenated hypol1mn10n. The

lake has a maximum depth of 41 meters and a mean depth of 15 meters. Some

agr1cultural activity occurs 1n the watershed but most of the area 1S for-

ested.

For the sake of this example, assume that an est1mate of average lake

phosphorus concentrat10n 1n H1gg1ns Lake t along w1th an assessment of water
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qual1ty and recreat10n potent1al, is needed for a plann1ng study A measure

of pred1ct10n uncerta1nty 1S also needed to evaluate the results and to com-

pare them w1th alternative stud1es.

The method presented below w1ll be used to solve th1S problem. Recall

that the model 1S

Th1S analysis 1S structured so that the var1ables are est1mated 1n the

follow1ng order: Step 1) areal water 10ad1ng (qs)' Step 2) areal phosphorus

10ad1ng (L), Step 3) lake phosphorus concentrat1on (P), and Step 4) phosphorus

pred1ct1on uncerta1nty (sT).

Step 1: Est1mation of qs (areal water 10ad1ng)

The est1mat1on of qs 1nvolves the Solut1on of two equat10ns:

where:

Q = (Ad x r) + (Ao x Pr) (3)

(4)

qs = Areal water 10ad1ng

Q = Inflow water volume to lake

Ad = Watershed area (land surface)

Ao = Lake surface area

r = Total annual un1t runoff

Pr = Mean annual net prec1p1tat1on

13
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Ideally, Q should be determ1ned from d1rect measurement of 1nflow or

outflow, Slnce use of any equation like Equat10n 3 w111 result 1n uncerta1nty

in the predicted variable. When data for Q are not ava11able, 1t becomes

necessary to estimate Ad' Ao' r, and Pr and Subst1tute them 1nto Equat10n 3

to find Q.

Step lA: Est1mat10n of Ad (area of the watershed)

The highest p01nts of lake and the lake outlet bound the watershed.

In many situtat10ns, all the prec1p1tat10n that falls on the watershed, and

is not evapotransp1red, runs off or becomes groundwater and ~ventually reaches

the lake. A topographical map enables one to locate the h1ghest p01nts of

land surround1ng a lake. Topograph1cal maps are pr1nted by the Un1ted States

Geological Survey and must be ordered by quadrangle number or name at a

U.S.G.S. office. The h1ghest p01nts of land may be outl1ned and Ad calcu-

lated by planimetry. Equat10n 3 requ1res that Ad be expressed as m2 Wh1Ch

may requlre adjustment of the un1ts.

Step 18: Est1mation of r (annual un1t runoff)

Average annual areal runoff has been mapped for many reg10ns and aga1n,

the U.S.G.S~ is a valuable source of 1nformat10n. Note that r must be ex

pressed in m/yr (m3/m2/yr) , and note that 1t does not 1nclude ground water.

When Ad and rare mult1pl1ed together an est1mate of the average 1nflow

of water from surface runoff 1S obta1ned.

Step lC: Est1mat10n of Ao (area of lake)

The estimation of lake area requ1res the use of a good map or areal photo

graph of a known scale. The most accurate method for calculat1ng th1S area

is by planimetry. Note that Ao must also be expressed 1n m2.
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Step lD Est1mat1on of Pr (prec1p1tat1on)

An est1mat1on of the average annual net precip1tat1on (tak1ng 1nto

account losses by evaporat1on) 1S also needed for Equat10n 3. Th1S 1nforma

t10n can be obta1ned from the U.S.G S or the U.S. Weather Serv1ce. Note

that Pr must be expressed 1n m/yr.

The stat1st1cs requ1red to solve Equat10n 3 and 4 for the H1gg1ns Lake

example are presented 1n Table 3 Therefore, the necessary variables are

i) Total annual 1nflow volume of water to H1gg1ns Lake'

Q = (Ad x r) + (Ao x Pr)

= 30.863 106m3/yr

11) The areal water load1ng'

q =~s Ao
= 0.804 m/yr

Step 2: Est1mat1on of L (areal phosphorus load1ng)

Every watershed has a unique pattern of land use w1th1n 1tS boundar1es

and each use makes a un1que contr1but1on, by way of diffuse sources, to the

phosphorus load1ng of a lake. Techn1cal, financ1al and pract1cal constra1nts

proh1b1t most water qual1ty endeavors from conduct1ng ''In Sltu ll stud1es.

Therefore, many quant1tat1ve 1nvest1gat1ons rely on the appl1cat1on of phos

phorus export coeff1c1ents der1ved from other stud1es. A comp1led survey of

coeff1c1ents screened accord1ng to acceptable cr1ter1a (see Chapter 3 and the

Appendix) 1S located 1n Tables 6 through 12.
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Table 2: Mln;mum and maXlmum value for the data set used to develop the

phosphorus model (from Reckhow, 1979d)

Variable Ml mmum MaXlmum

P .004 mg/l .135 mg/l

L .07 g/m2_yr 31 4 g/m2_yr

qs 0.75 m/yr 187. m/yr

Table 3: Higglns Lake data necessary for the estlmatlon of qs

Variable

Ad = Wate)~shed area

r =Total annual unlt runoff

Ao = Lake surface area

Pr = Mean annual net preclpltatlon

Estlmate

87 41 106m2

0.2415 m/yr

38.4 106m2

.254 m/yr

Table 4: Land use areas ln the Hlgglns Lake Watershed (Llebesklnd et al., 1978)

Land Use

Agriculture

Forest

Urban

Area (hectares)

16

8347

378

16

Area (106m2)

0.16

83 47

3 78



In pract1cal applicat10ns 1t 1S recommended that h1gh, most 11kely, and

low export coeff1c1ents be selected for some of the phosphorus source cate

gor1es. Th1S allows the calculat10n of high, most 11kely, and low total

10ad1ng est1mates, which ult1mately represent the uncerta1nty that the analyst
.

has 1n h1s/her estimates of phosphorus loading. The h1gh and low load1ng

est1mates represent the addit10nal phosphorus 10ad1ng error that must be

added to the model error for the calculation of total pred1ct10n uncerta1nty.

It 1S 1mportant that the h1gh and low 10ad1ngs represent only those char

acter1st1cs descr1bed 1n the steps below. Th1S 1S because to a great extent,

the error 1n the phosphorus load1ng est1mates 1S already conta1ned 1n the

model error. Add1t10nal 10ad1ng error for an appl1cation lake must be 1n

cluded only when the 10ad1ng 1S est1mated (us1ng the procedure hereln) 1n a

d1fferent (and less precise) manner than 1t was estlmated for the model

development data set. These d1fferences are descr1bed 1n the follow1ng steps.

The select10n of appropr1ate phosphorus export coeffic1ents 1S a diff1

cult task. Slnce a crit1cal aspect of this modeling exerC1se 1S the estima

t10n of pred1ctlon errors, the analyst should real1ze that poor cho1ce of

export values contr1butes to an lncrease 1n error. ThlS contr1bution may be

expl1clt or impl1clt In the analysis, depend1ng upon whether or not the

analyst 1S aware of all of the uncerta1nty 1ntroduced by his/her cho1ce of

phosphorus export coeff1c1ents. Clearly, exper1ence 1n the appl1cat10n of

th1S modellng approach lS a valuable attrlbute.

The estlmates of phosphorus loadlng error are based on h1gh, most llkely,

and low phosphorus export coeff1c1ents selected by the analyst. Loadlng un

certa1nty may be caused by elther var1ablllty or blas. Varlab1l1ty may re

sult from natural fluctuatlons lnherent in a character1stic (e.g., natural

var1ations in streamflow or stream phosphorus concentrat1on), or from uncer-

ta1nty 1nherent 1n a stat1stlc summariz1ng a set of data. B1as may result
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from a number of causes, all assoc1ated w1th the fact that the est1mate may

not be representat1ve of the character1st1c that it was selected to est1mate.

For example, sonle uncerta1nty due to poss1ble b1as 1S appropr1ate to sltua

tions where phosphorus export coeff1c1ents generated ln one watershed are

applied in another watershed. As the analyst becomes more uneasy about a

selected export coefflcient, he/she should express thlS uneaS1ness through

lncreased uncertainty and a greater range between h1gh and low export co

effi ci ents.

At different pOlnts in the procedure presented below, the analyst 15

alerted to poss1ble sources of bJas. These result from the dlfference be

tween cond1t10ns ln the model development data set lakes and appl1cat1on

lakes. When the characterlst1cs of these two lake groups d1ffer substant1ally,

it is poss1ble that a procedure appropr1ate for analys1s of one group 1S

inapproprlate for analys1s of the other lh1S 15 the JUst,f1cat1on for Table

2, which presents the limitations on the baS1C model varlables, as def1ned

by the model development data set. lJow, when the allocat1on of phosphorus

loading sources d1ffers between the two lake groups, there 15 probably no

need to restrict the use of the model, Wh1Ch 15 1nsenslt1ve to the source of

phosphorus. However, the error analys1s (but not the mean pred1ct10n) may

be affected because the load1ng est1mat10n errors vary from source to source

Therefore, warnings of possible b1as are stated here1n when the appl1cat1on

lake phosphorus loading allocatlon d1ffers subs~ant1ally from that for the

model development data set. These warnings should be addressed, when appro

priate, by the inclusion of a b1as uncerta1nty add1t1on to the h1gh and/or

low loading est1mates.

The total annual mass flow of phosphorus to a lake 1S est1mated by

summ1ng the annual phosphorus contr1but1on from each of the nonpo1nt sources
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plus any add1t10na1 p01nt source 1nput w1thln the watershed. Total mass

10ad1ng (M) may be expressed as (In kg/yr)'

M = (Ecf x Areaf ) + (Ecag x Areaag ) + (Ecu x Areau) + (Eca x Ao) +

(Ecst x # of capita-years x (1 - SR.)) + PSI (5)

where'

Ec =f

ECag =

Ecu =

Ec =a
Ec =st

Areaf =

Areaag =

Areau =

Ao =

Export coeff1c1ent for forest land (kg/ha/yr)

Export coefflc1ent for agr1cu1tura1 land (kg/ha/yr)

Export coeff1clent for urban area (kg/ha/yr)

Export coeffic1ent for atmospher1c lnput (kg/ha/yr)

Export coeffic1ent to sept1c tank systems impacting
the lake (kg/(caplta - yr) - yr)

Area of forest land (ha)

Area of agr1cu1tura1 land (ha)

Area of urban land (ha)

Area of lake (ha)

# of
cap1ta- =
years

S R. =

# of caplta-years In watershed servlced by septlc
tank/tl1e fle1d systems 1mpactlng the lake

SOll retention coefflclent (d1menslonless)

PSI = POlnt source lnput (kg/year)

In order to facllltate the understandlng and est1matlon of the variables

conta1ned In Equatlon 5, Step 2 has been broken 1nto 7 sub-steps.

~tep 2A: Est1mation of Areaf , Areaag , and Areau (watershed areas).

Recall that the watershed area was determ1ned in Step 1. Th1S area

must now be subdlv1ded lnto agrlcultural, forest, and urban lands. The area

for each must be determ1ned and expressed 1n hectares. Table 4 ldentlf1es
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the eX1sting land uses and areas 1n the Higgins Lake watershed. When the

objective of th1S analysis is the proJect10n of future condlt10ns, h1gh and

low area estlmates are needed to reflect the uncertalnty 1n the land use

projections.

Step 28: Estimation of Ecf , Ecag , Ecu' ECa and ECst (export coeff1clents)

This substep requ1res that an export coeff1clent (Ecx) be chosen for

each of the phosphorus source categorles found ln the watershed. Candldate

export coeff1cients wlth a respectlVe sUmillary of watershed characterlstlcs

(e.g., soil type, % lmpervious surface, etc) are found ln Tables 6 through 12

Values for atmospheric 10ad1ng are located 1n Table 13. These coefflc1ents

represent the expected annual phosphorus lnput to a lake or stream per unlt

of source.

It is important to understand that ECst dlffers from the other export

coefficients ln that lt represents the expected annual amount of phosphorus

transported not to the lake, but from households to on-s1te sept1c systems.

A range of export coefficlents that descr1bes per capita export of phosphorus

from households to septic systems lS presented ln Table 14.

After the analyst estlmates the amount of phosphorus rece1ved by sept1c

systems the next logical step lS to determlne how much of that phosphorus

is being retained in the t,le field soils (l.e., how much 1S exported to the

lake). Phosphorus retentlon is addressed ln substep 2C.

The high and low export coefflclents selected should reflect the modeler's

confidence 1n the extrapolatlon of llterature export values to the appllca

tion lake watershed. For example, ln cases where the modeler knows that the

lImost likelyll export coeff1c1ent chosen was determlned under a good sampl1ng

program on a watershed quite slmllar to the appllcatlon lake watershed, the
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h1gh and low values should be selected to represent llttle uncerta1nty. A

slngle preC1p1tation load1ng f1gure (the IImost llkelyll value) 1S probably

adequate for most cond1t1ons. Only when the prec1p1tat1on load1ng 1S deemed

substant1al (perhaps 25% of the total load1ng) should 1t be necessary to

include poss1ble prec1p1tat1on load1ng error b1as.

When the obJect1ve is future proJect1on, the area est1mates and export

coeff1c1ents should be comb1ned accord1ng to' h1gh area w1th h1gh export,

most llkely area w1th most llkely export, and low area w1th low export Th1S

calculat10n is to be made 1n Step 2F.

For the H1gg1ns Lake example, var10US documents were consulted, 1nclud

1ng a study conducted by the U.S. Env1ronmental ProLect1on Agency (USEPA,

1975), 1n order to fam1l1ar1ze the 1nvest1gators w1th the watershed. Phos

phorus flux reports from other area lakes were also surveyed. Desp1te the

eX1stence of pert1nent llterature, the select10n of appl1cat1on phosphorus

export coeff1cients 1S st1ll an unavo1dably subJect1ve task. Th1S, of

course, 1S the nature of the techn1que and consequently aff1rms the 1mpor

tance of che assoc1ated uncerta1nty analys1s.

The forestland w1th1n the H1gg1ns Lake watershed cons1sts pr1mar1ly of

con1ferous speC1es w1th some dec1duous trees and const1tutes the maJor land

use. Agr1culture 1S rather llm1ted and cons1sts ch1efly of graz1ng and

pasture. The urban areas are ma1nly res1dent1al/recreat1onal and all un1ts

are serv1ced by septlc systems.

For demonstrat1on purposes, hlgh, most llkely, and low export coeffi

C1ents were chosen (based on the phosphorus export coefflclents presented

1n Chapter 3) to reflect phosphorus source condltlons found 1n the H1gglns

Lake watershed. The selected coefflclents are presented 1n Table 5. Note

that the hlgh and low values selected for Hlgglns Lake are not as hlgh or

21



Table 5: Hlgh, most llkely, and low export coefficlents selected for Hlgg1ns lake

Source Hlgh Most Llkely Low

Forest .30 kg/ha/yr .20 kg/ha/yr .10 kg/ha/yr

Agrlculture
(pasture and grazlng land) 1.30 kg/ha/yr .40 kg/ halyr .20 kg/ha/yr

Urban
l'\) (resldentlal) 2.70 kg/ha/yr .90 kg/ha/yr .35 kg/ha/yr
l'\)

Preclpltatlon .50 kg/ha/yr 30 kg/ha/yr .15 kg/ha/yr

Input to
septlc tanks 1.0 kg/caplta/yr 0.6 kg/caplta/yr 0.3 kg/caplta/yr



as low as some of the cand1date export coeff1c1ents presented 1n Chapter 3

Th1S 1S because cond1t1ons 1n the H1gg1ns Lake watershed were Judged to be

not equlvalent to the extreme condlt1ons that are represented by the ranges

In candldate coeff1clents.

The ECst export coefficients were selected to take 1nto account M1Chl

gan's ban on the sale of phosphorus-based detergents. Thus, the selected

coefflclents are on the lower slde of the range exh1b1ted ln Table 14

Llkew1se, note that ECa lS also on the lower slde of the presented atmos

pher1c export coefflclent range Th1S lS because llttle agr1cultural and

industr1al act1vlty take place ln the H1gglns Lake area, WhlCh probably

results In small quant1t1es of alr-born phosphorus.

Step 2C· Estlmat10n of S.R (soll retentlon coefflclent)

On-site septlc tank-t1le f1eld systems mayor may not be effective 1n

trapp1ng phosphorus and preventlng 1t from enterlng a lake V1a groundwater

transport. The sOll retentlon coefflclent lS an estlmate of how well the

systems 1mmob1llze phosphorus. ThlS coefflC1ent may range from 0 to 1 O.

For example, If it 1S assumed that all phosphorus transported to septlc

systems eventually reaches the lake, then a sOll retent10n coefflc1ent value

of 0 would be selected. If lt 1S assumed that no phosphorus reaches the

lake, then S R = 1 O.

Rod1ek (1979) notes that effect1ve tlle dralnage f1elds lnvolve both

physlcal and chemlcal processes. Chem1cal fixat10n react10ns requ1re

effluent-to-sOll contact of sufflc1ent tlme length for chemlcal reactlons

or adsorptlon to occur. There are four maJor aspects of watershed sOlls

(wlthln the lake 1mpac~lng zone) that 1nfluence contact duration tlme and

phosphorus lmmoblllzlng capab1l1tles &nd thus should be consldered when

selectlng S.R. These factors are. 1) phosphorus adsorptlon capacl~y,
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2) natural dralnage, 3) permeablllty and, 4) slope. As one mlght expect,

all of these factors are closely related and of a dynamlc nature. They are

dlscussed in depth ln Chapter 3.

In addltion to the above sOll characterlstlcs, there are four general

mechanisms of phosphate removal ln sOlls. 1) rapld removal or adsorptlon,

2) slow minera1izatlon and lnsolublllzatlon, 3) plant uptake, and 4) b10

logical lmmobl11zatlon (Toff1emire and Chen, 1977). The most lmportant of

the phosphorus immoblllzation mechanlsms In septlc systems are the formatlon

of insoluble lron and alumlnum phosphate compounds and the adsordtlon of

phosphate lons onto clay lattlce structures (Tllstra et al., 1972)

Assessment of the factors dlscussed above is useful In determlnlng

S.R. However, because of the complexltles lnvolved, the modeler's estlma

tion of S.R. still must be based on hls/her knowledge of the sOll condl

tions present In the applicatlon watershed, past experlence wlth slmllar

watersheds and his/her professional lntultlon When the model lS used to

predict future condltlons, lt lS often sufficlent to use a slngle estlmated

soil retentlon coefflclenc. Only when the estlmated loadlng from septlc

systems lS thought to be substantlal (perhaps 25% of the total loadlng),

should it be necessary to employ low, most llkely, and h1gh sOll retentlon

coefficlents. It lS posslble, however, that the error analysls may be blased

when the septic tank loading becomes a slzeable fractlon of the total loadlng.

For the Hlggins Lake example, lt was found that sandy/gravel sOlls of

moraines and tlll plains predominate ln the watershed, WhlCh tend to permlt

rapid infiltration and transmlSSlon of water. Nearby Houghton Lake 1S sur

rounded by various sOlls posesslng moderate to poor phosphorus adsorblng

capacities (Ellis and Chl1ds, 1973). Based on thlS eVldence, sOll retentlon

of phosphorus was estlmated to be on the poor slde A "most llkely" S R.

coefficient of .25 a "1 ow" coefflclent of .50 and a "hlgh" coefFlclent of
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.05 were selected to represent the sOlls surroundlng Hlgglns Lake Slnce

eVldence (USEPA, 1975) suggests that phosphorus loadlng from septlc systems

may be a substantlal fractlon of the total loadlng, three (not one) sOll

retentlon coefflcients were chosen for Hlgglns Lake, as speclf1ed 1n the

instructions above.

Step 2D. Estlmatlon of # of caplta-years

The number of persons contrlbutlng to sept1c systems that lmpact a

lake must be estlmated and expressed ln caplta-years. To ascerta1n thlS

flgure, the analyst must flrst determlne the Slze of the lmpact zone. Ofeen

thlS 1S a strlp, perhaps 20-200 meters wlde, surroundlng the lake Sometlmes

the analyst may lnclude border str1ps along tr1butary streams when condl

tlons suggest that these remote areas may be lmportant. Conditlons that

dictate the Slze and locatlon of the lmpact zone lnclude dralnage patterns,

water tables, and slopes

When the model lS used to assess current condlt10ns, populatlon sur

veys are qUlte useful for the estlmatlon of the phosphorus loadlng from

septlc tanks. When the goal lS the predlctlon of future condltlons, popula-,

tlon proJectlons must be consulted For most lakes, the hlgh and low loadlng

estlmates for septlc systems should then be based solely on the uncertaln~y

In the populatlon proJectlons (the source of posslble blas). The total num

ber of capita-years may be calculated by addlng together permanent res1dent

caplta-years and seasonal resldent caplta-years This lS descrlbed ln Equa-

tion 6 below.
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Permanent caplta-year

Total # of = average # of persons # days spent # of
capita-years per llVing um t x at unlt per year x llvlng umts

365

+ (6)

Seasonal caplta-year

average # of persons # days spent x # of
per llvlng umt x at unlt per year 1iVl ng Unl ts

365

In this partlcular example, it was assumed that septlc systems of only

lakeslde dwelllngs lmpact Hlgg1ns Lake. Accord1ng to the EPA Nat10nal Eutro

phicat10n Survey (USEPA, 1975) there are an est1mated 1,000 seasonal dwell

ings on the H1ggins Lake shorellne and all are served by sept1c systems A

facil1ties plan study est1mated that each seasonal un1t is occup1ed by an

average of 3.5 people who spend 60 days a year at their res1dence (Progres

sive Eng1neering Consultants, 1976). ThlS 1nformatlon may be 1nserted 1n

Equation 6 to est1mate the number of caplta-years 1mpact1ng the lake.

Permanent Seasonal

Total # of
capita-years =

t

o 60
+ 3 5 x 365 x 1000

= 575.3

Step 2E: Estimat10n of PSI (polnt source 1nput)

If the effluent from an 1ndustry, sewage treatment fac1l1ty or other

point source is depos1ted wlth1n the watershed, the 1mpact must be assessed

and expressed 1n kg phosphorus/yr.

At the present t1me there are no known point sources of phosphorus 1n

the Higgins Lake watershed. Thus, PSI = 0 kg/yr. However, 1f p01nt sources
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eXlst in the appllcatlon lake watershed, or are proJected for the future, then

the uncertalnty In the phosphorus 10ad1ng from th1S source 1S represented by

the uncerta1nty 1n the Slze of the proJected population to be served An ex

ample of phosphorus loads from sewage treatment plants 1S presented 1n Table

15.

As a f1nal note on the phosphorus 10ad1ng sources, 1t 1S poss1ble that

the lake sed1ments may be a non-negl1g1ble source. Internal phosphorus load

1ng 1S most probable 1n shallow lakes that possess anOX1C bottom waters. Th1S

condit1on can promote an apprec1able rate of phosphorus transport from the

sed1ment/water 1nterface to overlY1ng waters. In shallow lakes th1S sed1

ment phosphorus may reach the phOt1C zone and be used by the aquat1c plants.

If th1S 1S thought to be so for an appl1cat1on lake, then h1gh, most llkely,

and low 10ad1ng est1mates should be used for the pred1ct1on and pred1ct1on

error (see Reckhow, 1979b for suggested values), to reflect th1S source of

poss1ble b1as 1n the uncerta1nty analys1s.

Step 2F Calculat10n of M(total phosphorus mass load1ng)

When Steps 2A through 2E are complete, Equat10n 5 may be solved to y1eld

h1gh, most llkely, and low phosphorus mass 10ad1ng est1mates based on h1gh,

most llkely, and low phosphorus export and sOll retent10n coeff1c1ents.

Thus, for the H1gg1ns Lake example

27



h1gh

M(hi9h) = (.30 x 8347) + (1.30 x 16) + (2.7 x 378) + (.50 x 3840) +

(1.0 x 575.3 x (1 - 0.05)) + 0

= 6012.04 kg/yr

most likely

M(ml) = (.20 x 8347) + (.40 x 16) + (.90 x 378) + (.30 x 3840) +

(0.6 x 575.3 x (1 - 0.25)) + 0

= 3426.9 kg/yr •

low

M(low) = (.1 x 8347) +. (.20 x 16) + (.35 x 378) + ( 15 x 3840) +

(0.3 x 575.3 x (1 - .50)) + 0

=: 1632.5 kg/yr

Step 2G: Calculat10n of L (annual areal phosphorus 10ad1ng)

In order to be used 1n thlS model, annual phosphorus 1nput must be ex

pressed as a 10ad1ng per unit lake surface area. Th1S 1S accompllshed by

d1v1ding Mby the lake surface area, Ao.

(7)

The units are then converted so that thlS areal phosphorus 10ad1ng

term 1S expressed in grams per square meter of lake surface area per year .
•

Thus, for Higglns Lake:
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CL(hlgh) = 6012.0 kg/yr = 157 x 10-6 kg/m2/yr = .157 g/m2/yr
38.4 x 106m2

most llkely

L(ml) = 3426.9 kg/yr = 89 x 10-6 kg/m2/yr = .089 g/m2/yr
38.4 x 106m2

low

L(low) = 1632.5 kg/yr = 43 x 10-6 kg/m2/yr = 043 g/m2/yr
38.4 x 106m2

'Step 3. Calculatlon of P (lake phosphorus concentratlon)

The model may now be solved for hlgh, most l1kely, and low phosphorus

concentratlons by substitutlng In values of qs and L (hlgh, ml, and low)

P(h19h) = L (hlgh)
11. 6 + 1. 2qs

p(ml) = L (ml)
11 6 + 1.2Qs

P(1 ow) = L (low)
11.6 + 1.2Qs

For Higglns Lake.

hl9l!.

P(high) = 0.157
(0.804) = 0.0125 mg/l11.6 -I- 1.2

most 11kely

P(ml) = o 089
= 0.0071 mg/l11.6 -I- 1.2 (0.804)

low

P(low) = 0.043 = 0.0034 mg/111.6 -I- 1.2 (0.804)
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Step 4: Estlmat10n of s1 (predlct1on uncerta1nty)

In order to est1mate the uncerta1nty assoc1ated wlth a predlct10n cal-

culated using the phosphorus model, est1mates are needed for the error, or

uncertainty, 1n all terms in the model, and 1n the model 1tself However,

it has been shown by Reckhow (1979d) that for most appl1cat1ons of th1S

model, the error in the parameter Vs 1S small Further, error 1n qs 1S pr1

marily a function of flow measurement error and hydrolog1c var1abil1ty,

which also affect L. Slnce Land qs are 1n the numerator and deno~lnator,

respectively, in the model, the errors affecting both tend to cancel when

they are comb1ned to Y1eld the resultant error 1n P. In add1t10n, hydroJ

lOglC variabil1ty 1S unimportant 1n lakes w1th low flush1ng rates. There

fore, it 1S assumed here that the pred1ct1on error 1S a functlon only of

model error and of aspects of phosphorus load1ng uncerta1nty that are

1dentified in Step 2. If the appl1cat1on lake flushes rapldly and lS sub-

Ject to great variat10ns in year-to-year prec1p1tat1on, then the modeler 1S

urged to 1nclude hydrolog1c var1at10n In the error analysls uS1ng the error

propagation equat10n (see the Appendlx for lnstructlons)

The model error lS represented by Smlog In the equatlons below and is

expressed 1n logar1thm1c unlts of phosphorus concentratlon error. The load

ing error, sL' on the other hand, 1S expressed In untransformed unlts of

phosphorus load1ng error. Therefore, to combine these two values for an

est1mate of total pred1ct1on uncerta1nty, some calculatlons are necessary.

The procedure presented below 1S based on f1rst order error analysls

(Benjamin and Cornell, 1970). In thlS particular application, three assump-

tions are of some lmportance.

1. Model error, expressed In log-transformed concentrat1on

units, 1S approprlately comblned w1th var1able error terms

after the transformat1on 1S removed.
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2. The "range" (lh1gh" m1nus "l ow"), for phosphorus 10ad1ng

error, lS approx1mately two t1mes the standard dev1at1on.

Th1S lS based loosely on the character1st1cs of the

Chebyshev 1nequal1ty 1dent1f1ed below, where about 90%

of the distribut10n is conta1ned with1n ± 2 standard de-

v1at1ons of the mean.

3. The 1nd1v1dual error components are adequately descr1bed

by the1r var1ances (standard dev1at1ons).

In order to relax a prev10usly 1mposed (Reckhow, 1979a) yet tenuous nor

mal1ty assumpt1on, the conf1dence 1ntervals constructed below are based on

a mod1f1cat1on of the Chebyshev 1nequal1ty (BenJam1n and Cornell, 1970). Therefore,

1t lS no longer requ1red that the total error term be normally d1str1buted

Instead 1ts d1str1bution must only be unmodel and have "h1gh order contact II

w1th the absc1ssa 1n the d1str1but1on ta1ls. These are achlevable assump-

t10ns under almost all cond1t1ons, and 1t lS recommended (Reckhow and Chapra,

1979) that th1S type of nonparametr1c approach be adopted unt1l the d1str1-

butions have been adequately stud1ed and character1zed

Step 4A: Calculat10n of log P(ml)

Take the 10gar1thm of the most llkely phosphorus concentrat1on, P(ml).

For H1gg1ns Lake:

log P(ml) = log 0.0071

= -2.149
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Step 4B: Estimatl0n of s + (lIposltlVell model error)m

The model error, (smlog)' was determlned to be 0.128. Add Smlog to

log P(ml) and take the antllog of thlS value. Now calculate the dlfference

between this antilog value and P(ml)' Label thlS dlfference sm+' lt re

presents the IposltlVe" model error.

(8)

For Higgins Lake:

Sm+ = antllog (-2.149 + 0.128) - 0.0071

= 0.0024 mg/l

Step 4C: Estimation of sm- (IInegatlVe" model error)

Subtract Smlog from log P(ml) and take the antllog of thlS value. Now

calculate the difference between this antllog and P(ml)' and label thlS

difference sm-'

(9)

For Higgins Lake:

Sm- = antilog (-2.149 - 0.128) - 0.0068

= 0.0015 mg/1
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Step 4D Est1mat10n of sL+ (lIpos1tlVell loading error)

Now, one must convert the load1ng error estimate into units compatible

w1th the model error. Use the P(high) concentrat1on est1mated 1n Step 3 and

calculate the d1fference between P(h1gh) and P(ml)' then d1vide th1S differ

ence by 2. Label th1s value sL+; 1t represents the IIpos1tivell loading error

contr1bution.

For H1gg1ns Lake

s + = P(h19h) - P(ml)
L 2

SL+ = 0.0027 mg/l

(10)

Step 4E: Est1matlon of sL- (IInegatlVell load1ng error)

Repeat Step 4D Subst1tut1ng the low concentrat1on value P(low) for

P(h1gh). Label the resultant value sL-' 1t represents the IInegatlVell load

ing error contr1but1on.

( 11)

For H1gg1ns Lake:

-
Step 4F: Estimat10n of sT+ (total IIpositlVell uncertalnty)

Total pos1tive predict10n uncertainty lS calculated uS1ng the equation:
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(12)

or:

(13)

For Higgins Lake:

=~(0.0024)2 + (0.0027)2

sT+ = 0.0036 mg/l

Step 4G: Estimat10n of sT- (total IInegativell uncerta1nty)

Total negative pred1ct1on uncertainty 1S calculated uS1ng the equat10n

(14)

or:

(15)

For Higgins Lake:

=~(-0.0015)2 + (0.0019)2

sT- = 0.0024 mg/l

Step 4H: Calculation of conf1dence llm1ts

The prediction uncertainty may be expressed 1n terms of Ilconf1dence

limits ll which represent the pred1ct1on plus or minus the pred1ction uncerta1nty.
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Conf1dence llm1ts have a def1nite mean1ng In classical statlstical 1nference,

they define a reg10n In WhlCh the true value wl11 lie a pre-specifled per-

centage of the t1me.

USlng the modif1cat1on of the Chebyshev 1nequallty (BenJam1n and Cornell,

1970), the confidence llmlts may be wrltten as:

Equat10n 16 states that the probabl11ty that the true phosphorus concentrat1on

11es w1th1n certaln bounds; defined by a mu1t1ple, h, of the predictlon

error, is greater than or equal to 1 - 1/2.25h2. (ThlS re1at1onshlp loses

1tS slgnif1cance as h drops much below one.) Subst1tut1ng values for h into

Equatlon 16 reveals that a value of one for h corresponds to a probabl11ty

of about 55% (.556 to be exact), and a value of two for h corresponds to a

probability of about 90% (.889 to be exact). Thus the 55% conf1dence 11m1ts

are

(17)

Subst1tuting the Hlgglns Lake data this becomes

Prob [(0.0071 - 0.0024) s P s (0 0071 + 0.0036)J::: 55

Prob [0.0047 mg/1 ~ P ~ 0.0107 mg/1J ~ .55

Now that spec1f1c values for the pred1ct1on error have been 1nserted 1nto

the conf1dence llm1ts express1on, 1tS 1nterpretat1on changes somewhat. It

1S· "about 55% of the tlme (that confidence llm1tS are est1mated), one can
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expect that the actual average phosphorus concentration w1ll ll~ ,i1thin the bounds

defined by the pred1ct10n plus or m1nus the pred1ct1on uncerta1nty II Th1S

same 1nterpretat10n format appl1es when the conf1dence 11m1ts are w1dened to

the 90% level (h = 2), and the Higg1ns Lake data are 1nserted:

( 18)

Inserting the data yields:

Prob [(0.0071 - (2) (0.0024» s P s (0.0071 + (2) (0.0036»] s .90

Prob [0.0023 mg/l ~ P ~ 0.0143 mg/l] ~ .90

2. 4 Application Summary

The applicat10n of the technique and model to H1gg1ns Lake resulted 1n

a "most likely" phosphorus concentration of 0.0071 mg/l (Step 3), w1th 55%

confidence 11mits bound1ng the "true ll phosphorus concentrat10n between

0.0047 mg/l and 0.0107 mg/l.

Relating back to the troph1c class1f1cat10n 1n Table 2, H1gg1ns Lake 1S

probably:

1) oligotrophic

2) clear, and sU1table for water-based recreat10n and a cold water

fishery.

These predicted trophic condit10ns in fact descr1be the present observed

cond1tions 1n Higgins Lake. Amed1an phosphorus concentrat1on value of

.006 mg/l was determined for H1gg1ns Lake by the Env1ronmental Protect10n

Agency's Nat10nal Eutroph1cation Survey (USEPA, 1975).
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Chapter 3

NUTRIENT EXPORT COEFFICIENTS

3. 1 Introduct1on

In Chapter 1, a d1st1nct1on was made between descr1pt1ve and pred1ct1ve

use of the model1ng methodology Plann1ng for proper lake qual1ty manage

ment necess1tates the pred1ct1on of the 1mpact of proJected land use on lake

water qual1ty. Measurement of a yet-to-be real1zed 1mpact lS clearly 1m

poss1ble. Instead, the planner must extrapolate lmpact assessments from

other, slm11ar watershed~ possibly 1n the form of annual export coeff1clents

Thus nutrlent loadlng est1mates assoc1ated w1th watershed land uses are neces

sary for lake troph1c qual1ty management plann1ng.

In thlS chapter, annual nutrlent export coefflclents, ldent1fled ln the

comprehenSlve llterature survey by Beaulac (1980), are presented ln tabular

and graphlcal form The cr1terla employed In the 1dentlf1cat10n of these

"approved" export coefflclents are descrlbed. To a great extent, these

cr1ter1a reflect the 1mportance of good exper1mental des1gn 1n the collec

t10n of nutrlent flux data for the determ1nat1on of export coeff1c1ents.

Also dlscussed 1n some deta11 are recommended crlterla to be consldered by

users of thls methodology In the select10n of export coefflclents To

fac11itate thlS selectlon process, the tabulated nutrlent export coefflc1ents

are presented along wlth data on related characterlst1cs These l~clude

watershed locatlon, preclpltatlon, sOll type, and other slte-speciflC fea-

tures that mlght affect nutrlent runoff. The user may then match these,

qualltles wlth the characterlstlcs of the appllcatlon lake watershed so that

rellable export coefficlents are chosen
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3.2 Cr1ter1a Employed 1n the Selection of Export Coeff1c1ents for this Manual

In screening nutrient export coeff1c1ents reported 1n the llterature,

Beaulac (1980) establ1shed certa1n acceptance cr1ter1a. To a cons1derable

degree, these criteria are reflect1ve of good experimental des1gn employed

1n watershed stud1es. So that the analyst may understand the approx1mate

reliability that can be attached to the tabulated export coeff1C1ents (pre

sented below and in the Append1X) , 1mportant screen1ng cr1teria are d1S

cussed. For elaboration of th1S topic, see the Append1x

1. Accuracy In stat1st1cal terms, accuracy eX1sts when the ex

pected value for an est1mator lles close to the true value

Inaccuracy in a study frequently results from faulty exper1

mental design. Therefore, to evaluate accuracy, one must

have a good conceptual knowledge of the character1st1c of

concern. Th1S includes an understand1ng of causal relat1on

Sh1PS as well as temporal and spat1al var1ab1l1ty 1f rele

vant. For nutr1ent export coeffic1ents, accuracy lS llkely

1f the researcher a) employed des1gn controls for ex

traneous var1ables not of 1mmed1ate 1nterest, b) incorpor

ated into the analys1s all causal factors not removed from

influence, and c) used good stat1st1cal sampl1ng des1gn

(see the Append1x) As an example, 1f the researcher is

interested 1n agr1cultural row crop runoff, he/she must

either exclude all other runoff sources from the test water

shed, or include considerat1on of the add1t1onal sources

when analyz1ng the results. If 1t lS known that row crop

runoff lS qU1te dependent upon maJor storms and that part1

culate mater1al lS 1mportant, then the des1gn must reflect

these factors.
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2. Prec1s1on L1ke accuracy, precis10n lS a statist1cal term.

An est1mate lS preC1se 1f it lS est1mated w1th low error

Good sampl1ng des1gn (see the Appendix) lS a necessary but

not suff1c1ent cond1t1on for prec1sion Prec1s1on lS also

affected by the number of samples taken and the amount of

useful 1nformat1on acqu1red per sample. Therefore, 1n

screen1ng llterature export coeff1c1ents, Beaulac (1980)

looked for accurate exper1mental des1gns 1ncluding frequent

sampling (part1cularly 1f the observat1ons are dependent).

3. Representativeness For the nutr1ent export coeff1C1ents

to contr1bute to rel1able lake troph1c management planning,

the analyst must carefully match the character1st1cs of

cand1date export coeff1c1ent watersheds w1th the appl1ca

t10n lake watershed (see sect10n 3.3). Th1S requ1res com

prehens1ve 1nformat1on on the export coeffic1ent watersheds.

Therefore, Beaulac (1980) looked for 1nformation on char-

acter1st1cs such as geograph1c locat1on, prec1p1tat1on,

watershed Slze, soil type, fert1l1zer appl1cation (when
/

approprlate) and other lmportant land use features This

lS v1tal to the watershed matching process WhlCh dlctates

export coefflclent cho1ce.

4. Temporal Extent of Sampllng Nutr1ent budgets and lnput

output lake models are generally based on yearly lncrements

so that the meterologically-induced annual varlatlons ln

nutrlent export and lake quallty are effectlvely removed

from analysls. Slnce weather and climate have a slmllar

effect on export coefflclents, only yearly values were

accepted by Beaulac. The alternatlve, extendlng values
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reported for fract10ns of a year, must be reJected because

of methodolog1cal problems

5. Nutrient Flux Estimat10n There 1S no IIbest ll method for com

b1ning concentrat1on and flow data to est1mate mass flux.

However, the short discussion 1n the Append1x on sampling

des1gn and flux est1mat1on descr1bes preferred techn1ques.

Only export coeff1cients est1mated under documented methods

deemed relatively unb1ased are reported here1n.

6. Concentrat1on and Flow Data Slnce flow is the pr1me deter

minant of nutr1ent mass flux, as a rule only those export

coeff1cients estimated w1th cont1nuous flow data are re

ported. Most lake models and nutr1ent 10ad1ng cr1ter1a

are based on total nutr1ent concentrat1ons Therefore, pre

ferred studies were those that reported total nutr1ent con

centrations. Beyond that, Slnce b1oava1lab1l1ty (see the

Append1x) 1S an issue rece1v1ng 1ncreas1ng attent1on,

fract10nal forms of the nutr1ents are prov1ded here1n when

reported in the or1ginal study.

3.3 Export Coeff1c1ent Select10n Cr1teria for the Modeler

Probably the most 1mportant task that the analyst performs 1n apply1ng

the methodology in Chapter 2 is select1ng the phosphorus export coeff1c1ents.

Most of the other steps are qU1te expl1c1t in the descr1pt1on of the task to be

conducted and in the assoc1ated uncertainty (If any). Export coeff1c1ent cho1ce,

on the other hand, benefits from the exper1ence of the analyst 1n the general

topic of land use-nutrient flux relat1onsh1ps. The problem assoc1ated w1th

faulty export coeffic1ent select10n is one of supplemental, or h1dden, uncer

tainty. This refers to pred1ct1on uncerta1nty that 1S unknown to the analyst
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and thus lS not part of the uncertalnty accounting process. Hldden uncertainty

results from lnexperience, the analyst belleves that a cholce of hlgh and low

export coefflclents covers the true phosphorus loadlng when In fact it does not.

ThlS leads to blas In the predlctlon and addltlonal rlsk ln plannlng. Knowledge

of the causal factors behlnd nutrlent flux from land use actlvltles and thought

fulness in matching the appllcatlon watershed with candidate export coefflcient

watersheds can slgnlficantly reduce supplemental uncertalnty.

There are two lmportant issues to conslder when selectlng export coeffl

Clents. Flrst, one must try to match the appllcatlon lake watershed and

candidate export coefflclent watersheds as closely as posslble on the basls

of causal determlnants of phosphorus loadlng. Second, the range of export

coefflclents selected (l.e., the hlgh and low values) should reflect the total

uncertalnty for that characterlstlc. Factors important In watershed matching

are outllned In detall after a short dlScusslon of phosphorus loadlng uncer

talnty.

Uncertalnty ln phosphorus export may arise from 1) natural varlablllty,

2) error and blas assoclated with the measurement and estlmatlon of the export

coefflclent, 3) error and blas assoclated wlth the representatlon of phosphorus

export ln the applicatlon watershed by an export coefficient estlmated at

another pOlnt In space and/or tlme, and 4) uncertainty in land use, population,

etc., projections. It was noted In Chapter 2 that the phosphorus model

standard error contalns some phosphorus loading estlmatlon error assoclated

with the model development data set. As a result, the descrlption of export

coefflclent selectlon--for the purpose of loadlng error estlmatlon--1S qUlte

speclflc. Thus not all uncertalnty components identified above are necessarily

lncluded ln each set-of-three (hlgh, most llkely, and low) export coefflclents

cholce.
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One point should be made concern1ng the f1rst item llsted above. natural

variabil1ty. The nutrient export coeff1c1ent tables exh1b1t natural var1ab1l1ty

(in addition to measurement and est1mat1on error) among the export coeff1c1ents

presented. Th1S lS cross-sectional var1ab1l1ty Wh1Ch 1n part represent var10US,

and different, cond1tions 1n the nutr1ent export coeff1c1ent watersheds.

This must be d1stinguished from natural 10ng1tudinal var1ab1l1ty, Wh1Ch

reflects var1ability 1n export from a slngle watershed over t1me (see sect10n

3.4 for h1stograms exh1bit1ng cross-sect1onal and 10ng1tud1nal var1ab1l1ty).

It is likely that longitud1nal var1ab1l1ty 1S smaller 1n magn1tude than cross

sectional variab1lity, Slnce the causat1ve factors for 10ng1tud1nal var1ab1l1ty

are relatively homogeneous (in compar1son to the causat1ve factors for cross

sect10nal export coefficient var1ab1l1ty). Slnce export coeff1c1ents are

chosen for single watersheds (over time), 1t 1S 10ng1tud1nal export var1ab1l1ty

that is important (in addition to extrapolat1on error and b1as). Unfortunately,

there is little multi-year data on nutr1ent export in slngle watersheds, so

when needed, the estimation of 10ng1tud1nal nutr1ent export var1ab1l1ty 1S

necessarily subjective.

The second issue mentioned above for cons1derat1on 1n select1ng export
"

coeffic1ents is the process of match1ng the appl1cat1on lake watershed and

candidate export coefficient watersheds accord1ng to causal determ1nants of

nutrient export. To facilitate th1S match1ng process, an outl1ne lS presented

below listing inlportant causative nutr1ent export factors accord1ng to land

use activ1ty.

1. Forest Land Use

The range of phosphorus export coeff1c1ents lS very narrow (.019 - .830

kg/ha/yr), and it 1S diff1cult to spec1fy anyone factor as the determ1nant

of load1ng in a part1cular watershed. Much of the varlatlon among
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coefflclents lS probably wlthin the range of experimental or samp11ng error.

a. Specles Type

1. Plne-conlferous softwoods have demonstrated hlgher ralnfa11

lnterceptlon capaclty and evapotransplratlon rates than have

hardwoods. A number of lnvestlgators report that annual stream

flow was reduced about 20% below that expected for the hardwood

cover, 15 years after experlmenta1 watersheds ln the Southern

Appa1achlans had been converted from a mature deciduous hardwood

cover to whlte plne (Swank and Douglass, 1977, 1974; Swank et

a1., 1972; Swank and Mlner, 1968). Therefore hlgher nutrlent

loads could develop from trlbutarles drainlng hardwoods than

from tributaries drainlng softwoods.

11. Some hardwoods such as alder (Alnus sp.) are nltrogen fixers.

Brown et a1. (1973) reported both hlgher nltrate concentratlons

and hlgher nitrogen loads from alder watersheds than from those

streams that dralned primarl1y douglas flr and western hemlock

(for streams in western Oregon).

b. SOll Type, Bedrock, and Parent Materlal

Dlllon and Klrchner (1975) observed that forested watersheds wlth

sandy sOlls overlYlng granltlc 19neous formatlon had one-half the

phosphorus output than dld forested watersheds wlth loam soils

overlYlng sedlmentary formatlons. Loam soils are hlgher ln nutrients

and more erodab1e than sands and gravels, sedlmentary formations have

hlgher leachabillty and erodablllty. Therefore sOlls and substrate

types such as these (loams and sedlmentary formatlons) may cause shlfts

toward the hlgher end of the phosphorus export range.
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c. Vegetatlon Age

Maturity is a functlon of specles type (among other characterlstlcs).

This factor is lmportant only ln very young, newly vegetated forests.

In this sense, lIyoungll refers to trees of less than flVe years of age.

Woodlots of thlS age do not have a canopy developed enough to reduce

rainfall lmpact energy. Therefore sOll ln young forests are more dlS

rupted than sOlls ln mature forests (see Disturbed Watershed, below).

The result is hlgher runoff and greater sedlment phosphorus flux from

young forests.

d. Cllmate

This appears to be the major determlnant of export of phosphorus from

forests. Areas of the country that exh1bit warm cllmates wlth hlgh

rainfall (such as the paclflc northwest and southeastern pledmont

regions) are assoclated wlth hlgh productlvlty, high runoff, and hlgh

phosphorus export.

e. Disturbed Watersheds

1. Deforestation/timber harvest

Watersheds with ongolng tlmber harvest tend to have hlgher nutrlent

export than do undisturbed systems. ThlS lS because deforestatlon:

1) blocks the nutrlent uptake pathway; 2) ralses forest floor

temperature; 3) lncreases the frequency of drylng and wettlng

(weatherlng); 4) increases mlcroblal actlvlty; and 5) lncreases the

nutrient pool by contrlbution of dead organlc materlal (slash).

Therefore, nutrient output is lncreased. (The amount of lncrease

depends on the extent of the watershed under cultlvatlon.)

1 i • Forest fl re

Nutrient export due to flres can lncrease over the normal range
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of export for undisturbed forests, but thlS wlll depend upon the

severlty of the burn (% watershed burned) and the type of flre

(crown vs. brush (understory) fire) (Wells, 1971; Prltchett, 1979).

111. Fertillzatlon

Nutrlent export wl11 lncrease only lf fertillzers are applled dlrect1y

on the stream. ThlS practlce lS currently not very common natlonwlde.

Increases ln nutrient export will last only for a short tlme perlod

(one or two runoff perlods), and wlll depend on the extent of areal

coverage of the fertillzer and fertlllzer type (nltrogen or phosphorus).

(Moore, 1970, 1975; Fredrlksen et a1, 1975; Stay et a1., 1978}.

2. Agrlcultura1 Land Use. Crops

a. SOlls

Because sOlls are exposed for long time perlods (late fall, wlnter,

early sprlng), they wlll lnf1uence the magnltude of the phosphorus

load released from the watershed.

1. Sandy/gravel soils 1) do not erode easily, 2) have a low catlon

content, and 3) cause a general downward flow of water to the

groundwater (hlgh lnfiltratlon capaclty). Thus phosphorus export

vla runoff is low.

11. Clay sOlls (clay loams, sllt loams etc.) have a 1) hlgh catlon

content (hlgh phosphorus adsorption capaclty), 2) hlgh erodabllity,

and 3) low inflltratlon capaclty. Therefore phosphorus export Vla

runoff lS hlgh.

lil. Organlc sOlls have 1) limlted phosphorus retentlon capaclty, 2)

low lnflltratlon capaclty, and 3) hlgh nutrlent content. As thlS

soil 1S used for cultlvatlon, lt decomposes rapldly. Therefore

phosphorus export Vla runoff lS hlgh.
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b. Fertilizer Type and Amount

i. The type of fertillzer is not as slgniflcant as the tlme of

applicatlon. Partially because of thlS, manure-type fertlllzers

are thought to often cause high phosphorus export because manure

is frequently applied on frozen sOlls ln wlnter or early sprlng.

When comblned with snowmelt and hlgh rainfall/runoff perlods, the

result is very often hlgn export of phosphorus and nltrogen. If

applicatlon is followed wlth soil lncorporation, phosphorus and

nitrogen export is substantially reduced (Mlnshall et al., 1970,

Klausner et al., 1976, Converse et al., 1976, Hensler et al., 1970).

ii. Heavy amounts of fertl11zer (elther manure or commercial grade)

app11ed above the recommended rate wlll cause lncreases ln nutrlent

export. The recommended rate lS dependent upon the amount and

aval1abi1ity of nutrients ln the s011 (to growlng crops).

c. Tillage Practlces

i. Conventional tl11age methods, ln WhlCh the ground lS left fallow

during non-growing periods and crop resldues are removed at

harvest, are a prlme cause of hlgh amounts of nutrlent export

(lead to high erosion of so11s, etc.).

ii. Conservation tlllage methods ldeally have conservatlon of sOll,

water and energy as the primary obJectlve. These methods wlll

reduce the export of nutrlents. Among the conservatl0n tlllage

methods are 1) nonmoldboard tlllage, such as chlsel plowlng, that

does not use a moldboard plow and lnvolves fewer tlllage oper

ations than conventional moldboard systems, and 2) "no-tlll,"

which lnvo1ves plantlng dlrectly into untllled soil (Pollard et al.,

1979) •
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lil. Other techniques, which the above tl11age methods may be comblned

wlth, can reduce nutrient export further. These methods are 1)

contour planting, and 2) terraclng (Alberts et a1., 1978).

d. Crop Types

1. Row crops (corn, soybeans etc.): Farmland planted with thlS type

of crop lS subJect to channe1izatlon and erosion. Export of

nutrlents from watersheds conslstlng of row crops wl11 be much

hlgher than export from non row crop watersheds.

11. Non row crops (wheat, ml11et, rye and other small gralns): Growth

of these crops does not generally lead to channelization. Therefore

lower levels of nutrlent export may be expected.

3. Agrlcu1tural Land Use· Pasture and Grazlng Land

Nutrient export from these watersheds depends upon the method of

management of the cattle, sheep, etc. and not necessarlly on the volume of

waste produced.

a. Rotatlonal Grazing: Cattle are grazed on a partlcular plece of land

for a 11mited time period (e.g., summer only). ThlS allows vegetatlon

to regrow which reduces runoff (lncludlng nutrient export).

b. Contlnuous Grazing: ThlS results ln 1) lncreases ln sOll compactlon,

2) decreases ln vegetation, and 3) lncreases ln waste loads (manure).

Therefore, nutrlent export is usually hlgh (Menzel et al., 1978).

c. Fertilization: Pastured watersheds are often fertlllzed to lncrease

forage vegetatlon. ThlS often lncreases the total amount of nutrlent

export (Olness et al., 1980).
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d. Animal Density: Studies 1ndicate that the greater the number of an1mals

per unit area, the higher the amount of an1ma1 waste and the greater

the potential for high nutrient export (Ch1chester et a1., 1979).

4. Agricultural Land Use: Feedlot and Manure Storage

a. Percent Impervious Surfaces: If the percent of paved surfaces 1S h1gh,

the infiltration rate will be low and the runoff and nutr1ent export

will be high (Coote and Hore, 1978).

b. Animal Concentration: If the animal dens1ty is h1gh, the nutr1ent

export can also be h1gh (McCalla et al., 1972; Clarke et al., 1975).

c. Covered Feedlots: If the feedlot is 1nclosed w1th a roof, ra1nfall

1mpact energy will be reduced, and runoff and nutr1ent export will be

decreased (the higher the roof area/feedlot area rat1o, the lower the

runoff) (Dornbush and Madden, 1973; Coote and Hore, 1978).

d. Detent10n Basin: If a detention baS1n is present, nutrient export w1ll

be decreased (Coote and Hore, 1978).

5. Urban Land Use

Most urban runoff is channeled 1nto storm dra1ns, although not all

storm drains serve a slng1e watershed. Therefor~the output from a storm

drain may consist of material from port1ons of one or more watersheds. It

is important to determine the extent of the dra1nage system (lf storm dra1ns

are used) 1n order to get an accurate est1mate of areal nutr1ent load1ng.

Urban land uses consist of a number of sub uses, each w1th d1fferent

features.
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a.

b.

c.

Character1st1cs of res1dentia1 areas 1mportant to nutrient load1ng

1nc1ude: 1) hous1ng dens1ty, 2) grass and vegetat10n coverage; 3)

fert111zer app11cat1ons, and 4) pet dens1ty, type (dogs, cats), etc.

These character1st1cs are 1mportant because grass and hous1ng dens1ty

affect the 1nf11trat1on/runoff rat1o, wh11e fert111zers and pets depos1t

nutr1ents 1n the watershed. Decreases 1n grass cover and 1ncreases 1n

the other three 1ncrease nutr1ent export.

Pub11C parks or park-11ke sett1ngs (campuses, research parks, etc.)

have more vegetat10n (lawns, trees, ponds, etc.) than do commerc1al

d1stricts. Therefore, they can produce less runoff and nutr1ent export

than do commerc1al d1str1cts.

Commerc1al/bus1ness/1ndustrial areas have considerable street/pedestr1an

traff1c. Thus there 1S more dust suspension, more contam1nants from

auto and 1ndustr1al em1SS1ons, and more imprev10us surfaces than 1n

res1dent1al areas. Therefore, h1gher nutr1ent storm runoff often results.

6. Atmosphere

Atmospher1c 1nputs cons1st of two maJor components: 1) w1nd transported

material, commonly called dustfall, removed from the a1r by sed1mentat1on or

1mpact1on; and 2) soluble gases or salts Wh1Ch are scavenged by ra1nfall.

It 1S 1mportant when determ1n1ng the magn1tude of atmospher1c loads to con

slder both of these components. Est1mates for the dryfall port1on alone may

be as h1gh as 70 - 90% of the total load (Heany and Sullivan, 1971, L1kens

and Loucks, 1978; Swank and Henderson, 1976, Miklas et a1., 1977). In

add1t1on, the Slze of the dryfal1 fraction 1S generally cons1dered to be

independent of the amount of wetfall prec1p1tat1on (Swank and Henderson, 1976;

Delumyea and Pete1, 1977; E1senre1ch et a1., 1977).

49



The sources of alr-borne nutrlents are not necessarlly llmlted by the

actual watershed boundary. That lS, a lake's atmospherlc input can be a

result of cultural practlces occurring ln nelghborlng watersheds. However,

the impact of atmospherlc sources dlmlnlshes wlth distance.

a. In agricultural areas, lncreases ln nutrlent loads transported Vla

the atmosphere can be attrlbuted to agrarian actlvltles and assoclated

soil disturbances. These include:

1. ammonia volatillzation from feedlots and fertllizers,

;1. wind erosion of fertllized sOlls.

In addltion, peak inputs of nutrlents from the atmosphere tend to

occur ln late sprlng and early fall, in a pattern that roughly

corresponds to fertlllzatlon and tilling perlods (Andren et al., 1977;

Delumyea and Petel, 1977; Elsenreich et al., 1977; Mlklas et al., 1977;

Hoeft et a1., 1972).

b. Urban atmospherlc inputs of nutrients can also be hlgher than those

from forests. These increases can be attrlbuted prlmarily to combustlon

emlssions, since:

i. Aviatlon and automotlve fuels are known to contaln organophosphorus

additives to reduce corrOSlon (Slmpson and Hemens, 1979).,

ii. Fly ash from oll-fired boilers has been estlmated to contaln 0.9%

phosphorus as P205, and open-hearth furnaces have been found to

contain up to 0.3% phosphorus pentoxlde (Delumyea and Petel, 1977),

iii. Automotive emissions are belleved to be the maJor souy'ce of NOx'

(Robinson and Roblns, 1970), and

iv. Photo-oxidation and hydro1ysls reactions ln an atmosphere contalnlng

hydrocarbons and oXldes of nitrogen apparently are a maJor source

of nltrltes, nitrates and nitrlc aCld ln precipltatlon (Llkens, 1972;

Likens et a1., 1977).
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7. Septic Tanks and 5011 Adsorptl0n Flelds

a. ':. On-slte septlc tank-tl1e fl1ed systems are another IInon-pointll source

that must be considered because these systems are not always effectlve

ln trapplng nutrients and preventlng them from enterlng a waterway

Vla groundwater transport. Three maJor waste fractions typlcally

compose the septlc tank receivlng water. These are: 1) garbage

dlsposal wastes; 2) toilet wastes, referred to collectlvely as Iblack. )
water; and 3) slnk, basln and appllance wastewater collectively referred

to as gray water (S1egrlst et al., 1976, Bennett and Llnstedt, 1975,

Ligman et al., 1974; Olsson et al., 1968; Wallman and Cohen, 1974;

Laak, 1975, Siegr1st, 1977). Each waste fract10n contrlbutes com

parable amounts of nutr1ents.

i. Phosphorus in septlc tank effluent origlnates from two main sources,

human excreta and phosphate detergents.

il. MaJor sources of nltrogen (up to 80%) are feces and urlne, wlth

the predominant forms occurring as NH4 and organic-No

b. The mass loadlng of each nutrlent to the septlc system may depend on

a number of conslderatlons, and per cap1ta-year loading coefficients

presented in Table 14should be chosen accordlngly. These conslderatl0ns

lnclude:

1. Fraction of the year that the system 1S 1n use and the number

of people uSlng thls form of waste d1sposal (1.e., summer cottage

or year-round dwelllng).

lie Amount of detergent used and the detergent phosphorus content.

Phosphorus detergent bans wl11 substantially reduce the total

load Slnce gray water phosphorus loads are high. Sawyer (1965)

est1mated that detergent - based phosphorus accounts for approxl-
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mately 50 - 75% of the total phosphorus In domestlc wastewater.

iii. Use of waste flow reductl0n methods. Slegrlst (1977) estlmates

that several devices and systems such as low volume flush tOl1ets,

no-water toilets, wastewater recycle for toilet flushlng, and

suds-saver clotheswashers should produce waste flow reductl0ns of

up to 35%. ThlS could slgnlflcantly lower the concentratlon and/or

pollutant mass In the household wastewater stream.

c. The estimated nutrlent loadlng from septlc systems to lakes wl11 depend

upon the location of the system wlth respect to the surface water body.

The hypotheslzed lIimpactlng zone ll should lnclude those systems wlthln

the watershed that contrlbute nutrlents dlrectly to a lake. For example,

Rodlek (1979) developed a phosphorus budget for Lobdell Lake In Mlchlgan

and chose to use a 100 meter wide lmpact zone around the lake. Trlbutarles

to the lake should also be lncluded lf certaln condltl0ns eXlst. These

conditl0ns lnclude populatlon dlstrlbutlon and other factors related to

soil retentl0n such as:

i. Phosphol~US adsorptl0n capaclty: Relatlve phosphorus adsorptl0n

categories have been proposed by Schnelder and Erlckson (1972)

and are outllned below:

Rate classes Kl10grams of phosphorus per hectare in top .9 meters

Very low Less than 1120 Kg per hectare

Low 1120 to 1460 Kg per hectare

Medium 1460 to 1800 Kg per hectare

H1gh 1800 to 2240 Kg per hectare

Very h1gh Over 2240 Kg per hectare

The percentage of phosphorus adsorbed 1S hlghly dependent on so11

type and pH. Tofflemlre and Chen (1977) proposed a procedure for
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the evaluation of sOll retentlon of phosphorus. They examlned

several New York sOlls and found that, as a rule, for phosphorus

removal, aCld sOlls are better than calcareous, tills are better

than outwashes, and clay sOlls are better than sandy sOlls.

il. 5011 dralnage: Natural sOll dralnage lS generally related to the

depth of the water table. For septic system sUltablllty, lt lS

essentlal that a zone of aeratlon eXlst between the septic tlle

field and the water table at all tlmes of the year. ThlS zone func

tlons as a chemlcal and physlcal filter for phosphorus (ElllS and

Ch11ds, 1973). For nutrient retention, well-dra1ned to moderately

well-dra1ned soils are preferable because these conditions tend to

lower the rlsk of nutrient contaminat10n of groundwater. In other

words, the greater the d1stance between the septlc-tl1e fleld and

the water table, the greater the 11kellhood that phosphorus wlll be

lmmob111zed and not transported to a surface water body Vla groundwater.

ii1. 5011 permeabillty: Permeabllity is the rate at WhlCh water is trans

mltted through saturated s01l. ThlS transmlSSlon rate is generally

a funct10n of soil texture and structure (l.e., the proport10n of

sand, sllt and clay). Hlgh rates of water transmlSSlon are usually

lndicative of sandy s011s, while low rates are usually assoclated

wlth clay s011s, sOlls possessing a clay lens, or an lmperVlOUS layer

at or near the ground surface. Relative classes of s01l permeabil1ty

can be used to descrlbe conditlons of water transmlssion. Schneider

and Erlckson (1972) propose the followlng classes of soil permeabillty.
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Rate classes Permeablllty rate ln centlmeters per hour

Very slow < .50

Slow .50 - 2.00

Moderate 2.00 - 6.40

Rapid 6.40 - 25.40

Very rapid > 25.40

SOlls havlng a moderate rate of permeabillty are optlmal ln terms

of septic system operatlon since these rates are slow enough for

phosphorus adsorptlon reactlons to occur, yet fast enough to

avold system IIback-up ll that results ln standlng effluent.

iv. Groundwater movement: In additlon to the above three factors,

both directlon and flow rate for groundwater must be consldered.

The presence of clay lenses or bedrock can substantially reduce

groundwater flows to a lake, and ln some sltuatlons flow can be

redirected from the lake altogether (to subterranean reserVOlrs

or to another watershed).

v. Slope: Steep slopes and low permeablllty rates may cause erOSlon

problems and perhaps convert the septlc tank effluent to overland

runoff. In sOlls of good dralnage and hlgh permeablllty, gravi

tatlonal forces hasten groundwater flow (and nutrlent transport

to surface water bodles).

Vl. System age: Soils have only a flnlte capaclty for phosphorus

adsorption. Old systems may provlde less sOll retentlon of phos

phorus than do new systems.

vii. Plant uptake: The presence of a IIgreen strlp" of vegetatlon con

sisting of shrubs, bushes, trees, etc., between the septlc tank-

54



tl1e fleld and the waterbody can effectlvely reduce the amount of

phosphorus enterlng a lake. ThlS wl11 depend, 1n part, on vegetation

type and denslty.

vlil. Season: Hlgh ralnfall seasons, such as sprlng or late summer, keep

the s011 saturated, thereby decreasing s011 phosphorus adsorptl0n

capaclty.

lX. Other: Factors such as frequency of cleaning (of both septlc tank

and dralnfleld) and the effluent-sol1 redox potent1al should also

be consldered.

8. Sewage Treatment Plants

Wastewater treatment plants are another phosphorus source that have been

studled to some degree. As a result, data do eXlst for the estlmatlon of

phosphorus loads and varlabl11ty. Among the lssues that should be cons1dered

by the analyst attemptlng to use these loading coefficlents (Table 15) are:

a. Type of plant: Plant type, or more approprlately, the type of treatment

the plant lS uSlng, will determine to a great extent how much phosphorus

wlll be contlned in the effluent. Different treatment types provlde

dlfferent levels of phosphorus reduction in the waste stream. ObVlously,

those plants uSlng phosphorus removal will have lower per caplta phos

phorus outputs than those that do not.

b. Separate or combined sewerage systems: Wastewater treatment facilitles

have a finlte capaclty to treat sewage inputs. Under normal clrcumstances,

treatment capacity is closely related to the extent of the sewerage

system. If the system lS composed of both storm and sewage dralns,

treatment capaclty lf overtaxed durlng high rainfall events, and a
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portion of the comblned inputs are short clrculted through to the

outfall. Flna1 mass loads of phosphorus can be appreclab1y hlgher

when this occurs.

c. Phosphate detergent ban: If phosphorus lnputs are reduced, (1.e.,

through a ban on phosphate detergent addltlves), the flna1 per capita

mass load will also be lower. From a study of 702 wastewater treat

ment plants wlth a varlety of treatments processes employed, Allum et

a1., (1977), estlmated a medlan phosphorus 10adlng of 1.0 ± 0.04 kg/

capita/yr. However, for Indlana, wlth a full-year phosphate detergent

ban, this median figure was found to be 0.5 ± 0.11 kg/caplta/yr (25

plants). New York, with about a one-half year phosphate detergent ban,

fell between the two wlth a medlan phosphorus dlscharge of 0.7 ± 0.11

kg/capita/yr (42 plants).

In conc1udlng this sectlon on gUlde1ines for export coefficlent se1ectlon,

some conments on watershed size, proxlmity to the app1icatlon lake, and bl0

availability are ln order. It should be noted that small watersheds, such as

microp10ts «0.5 hectares), provlde less opportunity for redeposlclon of sus

pended sediment (and nutrlents) than do large watersheds. Even though the

1I100-yearll storm will scour conslderab1e amounts of deposlted nutrlents from

streambeds--thus ba1anclng any 10adlng lnequa11tles between large and small

basins--some investigators feel that ln the short term, small runoff plots or

small watersheds tend to overestlmate the mass of nutrlents removed by surface

runoff.

In addition, Schumanet a1., (1973) demonstrated that water samples for all

runoff events taken adJacent to the outflow of an agricultural watershed con

tained considerably more inorganlc phosphorus ln solutlon than dld samples taken
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70-230 meters downstream. ThlS reductlon In Solutlon phosphorus was attributed

to the adsorptlon of phosphorus bytheaddltlonal suspended sOll materlal enter

ing the stream from gully erOSlon. ThlS decrease ln Solutlon phosphorus In

the runoff was accompanled by an lncrease in phosphorus on the sedlment trans

ported. Thus total phosphorus loss measured at the two sltes agreed relatlvely

well. Studles by Meyer and Likens (1979) at Bear Brook (an undlsturbed head

water stream In the Hubbard Brook Experlmental Forest, New Hampshlre) lndlcate

that there was a net converSlon of dlssolved phosphorus and course partlculate

phosphorus (leaves, organlc fragments, etc.) to the fine particulate fractlon,

WhlCh was the predomlnant form (62% of the total) exported downstream.

Therefore,small plots (from WhlCh many of the export coefflclents presented

ln Chapter 3 and ln the Appendlx are based) are llkely to yleld hlgh export

values for certaln sltuatlons. These values wlll conslst of both high solution

fractlons and hlgh sediment fractlons. These fractlons wlll tend to be higher

than those reported for larger watersheds (several hectares In slze). Thus,

small watershed export coefficlents are most appllcable to appllcatlon lake

watershed sectlons adJacent to a surface water body (trlbutary streams or the

lake). This means, of course, that watershed size lS an lmportant watershed

matchlng crlterlon.

For large baslns conslstlng of mlxed agrlcultural activltles, export

coefflclents from the tables entltled "Mlxed Agrlculture" should be used.

Indlvldual asslgnment of export coefflclent according to each use may result

ln an overly hlgh total loadlng estlmate due to the small watershed b1as

mentloned above.

Bloav11abll1ty 1S another concern. In general, the more solution phosphorus

converted to sedlment phosphorus, the lower the b10avilable fract10n. However,
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since the models are based on total phosphorus, bloavallabllity cannot be

incorporated into the Chapter 2 methodology. If lt lS thought that an unusually

large fraction of the phosphorus loading to a lake lS not bl0loglcally avall

able, then the analyst should note thlS and be aware of posslble model predlctlon

bias.

3.4 The Phosphorus and Nitrogen Export Coefflclents

1. Summary Tables - Text To faCllitate the analyst's ablllty to use

the model and quantitatlve approach presented In thlS manual,nutrlent

loadlng coefficients from overland runoff were ldentlfled ln an ex

tensive literature search (Beaulac, 1980). Whlle the emphasls of

this report is on phosphorus management and modellng, for comparlson

purposes, export coefflclents are also given for nltrogen. Those

studies which conform to the sampllng crlterla dlscussed In earller

sections of thlS chapter have been aggregated by land use and are

presented in tabular fashion in Tables 6 through 12. The maJor land

uses examined are undlsturbed forests, agrlculture and urban.

As previously dlscussed, the range of nutrlent export from forest

land use is relatlvely narrow. Cllmate (i.e., preclpltatlon and

runoff) and productivlty appear to be the m&Jor crlterla determlnlng

nutrient export varlablllty. The analyst lS therefore urged to extrapo

late only those coefflclents origlnatlng from cllmatlc condltlons and

regions slmilar to the appllcatl0n watershed. For comparison, vege

tation type, so11 type, 10catl0n, preclpitation and runoff amount have

been tabulated along with the export coefflcient and reference In

Table 6.
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Agrlcultural land uses conslst of a number of dlfferent pertur

bations, and sufflclent studles eXlst In the llterature to describe

these actlvltles. Therefore, this land use was further subdivlded

lnto row crops, non-row crops, pasture/grazlng land, and manure storage/

anlmal feedlot. The loadlng coefflclents are presented In Tables 7

through 10 respectlvely. For comparlson purposes, and to allow for

estimatlon of nutrient export from hlghly mixed agrlcultural watersheds,

export coefflclents were complled for general (mlxed) agrlcultural

actlvltles In Table 11. In addltlon to the descriptlve condltlons

listed In the forest export tables, fertlllzatlon rate and crop type(s)

have also been lncluded.

The coefficlents descrlblng urban land uses also exhlblt a hlgh

degree of varlablllty dependlng prlmarlly on the type of urban actlvity

(l.e., low denslty resldentlal, heavy lndustrial) and the assoclated

percentage of lmpervious surface area. Unfortunately, sufflclent data

do not currently exist ln the llterature to adequately compile summary

tables for each of these actlvitles. Therefore, the analyst lS urged

to pay particular attentlon to the accompanylng descriptlve criterla

llsted in Table 12.

2. Summary Tables - Appendlx To provlde the reader wlth a more complete

record of the varlablllty and magnitude of the chemlcal fractlons com

posing both phosphorus and nitrogen (l.e., sediment phosphorus, N03-N),

a breakdown of these chemical fractlons lS lncluded In the Appendlx.

The tables in the Appendlx lnclude all "approved" nutrlent runoff

coefflClents presented ln the text plus some lnformatlon from studies

WhlCh dld not focus on total nutrlent loads. To reduce repetltlon,
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most of the watershed character1st1cs have been elim1nated 1f the

particular study was adequately described 1~ the text tables.

3. Histograms The effects of watershed character1st1cs and cl1mat1c

conditions on nutrient export can be observed from a study of the

loading coeffic1ents in the above tables. However, th1S var1ab111ty

can be more properly assessed through exam1nation of the data in

frequency d1stributions or histograms. Accord1ngly, h1stograms des

criblng nutrient export from the above land uses have been developed

and are presented in F1gures 4 through 10

Froln the histograms 1t is apparent that the cross-sect10nal data

are highly skewed. Consequently, robust stat1st1cs such as the med1an

and interquartile range are generally less b1ased as summary statlst1cs

than are the mean and standard dev1at10n. These stat1st1cs accompany

the histograms for each land use.

The histograms allow the analyst to note the cross-sect10nal

variab1l1ty resulting from different character1st1cs among watersheds

that determ1ne nutrient export. As an example the reader 1S referred

to Figure 7a, represent1ng phosphorus export from pastured and grazed

watersheds. The values on the left represent phosphorus export from

those watersheds grazed pr1mar1ly 1n summer or on a rotat10nal bas1s,

while those on the r1ght represent export from watersheds w1th e1ther

continuous graz1ng or forage fertil1zat10n. Th1S cause-effect relat10n

Sh1P emphasizes the need for proper exam1nat10n and select10n of the

coeff1cients for extrapolat10n purposes.

Cross-sectional var1ab1l1ty among watersheds must be d1st1ngu1shed

from longitudinal var1ab1l1ty. Long1tud1nal, or t1me ser1es, var1ab111ty
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represents the var1at10n 1n nutr1ent export 1n a slngle watershed over

t1me. To 111ustrate long1tudinal variabil1ty, phosphorus exports from

two sim11ar adjacent corn cropped watersheds, one with seven years of

1dent1cal fert111zat1on rates and the other w1th f1ve, were comb1ned

to create the histogram 1n F1gure 11. Slnce var1at1on 1n prec1p1tat10n

runoff is the probable key cause of long1tud1nal var1ablity, a h1stogram

of water runoff rates was also developed and presented 1n Figure 12

Note the h1gh degree of slmilarity between the two distribut10ns.

4. Box Plots A useful graph1cal techn1que for d1splaY1ng batches of data

1S the box plot. Th1S techn1que 1S based on order stat1stics (order1ng

the data p01nts from low to h1gh value) and the plot 1tself 1S constructed

from five values from the (ordered) data set. These values are: 1)

the med1an; 2) the m1n1mum value; 3) the maX1mum value; 4) the 25 per

cent11e value; and 5) the 75 percent11e value (see F1gure 2).

V1sual comparlsons of box plots may be enhanced by the lncorporation

of the statlstlcal slgnlflcance of the medlan lnto the plot. ThlS is

achleved by notchlng the box at a des1red confldence level. For example,

lf the 95% confldence level notches around two medians do not overlap

In the d1splay, the medlans are roughly slgnlflcantly dlfferent at the

95% conf1dence level (see MCGlll et al., 1978,and Reckhow, 1980 for

detalls on confidence limlts and other aspects of box-plot constructlon).

In add1tlon to the above lnformatlon, the box plots can lnclude

the followlng (Reckhow, 1980):

1. the lnterquart11e range;

2. the sample range;

3. an lnd1catlon of skew (from a comparlson of the symmetry above

and below the medlan), and

4. the Slze of the data set.
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Note that the box plot medlans for forested phosphorus and nltrogen

export (Flgure 3) are signlflcantly dlfferent from those of agrl

culture and urban land runoff (wlth the exception of pasture land).

5. Other Tables In addltlon to the thorough examlnaton of the 11tera

ture on nutrlent runoff from forest, agriculture, and urban land use

activltles, other non-point and pOlnt nutrlent 10adlng information was

complled In tabular form for thlS document.

a. Atmospherlc Inputs: Uttormark et a1., 1974, 11sted at least 40

factors lnf1uenclng atmospherlc nutrlent contrlbutions. The bulk

of these factors are related to local conditlons. Therefore, a

11terature reVlew was conducted to collect data re1atlng bulk

nutrient preclpltatlon lnputs to speclflc land uses. A maJor re

qUlrement for data acceptabl11ty was that the nutrlent lnputs be

collected from one of three land uses: 1) undisturbed-forest;

2) agrlcu1tura1-rura1; and 3) urban-industrla1. Studles dea11ng

wlth reglonal or cross-sectlonal watersheds were thereby disregarded.

In thlS respect, preclpitation chemlstry may more closely reflect

endemlc sltuatlons. These nutrlent coefflclents are presented In

Table 13.

b. Septlc Tank Inputs: Informatlon was collected to deflne a range of

values for the nutrlent load In household wastewater dlscharged lnto

septic tanks. Slnce the values expressed In Table 14 are not

quantlfled accordlng to the number of sources contrlbutlng to the

total load (l.e., percent contrlbuted by gray water vs. black water),

lt lS recommended that the reader examlne the sectlon deallng wlth

septlc tanks In order to justlfy the selectlon of the export

coefflClent.
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c. Sewage Treatment Plant Inputs: The data set comp1led by the EPA

NES (1974) llst1ng statewide sewage treatment plant phosphorus

loads was summarized accord1ng to treatment type 1n Table 15.

As previously d1scussed 1n earl1er sections, a number of factors

can increase or reduce the coeffic1ents presented. Th1S may be

ver1f1ed from an exam1nat10n of the ranges glven for each treat

ment type. It 1S further stressed that the analyst exam1ne the

actual conditions w1th1n the study watershed before the select10n

of these coeffic1ents 1S made.
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Table 6: Nutrlent Export from Forested Watersheds

Water Total Nltrogen Total Phosphorus
SOl 1 Preclpltatlon Runoff Export Export

Land Use LocatlOn Type/Texture cm/yr cm/yr kg/ha!yr kg!ha!yr Reference

75-100 year old Kenora Experl- medlum-flne 77 3a 26 55a 6 26a 309a Schlndler et al ,
Jack plne &black mental Watershed s111cate sand (70 1 - 96 7) (22 3 - 35 4) (5 69 - 7 32) ( 220 - 435) 1976
spruce, wlth blrch Rawson Lake overlYlng
&trembllng aspen Ontarlo, Canada deeper deposlts
(342 1 ha) contamlng some

clay fract lOns

Cllmax hardwoods Clear Lake 126 3 68 00 090 Schlndler and
maple, beech, red Watershed Nlghswander, 1970
oak, wlth yellow Hahburton
blrch and hemlock County, Ontarlo,
(125 ha) Canada

O'l Jack plne - Northwest sandy loam 2 37b 060b Nlcho1son, 1977
""'-I black spruce Ontan 0, Canada

Jack pme - Northwest sandy loam 1 38b 036b Nlcholson, 1977
black spruce Ontarlo, Canada

MlXed declduous Southern sandy so11s 047c Dl110n and
forest OntarlO, Canada over1ymg ( 025 - On) Kl rchner, 1975

gramtlc
19neous
formatlon

Mlxed declduous Southern loam sOlls 107d Dl110n and
forest Ontarlo, Canada over1Ylng ( 067 - 145) Kl rchner, 1975

sedlmentary
formation

th xed decl duous Lake Mlnnetonka loam, Sllt 129 0 84 3 090 Smger and Rus t,
forest ( 01 ha) Watershed, loam, clay 1975

Mlnnesota loam

70% aspen Marcell 70% loam, clay 17 70e 2 26e 157e Verry, 1979
30% black spruce Experlmenta1 &sands (155-192) (1 74 - 2 37) { 124 - 179)
and alder (10 ha) Forest, 30% orgamc

Mlnnesota peats

Aspen - blrch 11arcell loam, clay 79 48e 15 56e 2 46e 280e Tlmmons et al ,
forest (6 48 ha) Experlmental and sands (15 51 - 82 10) (13 73 - 21 47) (1 92 - 3 29) ( 19 - 38) 1977

Forest,
Mlnnesota



Table 6: (continued)

Water Total Nltrogen Total Phosphorus
SOll Precl Pl tatlon Runoff Export Export

Land Use Location Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Maple, blrch and Watershed #6 sandy loam 132 2f 83 30f 4 Olf 019f Llkens et al ,
beech (15 6 hal Hubbard Brook 1977

Expenmenta1
Forest, New
Hampshlre

Declduous hardwood Coshocton, OhlO sllt loam 88 ge 32 OOe 2 82e 035e Taylor et al ,
and plne (17 6 hal (85 4 - 95 8) (25 3 - 35 6) (1 37 - 3 16) ( 0349 - 0722) 1971

Oak-hl ckory Walker Branch 136g 70 70g 3 19 Henderson and
forest (97 5 hal Watershed, Harrls, 1973

Oak Rldge,
Tennessee

0'\
157 la 94 65a 2 og 025aCO Oak-hlckory Walker Branch Henderson et a1 ,

forest (97 5 hal Watershed, (128 2 - 187 5) (71 0 - 116 1) (1 7 - 2 2) ( 010 - 030) 1977
Oak Rldge,
Tennessee

Oak maple yellow Fenrow Exp~rl- sllt loam 140e Aubertln and
poplar, black mental Forest, ( 040 - 180) Patnc, 1974
cherry, beech Parsons, West
(34 hal Vl rgl nl a

MlXed pl ne and Eatonton, 164 0 48 70 o 275 Krebs and Go11ey,
hardwood (40 hal Georgla 1977

Mlxed plne and Rhode RlVer 1 50 o 200 Correll et a1 ,
hardwood Watershed, 1977

Maryland

99% mlxed forest Woodlands, clays 7 30 o 212 Bedlent et al ,
1% developed Texas 1978
(6495 hal

Loblolly and Coppervllle, loess over Duffy et a1 , 1978
slash plne M1SS1SS1PPl sedlmentary

2 81 ha deposlts 205 0 36 90 o 281
1 93 ha 205 0 38 95 o 306
2 39 ha 205 0 34 85 o 357
1 64 ha 205 0 30 75 o 321
1 49 ha 205 0 22 55 o 226



Table 6: (contlnued)

Water Total Nltrogen Total Phosphorus
5011 Preclpltatlon Runoff Export Export

Land Use Locatlon Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Douglas flr and Yaklma Rwer, 3 32 o 830 Syl vester, 1960
western hemlock Western Cascade
(47139 5 hal Range, Washlngton

Douglas flr and Cedar Rwer, o 360 Sylvester, 1960
western hemlock Western Cascade
(32376 hal Range, Washlngton

Douglas flr and H J Andrews 215 0 135 0 o 520 Fredrlksen, 1972
western hemlock Expenmenta1
(10 1 hal Forest, Western

Cascade Range,
Oregon

O'l Douglas flr and Fox Creek, sllt & clay 158 0 o 180 Fredrl ksen, 1979~

western hemlock Western Oregon loarns

Douglas flr and Coyote Creek, sllt & clay 76 0 o 680 Fredn ksen, 1979
western hemlock Western Oregon loams

a Four year medlan
b Four year mean from twelve watersheds
c Two year medlan from twenty watersheds
d Two year medlan from four watersheds
e Three year medlan
f Twelve year mean
g Two year mean



Table 7: Nutrient Export from Row Crops

FertlllZer
Appllcatlon Water Total Nltrogen Total Phosphorus
kg/ha/yr 5011 Preclpltation Runoff Export EXDort

Land Use N P K Locatlon Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Corn ( 004 hal 0 0 0 Lancaster, sllt loam 77 Oa 10 7a J 96a 1 22a M1nshall et al ,
W1sconS1n (65 76 - 77 6) (8 51 - 21 95) (3 61 - 5 53) (l 22 - 1 49) 1970

Corn, fresh 109 39 99 Lancaster sllt loam 77 Oa 12 26a "7 97a 2 OOa Minshall et al ,
manure applled W1nconSln (65 76 - 17 6) (5 97 - 19 41) (3 05 - 26 88) (l 03 - 5 77) 1970
1n w1nter
( 004 hal

Corn, fermented 102 44 85 Lancaster, s11t loam 77 Oa 11 51 a 3 38a 75a M1nsha11 et al ,
manure appl1ed W1sconsln (65 76 - 77 6) (5 59 - 15 32) (3 35 - 5 32) ( 68 - 96) 1970
1n spr1ng
( 004 hal

Corn, 11qU1d 78 33 114 Lancas ter, • s11t loam 77 Oa 12 45a 2 88a 95a M1nshall et al ,
manure appl1ed W1 sconslO (65 76 - 77 6) (5 61 - 15 60) (2 81 - 5 07) ( 76 - 1 18) 1970

'! 1n spnng
0 ( 004 hal

Corn ( 004 hal 0 0 0 W1sconS1n s11t loam 11 52b 4 33b 1 30b Hensler et al ,
(8 71 - 14 33) (4 08 - 4 58) (1 00 - 1 60) 1970

Corn, fresh 108 39 99 W1scons1n Sllt loam 9 32b 15 25b 3 40b Hensler et al ,
manure appl1ed (7 11 - 11 53) (4 44 - 26 06) (1 13 - 5 66) 1970
1n w1nter
( 004 hal

Corn, fermented 108 34 99 W1scons1n Sllt loam 8 81 b 4 22b 81 b Hensler et al ,
manure appl1ed (7 11 - 10 52) (3 68 - 4 76) 73 - 90) 1970
1n spnng
( 004 hal

Corn, 11 qUl d 108 39 99 W1scons1n Sllt loam 9 45b 3 88b 94b Hensler et al ,
manure appl1ed (8 10 - 10 79) (3 70 - 4 07) ( 91 - 97) 1970
1n spnng
( 004 hal

Corn ( 009 hal 112 29 Morns, loam 62 6c 8 6c 79 6c 18 6c Young and Holt,
M1nnesota 1977

Corn ( 009 hal 29 81 Morns, loam 65 7d 10 ld 44 2d 14 Od Young and Holt,
M1nnesota 1977



Table 7' (contlnued)

Fert11lZer
Appl1cat10n Water Total Nltrogen Total Phosphorus
kg/ha/yr 5011 Prec1pltatlon Runoff Export Export

Land Use N P K Locatlon Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Corn, surface 29 81 Morns, loam 65 7d 3 8d 27 9d 8 6d Young and Holt,
spread manure plus Mlnnesota 1977
( 009 hal 239 43

from nanure

Corn, plowdown 29 81 Morns, loam 65 7d 4 od 33 od 9 8d Young and Holt,
manure plus Mlnnesota 1977
( 009 hal 239 42

from manure

Corn ( 009 hal 56 29 Morns, loam 57 2e 4 57e 14 24e 3 14e Burwell et al ,
M1nnesota 1975

Corn ( 009 hal 112 29 Morrls, loam 57 2e 8 o3e 23 63e 5 55e Burwell et al ,
Mlnnesota 1975

-.....I

59f.....
Corn, contour 448 64 Treynor, Iowa deep loess, 79 79f 5 47f 8 69f Alberts et al ,
p1antlng (30 hal fl ne, s11 ty (63 07 - 105 95) (1 37 - 12 57) (2 2 - 72 47) ( 092 - 2 118) 1978

mlXed mes1cs

Corn, contour 168 39 Treynor, Iowa deep loess, 78 65f 3 86f 5 36f 35f Alberts et al •
plant1ng (33 6 hal flne, sllty (62 16 - 104 59) (l 52 - 9 76) (1 69 - 43 71) ( 083 - 1 288) 1978

mlxed meS1CS

Corn, contour 280 64 Treynor, Iowa deep loess, 73 76f 1 75f 2 If 26f Alberts et al ,
plantlng (60 hal flne, s11ty (52 8 - 102 5) ( 35 - 10 71) ( 67 - 26 7) ( 024 - 613) 1978

mlxed meS1CS

Corn (1 29 hal 284 54 Watk1nv111e, sandy loam- 107 7 13 0 12 42 2 21 Smlth et al ,
Georgla sandy clay 1978

loam

Corn ( 001 hal 100 35 35 Northern, Sllt loam 87 39 3 29 40 Bradford. 1974
Alabama

Soybeans, two o 29 56 Holly Spnngs, sllt loam 143 75b 55 75b 46 50b 17 64b McDowell et al ,
crops/yr, conven- M1SS1SS1PPl 1978
t1 ona1 tl11 age
( 01 hal



Table 7: (continued)

Fertl1 lZer
App11 ca tl on
k9/ha/yr 5011 Preclpltatlon

Land Use N P K Locatl0n Type/Texture cm/yr

Soybeans, two o 29 56 Holly Spr109s, s11t loam 143 75b
crops/yr, no tlll M1SS1SS1PPl
( 01 hal

Cotton (17 9 hal 33 25 24 Chlckasha, s11t loam 81 39
Oklahoma (72 7 - 97 3)

Cotton (12 1 hal 33 25 24 Chlckasha, sllt loam 80 79
Oklahoma (72 9 - 96 3)

Soybeans - Corn o 29 56 Northern, sllt loam 143 8
two crops/yr M1SS1SS1PPl
no tl11 ( 01 ha)

Corn - Soybeans 136 20 37 Northern, sllt loam 143 8
two crops/yr M1SS1SS1PPl
no tlll ( 01 hal

Tobacco and Corn 85 40 Rhode Rlver flne sandy, 114 7
Watershed, loam
Maryland

a Three year medlan
b Two year mean
c Ten year mean
d Three year mean
e SlX year mean
f Seven year medlan
9 Four year medlan

Water Total Nltr0gen Total Phosphorus
Runoff Export Export
cm/yr k9/ha/yr k9/ha/yr Reference

27 9b 5 lb 2 6b McDowell et al ,
1978

13 19 9 31 9 4 31 9 Menzel et al ,
(8 8 - 24 1) (4 99 - 11 49) (2 38 - 11 52) 1978

12 79 11 169 4 589 Menzel et al ,
(8 0 - 24 8) (5 18 - 14 84) (2 07 - 10 75) 1978

54 9 23 J 7 2 McDowell et a1 ,
1978

50 5 19 3 3 7 McDowell et a1 ,
1978

3 7 1 4 Correll et a1 ,
1977



Table 8. Nutrlent Export from Non Row Corps

Fertlllzer
Appllcatlon Water Total Nltrogen Total Phosphorus
kg/ha/yr SOl 1 Precl pl tatlOn Runoff Export Export

Land Use N P K Locatlon Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Alfalfa ( 004 hal 0 0 0 Madlson, sllt loarl 107 8a 14 2a 6 28a 76a ConverSe et al ,
Wlsconsln (105 4 - 108 8) (8 2 - 18 5) (5 66 - 14 67) ( 75 - 2 40) 1976

Alfalfa, fall 121 24 100 Madlson, sllt loam 107 8a 7 8a 6 63a 1 24a Converse et al ,
applled manure Wlsconsln (l05 4 - 108 8) (5 2 - 9 0) (6 10 - 23 09) (l 20 - 8 08) 1976
( 004 hal

Alfalfa, wlnter 121 24 100 ~'adl son, Sllt loam 107 8a 10 3a 7 82a 64a Converse et al ,
applled manure l~lsconsln (l05 4 - 108 8) (8 2 - 12 8) (5 88 - 38 22) ( 58 - 6 09) 1976
( 004 hal

Alfalfa, spnng 121 24 100 Madlson, sllt loam 107 8a lOla 6 43a 1 81 a Converse et al ,
applled manure Wlsconsln (105 4 - 108 8) (6 7 - 15 0) (4 07 - 11 42) ( 55 - 2 39) 1976
( 004 hal

-....s
57 9b 2 69b 97b lObw Alfalfa and Eastern sandy clay Hdrms et al ,

8romegrass South Dakota laom (50 0 - 65 7) 1974
two plots
3 55 - 4 10 ha

Wheat (5 2 hal 45 7c Chlckasha, sllt loam 80 4d 8 7Sd 5 88d 1 64d Menzel et al
Oklahoma (72 9 - 96 5) (S 5 - 20 8) (3 77 - 7 12) { 80 - 3 34) 1978

Wheat (0 3 hal 45 7c Chlckasha, sllt loam 30 5d 7 4d 6 53d 1 56d Menzel et al ,
Oklahoma (72 9 - 96 6) (5 4 - 23 0) (2 89 - 8 9S) ( 59 - 4 29) 1978

Spn ng wheat 0 0 0 SWlft Current, loam 35 Ob 35b Nlcholalchuk
and summer stubble Saskatchewan, (7 0 - 62 5) ( 1 - 6) and Read, 1978
Two year rotatlon Canada
(4-5 hal

Spnng wheat 0 0 0 SWlft Current, loam 58 5b 1 3~b Nlcholalchuk
and summerfallow Saskatchewan, (19 0 - 98 0) { 4 - 2 3) and Read, 1978
(4-5 hal Canada

Sprlng wheat and 50 54 SWlft Current, loam 28 Ob 2 9b Nlcholalchuk
fa 11 ferti11Zed Saskatchewan, (7 iJ - 49 0) ( 2 - 5 6) and Read, 1978
summerfa110w Canada
(4-5 hal



Table 8: (continued)

Fertl1 1Zer
Appllcatlon
kg/ha/yr SOll Preclpltatlon

Land Use N P K Locatlon Type/Texture cm/yr

Mlllet ( 001 hal 100 35 35 Northern sllt loam 87 39
Alabama

Oats ( 009 hal 18 30 110rrls, loam 57 Ze
Mlnnesota

Hay ( 009 hal 0 0 0 Morns, loam 57 2e
Mlnnesota

a Three year medlan
b Two year mean
c Eleven year mean

'J d Four year medlan
~ e SlX year mean

Water Total Nltrogen Total Phosphorus
Runoff Export Export
cm/yr kg/ha/yr kg/ha/yr Reference

3 04 44 Bradford, 19711

6 age 4 22e 65e Burwell et al ,
1975

14 2e 4 0ge 64e Burwell et al ,
1975



Table 9: Nutrient Export from Grazed and Pastured Watersheds

Fertllner
Appllcatlon Water Total Nltrogen Total Phosphorus
kg!ha/yr SOll PreclpltatlOn Runoff Export Export

Land Use N P K Locatlon Type/Texture cm/yr cm/yr kg/ha!yr kg/ha/yr Reference

Moderate dalry 37 16 8 Waynevll1e, 106 l a 21 3a 3 46a T4a Kllmer et al ,
graZlng, b1ue- North Carollna (104 3 - 119 8) (12 3 - 24 6) (2 41 - 3 83) ( 12 - 16) 1974
grass cover
(1.88 hal

Heavy dalrY 149 64 12 Waynevllle, 106 l a 26 4a 10 99a 16a Kllmer et al ,
grazlng, blue- North CaroIma (104 3 - 119 8) (19 9 - 31 8) (8 31 - 18 05) ( 11 - 70) 1974
grass cover
(1 48 hal

~

Pasture (6 28 hal Eastern sandy clay 58 4 4 44 1 52 25 Harms et al ,
South Dakota loam 1974

""-I
Wlnter grazed 56 0 0 Coshocton, Sllt loam 108 0 12 94 30 85 3 6 Chlchester et

CJ1 and summer rota- OhlO al , 1979
tlonal, orchardgrass
and bluegrass cover
(1 hal

Summer grazed 56 0 0 Coshocton, sllt loam 108 0 2 92 21 35 85b Chlchester et
(1 hal Ohio (" al , 1979

Rotatlon grazlng 168 39 Treynor, sllt loam 75 44c 3 86c 2 32c 251 c Schuman et al ,
(42 9 hal Iowa (73 3 - 77 83) ( 94 - 4 39) ( 47 - 4 28) 081 - 512} 1973 a, b

Pasture for 0 () 0 Eatonton, 164 0 61 8 1 35 Krebs and
brood cattle Georgla Golley, 1977
(10 hal

Contmuous Rhode RlVer well dralned, 114 7 130 38 Correll et al ,
grazlng wlth some Watershed, sandy loams 1977
supplementary wlnter Maryland
feedlng, some hay
productlon
(351 2 hal

Contlnuous 0 0 0 Cill ckasha, sllt loans 88 25d 15 Id 6 13d 1 46d Menzel et al ,
graZlng, l1ttle Oklahoma (50 7 - 105) (2 02 - 28 4) (1 33 - 9 23) ( 27 - 3 86) 1978
bluestem cover,
ActlVe gullles
(11 1 hal



Table 9: (continued)

FertlllZer
Appllcatlon Water Total Nltrogen Total Phosphorus
kg/ha/yr 5011 Preclpltatlon Runoff Export Export

Land Use N P K Locatlon Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Rotatlon grazlng 0 0 0 Chlckasha, sllt loarns 88 3Sd S 9Sd 1 48d 2Sd Menzel et al ,
Ilttle bluestem Oklahoma (S2 4 - 109 1) ( 3S - 17 8) ( lS - 2 3) ( 02 - 1 44) 1978
cover, good cover
(11 0 ha)

Contlnuous 8372 0 Chlckasha, slIt loal'l 76 Se 14 7 9 20 490 Olness et al ,
grazmg, l1ttle Oklahoma 1980
bluestem cover
(7 8 ha)

Rotatlonal 87 76 0 Chlckasha, sllt loam 78 2e
43 472 3 09 Olness et al ,

grazl ng, 11 ttle Oklahoma 1980
bluestem cover,
(9 6 ha)--..I

0'\
Contlnuous 0 0 0 Chlckasha, sllt loam 76 Se 10 2 S 19 76 Olness et al ,
graZlng, Ilttle Oklahoma 1980
bluestem cover
actlVe gu111es
(p 1 ha)

Rotatlonal 0 0 0 Chlckasha, sllt loam 78 2e 4 3 1 73 20 Olness et al ,
grazlng, Ilttle Oklahoma 1980
bluestem cover
(11 0 ha)

a Four year medlan, sedlment phase not sufflclent1y examlned
b MaJor contrlbutlon from underground sprlng
c Three year medlan
d Four year medlan
e Nme year mean



Table 10: Nutrlent Export from Animal Feedlots and Manure Storage

Water lota1 Nltrogen Total Phosphorus
SOll/Surface Preclpltatlon Runoff Export Export

Land Use Locatlon Characterlstlcs cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Beef 11vestock Brooklngs. 1/2 concrete 60 71 a 21 87a 523 Oa Dornbush and
feedlot (4 76 hal South !lakota 1/2 grassed (53 19 - 61 06) (8 92 - 28 52) (l45 6 - 749 0) Madden. 1973

Lamb feedlot Brookl ngs. lnc1udes 54 4Sb 2 07b 26 88b Dornbush and
(21 32 hal South Dakota detentlon pond (49 96 - 59 0) (1 96 - 2 18) (20 16 - 35 84) :4adden. 1973

Lamb feedlot Brookl ngs. lncludes 49 96 3 10 21 28 Dornbush and
(12 63 hal South Dakota detentlon storage Madden. 1973

culvert

Dalry conflnement. Brooklngs. concrete plus 58 Ola 27 18a 355 Oa Dornbush and
45 head of cattle South Dakota roof runoff (48 16 - 62 53) (15 16 - 82 65) (301 3 - 521 9) Madden. 1973
( 13 hal

"-J Beef and sheep Brooklngs. concrete 58 01 a 15 24a 222 9a Dornbush and"-J
feedlot ( 603 ha) South Dakota surface (48 16 - 62 53) (14 40 - 30 35) (157 9 - 2635 4) Madden. 1973

Beef feedlot. Brooklngs 59 74b 6 35b 86 2b Dornbush and
300 head of South Dakota (55 83 - 63 73) (3 99 - 8 71) (29 1 - 142 2) Madden. 1973
cattle (1 6 hal

Beef cattle Mead. Nebraska sllty clay loam 15 87 b 2923 2b 795 2b McCalla et a1 •
f2ed10t. 9 29 over1ymg sand (14 68 - 17 On (2016 0 - 3830 4) (291 2 - 1299 2) 1972
m /cow ( 002 ha)

Beef cattle Mead. Nebraska sllty clay loam 17 93b 1344b 347 2b McCalla et al •
feedlot. 18 6 over1Yl ng sand (16 59 - 19 28) (1254 ~ - 1433 6) (224 0 - 470 4) 1972
m2/cow ( 002 ha)

Beef cattle Mead. Nebraska Sllty clay loam 24 94b 3584b 224b Gl1bertson et a1 •
f2ed10t. 18 6 over1ylng sand (24 59 - 25 3) (1388 8 - 2195 2) (1344- 313 6) 1975
m /cow ( 002 ha)

Beef cattle Kent Co • concrete 70 7 33 2 3372 27 425 Coote and Hore.
feedlot. 500 - 600 Ontarl o. Canada 1978
cattle ( 25 ha)

Beef cattle Waterloo Co • paved and unpaved 78 6 17 3 680 52 170 Coote and Hore.
feedlot ( 17 ha) Ontarlo. Canada 1978



Table 10: (continued)

SOll/Surface Preci pi tatl on
Land Use Locatlon Characten Stl cs cm/yr

SOlld manure Elml ra. 2/3 paves 67 37
storage agea Ontano. Canada 1/3 unpaved
( 05 hal

Manure storage Burllngton. crushed 57 7
facl11ty ( 05 hal Vermont 11mestone

a Three year medlan
b Two year mean
c Derlved from orlglna1 values of kg/cow/yr wlth permlsslon of authors

Water Total Nltrogen Total Phosphorus
Runoff Export Export
cm/yr kg/ha/yr kg/ha/yr Reference

20 9 1'891 07 172 Coote and Hore.
1978

33 5 7979 9 539 9 Magdoff et al •
1977



Table 11 Nutrlent Export from Mlxed Agrlcultural Watersheds

Fertl1 lZer
Appllcatlon Water Total Nltrogen Total Phosphorus
kg/ha/yr SOl 1 PreclpltatlOn Runoff Export Export

Land Use N P K Locatlon Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

S8% row crops 44 Black Creek silt loam, clay, 91 Oa 19 35a 28 6Sa 3 lSa Lake and
31% small graln watershed, sllty clay loam, (70 - 112) (11 2 - 27 S) (8 6 - 48 7) (1 1 - 5 2) Mornson, 1977

and pasture Harlan, Sllty clay
6% woods Indlana
5% urban
(49S0 ha)

63% row crops Sml th-Fry Sllt loam, clay, 91 Oa 20 75a 31 76a 3 2Sa Lake and
26% small gral n uraln, sllty clay loam, (70 - 112) (12 4 - 29 l) (10 3 - 53 2) (1 1 - S 4) Mornson, 1977

and pasture Harlan, Sllty c1 ay
8% woods Indlana
3% urban (942 ha)

-....J 3S% row crops Drelsbach sllt loam, clay, 91 Oa 18 OSa 2S 8Sa 3 OOa Lake and
1..0 48% small graln Draln, sllty clay loam, (70 - 112) (10 1 - 26 0) (6 6 - 44 1) (1 00 - 5 00) Mornson, 1977

and pasture Harl an, sllty clay
5% woods Indl ana
12% urban (714 ha)

SO% pasture Coshocton, sllt loam 88 8b 33 35b 3 74b Taylor et al ,
2S% rotatlon OhlO (77 7 - 92 7) (26 9 - 34 4) (1 67 - 10 61) 1971

cropland
25% hardwood

forest
(123 ha)

39% corn 134 46 120 Ottowa, clay loam, 95 lC 18 6c 60c Patnl and Hore,
46% legumes Ontarlo, sandy loam (8 2 - 24 2) (0 1 - 0 8) 1978

and grass Canada
9% small graln
2% ldle
4% roads
(S94 ha)

60% row crops 127 28 Macedoma, Sllt loam 67 79 10 74 9 64 648 Burwell et
40% hay and Iowa al , 1974

pasture
2 llVestock

feedlots
(157 5 ha)



Table 11: (continued)

Ferti11Zer
Apphcatlon Water Total Nltrogen Total Phosphorus
kg/ha/yr SOll Preclpltatlon Runoff Export Export

Land Use N P K Locatlon Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Three years. 343 67 Treynor. Iowa Sllt loam 84 71 17 65 14 11 27 Burwell. et al~,
pasture. two 1977
years corn
(42 9 hal

IntenslVe 120 33 North Central. sand 96 5a 16 7a 4 23a 1 la Campbell, 1978
Agn cu lture Florlda (88 - 105) (12 1 - 21 3) (2 10 - 6 36) ( 86 - 1 34)
crops and lm-
proved )asture
(208 ha

Actlve cropplng South of 2 82 409 Grlzzard et al ,
and pasture Washlngton, 1977

(X) DC
0

14 3d 1 29dAt least 80% Southern Avadhanula, 1979
of watershed Ontarlo, ( 62 - 23 5) ( 05 - 2 30)
devoted to Canada
agrlcultural
actlvltles

37 4% soybean Thames RlVer, lacustrlne clay 72 9 16 1 1 28 Coote et al
and whltebean Southern over tl11 plam (ed ), 1978
27 1% cereal Ontarlo, Canada over 11mestone
23% corn (5080 hal

36 1% woodland Blg Creek, deep level 6 4 26 Coote et al
25 0% cereal Southern deltalc sands (ed ), 1978
22 2% tobacco Ontano, Canada
10 1% corn
3% pasture and

hay
(7913 hal

31 3% corn AuSable RlVer level clay 86 0 41 5 91 Coote et al
26 4% cereal Southern tlll plaln (ed ). 1978
17 9% pasture Ontano. Canada over shale

and hay
12 1% soybean

and whltebean
7 5% woodland
(6200 ha)



Table 11 (contlnued)

Fertl1lZer
App11catlon Water Total Nltrogen Total Phosphorus
kg/ha/yr SOll Preclpltatlon Runoff Export Export

Land Use N P K Locatlon Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

37 2% pasture Grand Rl ver, sllty clay 92 5 20 3 1 00 Coote et al
and hay Southern ground (ed ), 1978

35 J% cereal Ontarlo, Canada moralne
18 7% corn
6 9% woodland
(1860 hal

42 3% corn Mlddle Thames calcareous 101 8 31 1 1 53 Coote et al
22 8% pasture RlVer, loamy tlll (ed ), 1978

and hay Southern
15 4% woodland Ontarlo, Canada
12 2% cereal
(3000 hal

CO 33 4% pasture Maltland River, drumllnlZed 82 3 14 3 16 Coote et al.....
and hay Southern loam tlll (ed ) , 1978

29 2% woodland Ontarlo, Canada
22 3% cereal
12 3% corn

37 4% woodland Shelter Vall ey wlndblown 84 0 3 2 08 Coote et al
28 5% pasture Creek, Southern sand and Sllt (ed ) , 1978

and hay Ontarlo, Canada on scoplng
10 7% cereal sandy calcareous
10 4% corn tlll
3 7% tobacco
(5645 hal

44 2% pasture Twenty Mlle 1acustrl ne 779 15 5 1 53 Coote et al
and hay Creek, Southern and reworked (ed ), 1978

18 4% cereal OntarlO, Canada clay over
17 8% woodland dol oml te
16 2% corn
(3025 hal

41 3% pasture Humber RlVer, stratlfled 73 7 11 1 49 Coote et al
and hay Southern clay over (ed ), 1978

29 0% cereal Ontarlo, Canada shale and
11 3% corn llmestone
7 5% woodland
(2383 hal



Table 11: (continued)

Fertl1lZer
Appllcatl0n Water Tota1 III trogen Total Phosphorus
kg/ha/yr 5011 Preclpltatl0n Runoff Export Export

Land Use N P K Locatl0n Type/Texture cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

27 8% vegetables Hl11man Creek, sha11 ow mora1ne 770 25 2 91 Coote et al
22 8% corn Southern sand over clay (ed " 1978
10 0% woodland Ontarlo, Canada tl11 plaln over
8 9% cereal 11mestone
7 9% soybean and

whltebean
(1990 hal

66 6% pasture Saugeen RlVer reworked 92 4 9 4 81 Coote et al
and hay Southern lacustrlne (ed " 1978

12 1% cereal Ontarlo, Canada clay over
9 5% corn clay t111
9 4% woodland
(4504 hal

(Xl
N

a Two year mean
b Four year medlan
c Three year med1an
d Estlmates based on PLUARG Task Cmon1torlng of selected sltes 1n the Grand and Saugeen R1ver bas1ns



Tab1e 12. Nutrl ent Export from Urban tJatersheds

Water Total Nltrogen Total Phosphorus
SOll/Surface Preclpltatlon Runoff Export Export

Land Use Locatlon Characterlstlcs cm/yr cm/yr kg/ha/yr kg/ha/yr Reference

Resldentlal (50 hal Madlson, W1S- 27% lmperV10us 69 93 10 49 5 a 1 1 Kluesener and Lee,
conSln surface 1974

78% 1ndustrl a1 Menomlnee, sllt and clay 24 03a 2 67a Konrad et a1 ,
22% commerclal WlsconSln loams (7 88 - 40 18) (1 06 - 4 28) 1978
(49 hal

Commerclal Appleton, clay loam 16 5 4 S4b 88b Much and Kemp,
(1S 8 hal WlsconSln overlYlng 1978

dolomlte bedrock

Central buslness Appleton, clay loam 76 5 38 47b 4 08b Much and Kemp,
dlstrlct (9 3 hal Wl sconSl n overlYlng 1978

dolomlte bedrock

co Industrlal (8 1 hal Appleton, clay loam 76 5 6 53b 7Sb Much and Kemp,w WlsconSln overlYlng 1978
dolomlte bedrock

Resldentlal Appleton, clay loam 76 5 3 67b 3Sb Much and Kemp,
(41 7 hal WlsconSln overlylng 1978

dolomlte bedrock

Low denslty Okemos, sandy loam, 77 19 1 S2C a 19c Landon, 1977
resldentlal Mlchlgan sandy clay loam
subdlVlslon,
Large lots with
complete grass
cover and trees
(46 82 hal

Low denslty Holt, Mlchlgan sandy loam, 77 19 6 9c 2 7c Landon, 1977
resldentlal, sandy clay loam
Extenslve grassed
areas, small lots,
(33 73 hal

Hlgh denslty East Lanslng, sandy loam, 77 19 4 8c 1 lC Landon, 1977
resldentlal Mlchlgan sandy clay loam
townhouse complex,
Ilmlted open space
(7 hal



Table 12: (continued)

Water Total lhtrogen Total Phosphorus
S011/Surface Precipltatl0n Runoff Export Export

Land Use Location Characterlstics cm/yr cril/yr kg/ha/yr kg/ha!yr Reference

Hlgh denslty Lanslng, sandy loam, 77 19 5 5c 56c Landon, 1977
resldential co- Mlchlgan sandy clay loam
operatlves, large
amounts of open
rassed areas

21 63 hal

Conmerclal, Merldlan Twp sandy loam 77 19 20 5c 1 7c Landon, 1977
Shopplng Center Ingham Co sandy clay loam
(18 19 hal Mlchlgan

Commerlca1, 11ght Lanslng, sandy loam, 77 19 4 OC 66c Landon, 1977
lndustry and bUS1- Mlchlgan sandy clay loam

00 ness (4 19 hal
.J:>.

64% resldentlal Montgomery 757 O'Nell1,1979
13% recreatlonal Creek, Kltchner
12% connerlca1 OntarlO, Canada
6% transportatlon
1% lndustrla1
(958 hal

Res1dentl a1 Clnclnnatl, 37% lmperVl0us 76 2 28 19 9 97 Welbe1 et a1 ,
and 11ght commer- OhlO surface 1964
cla1 (11 hal

At least 60% of Southern 9 48d 1 63d Avadhanu1a, 1979
watershed devoted Ontarlo, Canada (6 65 - 10 2) ( 73 - 2 05)
to urban land use

Industna1 and Thl rd Creek carbonatlc 150 0 84 3 14 95 417 Betson, 1978
resldentla1 (414 hal Watershed, bedrock wlth

Knoxvll1e, shales, 28% lmper-
Tennessee V10US surfaces

Connercla1 (212 hal Fourth Creek soluble 155 0 41 1 12 78 4 85 Beeson, 1978
Watershed, do10mltlc car-
Knoxvl11e bonate rock, 45%
Tennessee lmpervlous sur-

faces



Table 12' (contlnued)

co
01

Land Use

Suburban (62 hal

60% res1dent1a1
19% commerc1a1 and

lndostr1a1
12% 1nst1tut1ona1
10% unused
(432 54 hal

60% res1dentlal
19% commerc1a1 and

1ndustn a1
12% 1nst1tutl0na1
10% unused
(432 54 hal

20% urbanlZed.
large scale reS1
dentla1 (47900 hal

Locat1on

P1antatlon H1l1s
Res1dentla1 Area
Knox'llll e.
Tennessee

Durham. North
Caro11na

Durham. North
Caro11na

Bull Run Bas1n.
Occoquan
Watershed,
V1rg1ma

S011/Surface
Characten St1 cs

soluble do10mltlc
carbonate rock
23% 1mperV10US
surfaces

29% lmperV10US
surfaces

29% lmperV10US
surfaces

sedlmentary
sandstones and
shales

Prec1pltat1on
cm/yr

153 0

108 2

Water
Runoff
cm/yr

9 4

16 26

24 64

Total N1trogen
Export

kg/ha/yr

1 56

Total Phosphorus
Export

kg/ha/yr

43

1 23

5 26

Reference

Betson. 1978

Bryan, 1970

Colston, 1974

Gr1zzard et a1 ,
1978

S1ng1e faml1y reSl- Broward Co ,
dentla1 (19 2 hal F10rlda

quartz sand,
39% 1mperVl0US
surface

125 6 9 42 1 48 o 21 Mattraw and
Sherwood, 1977

67% resldent1a1
13% cOl'lmercla1
12% woodland
8% agnculture
(792 hal

Ta11ahasee,
Flor1da

well dra1ned
loamy s011s

249 0 48 3 6 23 Burton et a1 ,
1977

Resldent1al (6 8 hal Durban,
South Afrlca

quartz sand
wlth some clay
content, 20% 1mper
V10US surface

113 06 18 99 40 o 6 S1mpson and
Hemens, 1978

a two year mean
b Estimates based on annual streamflow measurements and nlne mon1tored runoff events durlng 8 month water qual1ty sampl1ng perlod
c Estlmates based on annual streamflow measurements and flve months water qua11ty samp11ng
d Est1mates based on PLUARG Task Cmon1tor1ng of selected sltes 1n the Saugeen and Grand R1ver baslns
e Suspected of havlng nonurban lnf1uences



TABLE 13a: Forest Atmospherlc Inputs

LOCATION PHOSPHORUS (kg/ha/yr) NITROGEN (kg/ha/yr) REFERENCE
Dlssolved-P Total-P N03-N NH3-N Organlc-N Total-N

Rawson Lake, Ontarlo,
Canada 327 6 27 Sch1ndler et al., 1976

Clear Lake, Ontar1o,
Canada 26 -7153- Schlndler et al , 1970

Whlte Mountalns,
New Hampshlre 6 0 2 8 Martm, 1979

Hubbard Brook Exp Forest
New Hampshlre 035 4 3 2 24 L1kens et al , 1977

Walker Branch Watershed
Tennessee 54 3 9 2 0 8 7 Henderson, 1977

Coweeta Experlmental
Watershed, N Carol1na 19 2 88 52 Swank &Henderson, 1976

co North Caro11 na 21 -554- Wells &Jorgensen, 1975
0'\

Duke Forest, N Carolma 28 1 46 74 1 33 3 53 Wells et al , 1972
N East, M1nnesota 14 Wr1 ght, 1976
H J Andrews Exp Forest,

Western, Oregon 27 135 85 99 Fredr1ksen, 1972
N Central, Mlnnesota 48 2 25 2 74 2 32 7 32 Verry &TlmmQnS, 1977
M1SS1SS1PP1 3 11 3 SW1tzer &Nelson, 1972
Northern M1SS1SS1PPl 07 3 12 5 73 Schre1ber et al , 1976
Northern M1SS1SS1PP1 41 Duffy et al, 1978
New Mexlco 2 64 1 74 2 39 6 77 Gosz, 1978
Sapelo Is , Georgla 1 255 95 633 2 84* Halnes et al , 1976
Watersmeet, M1ch1gan 19 E1senre1ch et al , 1977
Beaver Island, M1Ch 036 216 E1senre1ch et al , 1977
Beaver Island, M1Ch 032 Murphy &Doskey, 1976
Rock Island St Pk , W1S 039 Murphy &Doskey, 1976
Flnger Lakes Area, NY 181 5.37 3 37 L1kens, 1972

*wetfall only



TABLE 13b' Agrlcultural-Rural Atmospherlc Inputs

LOCATION PHOSPHORUS (kg/ha/yr) NITROGEN (kg/ha/yr) REFERENCE
Dlssolved-P Tota1-P N03-N NH3-N Organlc-N Total-N

Treynor~ Iowa -726-- Schuman &Burwell~ 1974

Rhode Rlver Watershed
Edgewater~ Maryland 82 4 71 5 66 10 49 Ml klas et a1 ~ 1977

Coshocton~ OhlO .20 -88-- Chlchester et al ~ 1979

Morrls~ Mlnnesota 125 2 45 5 09 Burwell et al ~ 1975
(Xl
"-J Southern Ontarlo~ Canada 97 38 0 Sanderson ~ 1977

Pe11ston~ Mlchlgan .20 25 4 85 3 09 Rlchardson &Merva~ 1976

Houghton Lake~

Mlchlgan 29 31 3 21 2.09 Rlchardson &Merva~ 1976

Sllver Lake St Pk ~

Mlchlgan 086 Murphy et a1 ~ 1976

Wlsconsln 3 51 12 22 14 43 30 16 Hoeft et al ~ 1972

Wlsconsln 2 73 2 86 6 54 13 13 Hoeft et al ~ 1972

Great Brltaln 74 131 Frlssel 1978

Eatonton~ Georgla 192 Krebs &Go11 ey ~ 1977



TABLE 13c: Urban-Industrlal Atmospherlc Inputs

LOCATION PHOSPHORUS (kg/ha/yr) NITROGEN (kg/ha/yr) REFERENCE
Dlssolved-P Total-P N03-N NH3-N Orgamc-N Total-N

Washlngton, DC 2 58** 9.09** Randall et al , 1978

Knoxvllle, Tennessee 2 17 3 67 4.4 3.4 24 8 24.8 Betson et al , 1978

San Franclsco, Cal. 26 23 76 McDoll et al , 1978

Wlscons1n 3 73 3.61 6 19 13 53 Hoeft et al , 1972

Madlson, Wlscons1n 99 24 0 Llkens &Loucks, 1978

Madlson, W1scons1n 02 23 0 Kl uesener, 1972

M1lwaukee, W1SC .372 E1 senrel ch et a1 , 1977
ex> Grand Haven, M1Ch 415 E1senrelch et al , 1977ex>

Saglnaw Bay, M1Ch 1 12 1 21 4 73 R1chardson et al , 1976

Ch1cago, l111no1s 327 Murphy et a1 , 1976

Ch1cago, l111nOls 084 558 E1senrelch et a1 , 1977

Ha11fax, Nova Scot1a .56 1 21 Hart &Ogden, 1977

Durban, South Afrlca 27 .52 3 95 4 22 14 74 22 91 Slmpson &Hemens, 1979

Mumch, Gennany 80 8 26 3 6 Goett1e, 1978
Hamburg, Germany 2 0 3 3 20.2 23 5 Frl sse1 , 1978

Stockholm, Sweden 1 6 8 2 1 7 4 Fnsse1, 1978

London, England 2 1 2 5 17 3 19 8 Fr1ssel, 1978
Pan s, France 1 6 2 3 14 8 17 1 Fnsse1, 1978

**dustfall only



Table 14: Nutrlent Loads for Household Wastewater
Dlscharged lnto Septlc Tanks. (kg/caPlta/yr).

Total P Total N Reference

1.49 6.45 Llgman et al, 1974

1.43 5.99 Laak, 1975

2.65 Bennet and Llnstedt, 1975

.74 4.61 Chan et al, 1978

1.59 Ellis and Childs, 1973

1.49 2.15 Slegrist et al, 1976

3.00 Bernhard, 1975

.80 OtlS et al, 1975

8.20 Walker et al, 1973

1.28 3.20 EPA-NES, 1974

89



Table 15: Magnltude and Varlabillty for Phosphorus Loadlng from Waste Water
Treatment Plant Effluent*

Medlan Loadlng Range Sample
Treatment Type (kg/caplta/yr) (kg/caplta/yr) SlZe

Actlvated Sludge .89 .32 - 4.99 183

Trlckllng Fllter 1. 10 .39 - 5.44 158

\.0 Phosphorus Removal .57 .23 - 1.81 16
0

Prlmary Settllng and Dlgestlon .82 .27 - 3.18 53

OXldatlOn Pond 1.07 .36 - 3.63 52

Sand Fllter 2.86 .77-6.11 11

*Ten to fourteen samples taken per year. Adapted from EPA-NES Worklng Paper Number 22
(U.S.E.P.A., 1974)



10- Flgure 4a' PHOSPHORUS EXPORT FROM
FORESTED WATERSHEDS

-

8-

-
>-u 6z
w
:::>
CJ
w
~ 4-

-

2-

-

MEDIAN

f>1EAN

INTERQUARTILE RANGE

STANDARD DEVIATION

RANGE

SAMPLE

.206

.236

.218

.200

.019 - .830
26

0-'--------_-I-_----l~-....1-..------'------L--..I-----I...----1

~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ V ~ ~ ~ ~ ~ ~ ~. .

PHOSPHORUS EXPORT (KG / HA /YR)



Figure 4b: NITROGEN EXPORT FROM
61 FORESTED LAND USE
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12-
Flgure 5a: PHOSPHORUS EXPORT FROM ROW CROPS
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Flgure 5b: NITROGEN EXPORT FROM ROW CROPS
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•

Figure 6b: NITROGEN EXPORT FROM
NON ROW CROPS
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- Flgure 7a. PHOSPHORUS EXPORT FROM
GRAZED AND PASTURED WATERSHEDS
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Flgure 7b: NITROGEN EXPORT FROM

1 GRAZED AND PASTURED WATERSHEDS
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Figure 8a: PHOSPHORUS EXPORT FROM
AN IMAL FEEDLOT AND MANURE STORAGE
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Figure 8b: NITROGEN EXPORT
FROM

ANIMAL FEEDLOT AND MANURE STORAGE
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Flgure 9a: PHOSPHORUS EXPORT FROM-
MIXED AGRICULTURAL WATERSHEDS
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8n Flgure lOb: NITROGEN EXPORT FROM
URBAN WATERSHEDS
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Chapter 4

CONCLUDING COMMENTS

The procedure descrlbed In Chapter 2 should be useful for lake trophlc

management plannlng because of the lncluS10n of uncerta1nty analysls and the

carefully screened tables of export coefflc1ents Its value wlll be en

hanced, however, lf the analyst lS m1ndful of the llmltatlons of the methodo

logy. Llsted below are several ltems reflect1ng these llm1tat1ons as well

as gUldellnes for the 1nterpretatlon and communlcation of the modellngj

uncertalnty analysls results

1. The predlct10n of quantltatlve water qual1ty 1mpacts assoclated

w1th changes 1n land use necessltates the use of a mathemat1cal

model Projected or antlc1pated land use changes cannot be

measured so 1nformat1on must be extrapolated from other pOlnts

1n space and/or t1me Both the applicat10n of the mathematlcal

model and the extrapolat10n of 1nformat10n imply pred1ct10n

error. ThlS error lS therefore unavoidable, but when quan~l

fled, predlction uncertalnty can be extremely useful In the

plann1ng process.

2. Predlct10n uncertainty is a measure of the lnformat1on value

conta1ned In a pred1ctlon. If the uncerta1nty lS small, the

pred1ctlon lS prec1se, and the predlct1ve informatlon lS

valuable Alternatlvely, 1f the uncertainty lS large, the

pred1ct10n lS 1mprec1se, and the pred1ctive lnformat10n 1S

less valuable. Pred1ct10n uncerta1nty lS caused by natural
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process varlabllity, and blas and error ln sampllng, measure

ment, and modellng. Predlctlon uncertalnty can be useful to

the planner as long as lt lS rellably estimated. However, lt

lS possible that unquantlfled supplemental uncertalnty (Mos

teller and Tukey, 1977) exists. ThlS uncertalnty term generally

results from errors that are unknown to the analyst. For

example, supplemental error may be lntroduced, but unquantl

fled, because of poor cho1ce of export coeff1c1ents. Th1S

hidden error may lncrease planning r1sks because the error 1S

not lncluded in the error analysls. Therefore the analyst

must exerClse care ln the select10n of the export coefflclents

and ln the conduct of the modeling process.

3. The notlon of supplemental uncerta1nty and h1dden plann1ng

risks underscores the importance of selectlng representat1ve

nutrient export coefficlents. The watershed match1ng process

described in Chapter 3 lS central to th1S concern. The analyst

must be aware of those watershed character1stlcs that are the

major determlnants of nutrlent export. Then the appropr1ate

export coefficients are selected accordlng to a match between

application lake watershed and export coefficlent watershed,

on the basis of these causal character1stlcs. ThlS match

leads to representative and rellable coeff1cients and dlmln

lshes supplemental uncertainty.

4. The dlScuss10n 1n Chapter 2 ldent1fles the major llm1tat1ons

on the modellngjuncertalnty analys1s methodology In funda

mental terms, the llmitat10ns are generally assoclated wlth

the fact that the model development data set for any partl

cular model represents a subpopulat1on of lakes. Appl1cat1on
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lakes that d1ffer substant1ally from the model development

subpopulation may not be modeled well (l.e , results may be

b1ased). Any llmnolog1c characterlstic that lS a causal

determ1nant of lake phosphorus concentrat10n lS a candidate

as a llm1t1ng, or constra1nt, var1able. These 1nclude con

stra1nts on the model var1ables (e.g., all model development

data set lakes have P < .135 mg/l), constra1nts on hydrology

(e.g, there are no closed lakes 1n the model development

data set), or constra1nts on climate (e.g., the model develop

ment data set contalns only north temperate lakes).

5. The methodology descr1bed 1n Chapter 2 can be used to quant1fy

the relat10nsh1p between watershed land use and lake phos

phorus concentration. Yet phosphorus by 1tself lS not an ob-

Jectlonable water qual1ty character1stic. The real qual1ty

var1able of concern (l.e , the character1st1c(S) that lend(s)

value or human benef1t to the water body, abbreviated II qvC ")

may be algal b10mass, water clarity, d1ssolved oxygen levels,

or f1Sh populat10ns (see F1gure 1). Therefore the model1ng

methodology and the error analys1s do not 1nclude all of the

calculat10ns necessary to llnk control varlables (land use)

w1th the qvc. Th1S means that the relevant predlct10n error

(on the qvc) 15 underest1mated by the phosphorus model pre-

) d1ct10n error, and plann1ng and management rlsks are 1nade

quately spec1f1ed. More useful methodolog1es are needed that

quantltat1vely llnk control varlables w1th the qvc for a

part1cular applicat10n.

6. The error analys1s procedure presented 1n Chapter 2 should

prov1de a reasonable est1mate of pred1ct10n uncerta1nty.
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However, there are st1ll problems 1n 1nterpretat1on and appl1

cation. For instance, the model error component was est1mated

from a least squares analys1s on a mult1-lake (cross-sect1onal)

data set. This error 1S then appl1ed to a slngle lake 1n a

long1tudinal sense. Thus, much of the model error term actu

ally results from multi-lake var1ab1l1ty, whereas when the

model 1S appl1ed to a single lake, the model error term should

consist primar1ly of lack-of-f1t b1as and slngle lake var1

abil1ty. On the bas1s of present knowledge, 1t 1S not clear

how a mult1-lake-der1ved error relates to a slngle lake analy

sis.

7. A second 1ssue assoc1ated w1th the error analys1s concerns the

subject1ve determ1nat1ons of phosphorus load1ng and hence,

load1ng est1mat1on error. Stat1st1c1ans and modelers generally

prefer object1ve measures of uncerta1nty, such as calculated

var1ab1lity 1n a set of data However both llm1ted ava1lable

data and the obviously unmeasurable nature of future 1mpacts

favor (or necess1tate) subJect1ve est1mates G1ven th1S sub

ject1v1ty, and the inexper1ence of most planners and analysts

w1th phosphorus load1ng estimat1on, there may be uncerta1nty

in the uncerta1nty est1mates. Th1S lS exacerbated by the po

tent1al for load1ng error "double count1ng ll (see Reckhow,

1979d), although the procedure descr1bed 1n Chapter 2 1S de

slgned to reduce error double count1ng. It lS llkely that as

analysts ga1n exper1ence 1n load1ng and error est1mat1on,

th1s problem w1ll be of less concern.

8. A th1rd uncerta1nty analys1s lssue concerns the preC1se de

scr1pt1on of error terms presented 1n Chapter 2 to m1n1m1ze
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error double count1ng. It was noted 1n Chapter 2 that some

var1able error 1S already 1ncorporated 1nto the model standard

error. The error analys1s procedure proposed 1S des1gned to

requ1re add1t1onal appl1cat1on lake error only for those fac

tors not already 1ncluded 1n the model error. Therefore the

analyst 1S urged to closely follow the gU1del1nes 1n Chapter 2

for export coeff1c1ent select10n and error estimat10n The al

ternat1ve may be a well-1ntent1oned but 1naccurate est1mate

of pred1ct1on uncerta1nty.

9. The slmplic1ty of th1S techn1que neGessar11y lim1ts 1tS adapt

ab1l1ty to certa1n sltuat10ns that may occur with1n a water

shed. Th1S procedure may be flex1ble enough to accommodate

some of these sltuat1ons, but others may requ1re more 1nten

Slve study (than the procedure prov1des for). Therefore, 1t

must be left to the judgment of the analyst as to whether or

not th1S method 1S appropr1ate. Examples of events or char

acter1st1Cs that would alter the effect1veness of thlS pro

cedure are:

a) the 1nput of phorphorus from sources not considered

1n the method presented. These sources m1ght lnclude

a large number of res1dent water fowl ln and around

the lake or fert1l1zers applled to shorel1ne lawns,

b) the trapp1ng of phosphorus by mechan1sms not con

sldered These phosphorus traps m1ght include aquat1c

plants or an upstream lake w1th1n the watershed,

c) the occurrence of an unnaLural phenomenon that alters

the lake ecosystem. These phenomena m1ght 1nclude

dredg1ng, f11l1ng, and chemlcal treatment,
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d) lake types not modeled well w1th th1S black box

nutr1ent model. These types 1nclude closed lakes

(lakes w1thout well-def1ned outlets) and lakes

with strong internal concentrat1on grad1ents (1 e ,

lakes w1th slgn1f1cant local qual1ty var1atlons)

10. Water qual1ty management plannlng and modellng 1ncur a cost

that is presumably Just1f1ed 1n terms of the value of the 1n

format1on prov1ded. The actual ach1evement of a water qual1ty

level often requ1res management and pollutant abatement costs

but also carr1es w1th 1t var10US benef1ts. The analyst must

be cogn1zant of the fundamental econom1C nature of enV1ron

mental management, plann1ng, and dec1s1on mak1ng The acqu1s1

t10n of additional data or the conduct of add1t1onal model1ng

and planning stud1es should be Just1f1ed 1n terms of 1nforma

t10n return for 1mproved dec1s1on mak1ng

11. Finally, the planner or analyst conduct1ng a lake model1ng

study has as h1s/her pr1mary goal the effect1ve commun1ca

tion of the work carr1ed out. Th1S does not slmply mean doc

umentation of the calculat10ns and presentat10n of the pre

d1ct1on and pred1ctlon uncerta1nty. Rather, effect1ve commun~

ication reqU1res cons1derat1on of the knowledge and concerns

of the llkely aud1ence. The analyst must then descr1be h1Sl

her study so that the aud1ence can comprehend the results,

can understand the study's llm1tat1ons, and can act (If

necessary) in an 1nformed manner As a rule, th1S means

that the analyst should complecely descr1be procedural

llmitat10ns and assumpt10ns made 1n conduct1ng the study
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Beyond that, the analyst should explaln how the limltatlons

and assumptlons affect the interpretatlon of the results for

plannlng. As a related lssue, the analyst should Justlfy

his/her cholce of export coefflclents. A comprehenslve dlS

CUSSlon of the appllcatlon of the modellng/uncertalnty

analysls methodology that meets the needs of the intended

audlence facllitates good water quallty management planning.
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APPENDIX

A. 1 Research Methodology for the Assessment of Nutr1ent Runoff 1n F1eld
Stud1es

Dur1ng h1S literature survey of nutr1ent export coeff1c1ents, Beaulac

(1980) found cons1derable var1ab111ty 1n the methods employed by researchers

for exper1mental des1gn, sampl1ng des1gn, mass flux estimat1on, and result

report1ng. Unfortunately the lack of a standard methodology resulted 1n the

reJect10n of some reported values for th1S manual. Slnce 1t 1S 11kely that

some readers of th1S manual w1ll at some time be 1nvolved 1n stud1es des1gned

to d1rectly measure nutr1ent mass transport to surface water bod1es, research

and reporting methods are d1scussed below Th1S 1S part1cularly 1mportant

Slnce a prem1se support1ng th1S manual 1S that export coeff1c1ents are trans

ferable among selected watersheds. Researchers are urged to adopt certa1n

standard procedures so that the1r results may be added to the literature on

nutr1ent export coeff1C1ents.

A. 1. 1 Watershed Designs

Of the cr1ter1a necessary for a nonpo1nt source mon1tor1ng program, the

sampl1ng 10cat10n, or more 1mportantly, the watershed des1gn, 1S cruc1al for

accurate est1mat1on of nutr1ent y1elds. To fac1l1tate the sampl1ng slte/

des1gn select10n process, two key 1nterrelated factors are 1nvolved. the

spec1f1c obJect1ve of the network des1gn and the representat1veness of the

sample to be collected. To accommodate these factors, two bas1c approaches

to d1ffuse load assessment are, 10 turn, ava1lable.
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The f1rst approach involves sample collection from relat1vely large

streams draining large watersheds. If storm and seasonal hydrolog1c response

are rout1nely sampled throughout the year, an accurate representation of

total annual nutr1ent flux from part1cular drainage bas1ns can be obta1ned.

This approach has been extens1vely used LO obta1n est1mates of Great Lakes

tributary loads by the Pollut10n From Land Use Act1v1t1es Reference Group

(PLUARG) associated w1th the Internat10nal J01nt Commiss10n.

A number of d1sadvantages to th1S approach have been noted (Wh1pple et

al., 1978). F1rst, many large streams, part1cularly 1n urban areas, 1nclude

lnputs from industrial and mun1cipal p01nt sources, so that total 10ad1ng

does not relate directly to pollut1on from storm water runoff. Second, sub

traction of known point loads from total y1eld can result in a biased d1ffuse

load est1mate. Th1S occurs because the magn1tude of reactlons such as sed1

ment attenuation, nutr1ent uptake and degradat10n by b10seston are not accu

rately accounted for at the downstream sampl1ng slte. Slnce p01nt sources

determined at their end-of-pipe source do not undergo these transformatlon

processes, their subtractlon from total loads may result 1n an underest1ma

tion of diffuse source contr1butions. (Alternatively lf there 1S no net

accumulat10n of mater1al in the stream, over a sufflc1ently long tlme per10d

all phosphorus discharged will reach the lake. In the steady state, th1S

suggests no bias from point source subtract10n.)

Third, the land use of large watersheds 1S very often m1xed, 1n propor

tions which vary from one tr1butary to the next. ThlS makes lt dlff1cult 1f

not imposs1ble to determlne the percent loadlng contr1butlon from each land

use, and appl1cationof the results to other watersheds for predict10n purposes

remains questionable.

If the objective of the samp11ng des1gn 1S to descrlbe runoff loads from

specific perturbat10ns, representat1veness w1ll depend on a comprehenslve
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approach. Th1S second approach 1S more spec1f1c and is baseg on the exam1na

t10n of dra1nage from catchment basins WhlCh deflne a partlcular land use

In order to ma1nta1n homogene1ty, the monltored watersheds are relat1vely

small (except for some forested systems).

The advantages to this approach are essent1ally two-fold F1rst, land

use - water qual1ty relat1onsh1ps are more carefully def1ned allow1ng for

contrasts between natural and man1pulated ecosystems. By compar1son th1S

can provlde lnfOrmat1on about the funct10nal eff1clency and IIhealth ll of a

part1cular land use For 1nstance, 1S a part1cular land use conservat1ve

of nutrient inputs (forests) or 1S the ass1m1lat1on capacity llm1ted (pasture)

or exceeded (feedlots)? Second, the results can be used 1n conJunct1on w1th

other Slm1lar studles to predlct future water quality changes correspond1ng

to proJected land alterat10ns ~

Because of the 1dent1f1ed advantages, a large percentage of nonpo1nt

source water quallty 1nvest1gatlons have util1zed thlS latter approach w1th

forest, agr1cultural and urban act1v1t1es as the maJor land use categor1es

stud1ed. The rema1nder of this subsectlon contains a d1Scuss1on on how dlffuse

runoff lS monltored from each of these land use types.

forest; land use

In order to provlde hydrolog1c and nutr1ent flux 1nformatlon from

natural (und1sturbed) ecosystems, a number of exper1mental forested water

sheds have been establ1shed across a w1de range of cl1mates, geology and b10

loglcal structure. Some of the well-known watersheds are Hubbard Brook Exper1

mental Forest 1n New Hampsh1re, Walker Branch Watershed 1n Tennessee, H. J.

Andrews Experimental Forest 1n Oregon and Coweeta Hydrolog1c Laboratory

1n North Carol1na.
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Although b1010g1ca1 (spec1es type and age) and geo10g1ca1 character

istics (bedrock and soil) are often substantially d1fferent among watersheds,

the watershed design 1S usually qU1te s1m11ar. Each dra1nage baS1n has to

some degree vert1cal and hor1zontal borders, demarcated by r1dges and func

tionally def1ned by biolog1cal act1v1ty and the dra1nage of water (Bormann

and likens, 1967).

Accurate monitor1ng of total hydrolog1c flux can pose problems. Slnce

forest cover and litter layer d1ss1pate much of the energy from prec1p1tat10n

events, infiltra~10n is h1gh and the opportun1ty for overland flow 1S Sllght

The runoff that does occur 1S usually assoc1ated w1th snowmelt events To

register the greater percentage of subsurface flow, v-notch we1rs or flumes

are often anchored to the bedrock at the base of each watershed

As the S1ze of the forested area 1ncreases, flow measurement methods

change. Drainage basins covering hundreds or even thousands of hectares use

gauging staffs or other flow measur1ng dev1ces to determ1ne the proport10nately

greater flow volumes. Wh11e automat1c sampl1ng deV1ces fac111tate collect10n

in the smaller basins, manual methods often st111 pers1st 1n the larger water

sheds because of the relat1ve un1form1ty of forest flow and chem1cal concen

tration.

agricultural land use

Water quality monitor1ng 1n agr1cultural sett1ngs 1S often conducted 1n

a manner sim11ar to that for forested systems Areas of agrar1an act1v1ty

are defined and the result1ng runoff is exam1ned separate from the 1nfluence

of other land act1v1t1es. Numerous stud1es are ava11able Wh1Ch glve repre

sentative loading est1mates from general agr1cultural land use (Avadhanula,

1979; Campbell, 1978; Burton et al., 1977, lake and Morrison, 1977, Gr1zzard

et al., 1977, Nelson et al., 1978, Burwell et al., 1974, Taylor et al ,1971).
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In contrast to forested systems nutr1ent export from agr1cultural areas

demonstrates w1de variab1l1ty. Pract1ces are h1ghly d1vers1f1ed and an agr1

cultural baS1n can cons1st of a mosalC of different uses such as pasture,

feedlots, row and nonrow crops. Each type of perturbat10n creates d1fferent

hydrolog1c responses, and depend1ng on the percent compos1tion of the basin,

the effect of one act1v1ty can 1nfluence the f1nal nutr1ent load In order

to further del1neate these effects, 1nd1vidual act1v1t1es should be, and often

are, separately mon1tored.

Separat10n of the var10US agrar1an act1v1ties 1nto d1screte hydrolog1c

un1ts lS conducted through two basic approaches, and the d1fferences between

approaches are based pr1mar1ly on the Slze of the bas1n under study. The

f1rst approach rel1es on relat1vely large hydrolog1c un1ts rang1ng from 5-500

hectares 1n Slze. In sp1te of these d1mens1ons, the entire catchment bas1n

contains a slngle act1v1ty such ~s row crop or pasture (Alberts et al., 1978,

Ch1chester et al., 1979).

The second techn1que employs several small runoff plots, usually much

less than a hectare 1n area. Separated by raised metal, wood or concrete

borders, the 1nd1v1dual plots are 2-5 meters w1de and 10-25 meters long.

Runoff studies uS1ng these plots may 1nclude 1 to 20 1nd1v1dual plots. At

the base of each plot lS the flow/sampl1ng device often cons1st1ng of a

collect1ng tank Wh1Ch rel1es heav1ly on the J1batch" collect1on methods.

Because of the low area and labor requirements, th1s part1cular des1gn

has 1ncreased 1n use by un1vers1ty agr1cultural exper1ment stat10ns and other

research agenC1es. Small Slze perm1ts close prox1m1ty to research fac1l1tles

and personnel, WhlCh has allowed for both close monltor1ng and manlpulatlon

of envlronmental condltlons such as sOll, slope, fertllizer, tlllage methods

and crops.
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urban land uses

Sampling site selectlon for urban runoff monltorlng potentlally poses

the greatest difflculty of the three land uses. Slnce lt lS not economlcally

feasible to re-create urban settlngs uSlng small runoff plots, avallable con-
,

ditions must be utilized. These condltlons slmultaneously lmpose an expand-

ing set of limitations on data transferablllty.

Urban runoff lS often channeled lnto storm sewers WhlCh later dlscharge

into nearby trlbutaries. In order to derlve an areal loadlng rate, however,

it is first necessary to ascertaln that the network of storm sewers lS re

stricted to the boundaries of the watershed and does not contrlbute runoff

from other baSlns.

Many clties have comblned storm and munlclpal sewers Durlng hlgh run

off events, domestlc sewage often overflows and mlxes wlth effluent wlthln

the sewer system. Whlle provldlng valuable lnformatlon about a partlcular

site, the results are dlfflcult to apply to other areas because of the In

ability to separate the proportlon of pOlnt source contrlbutlons from total

flow.

If the above spatial uncertalntles can be accounted for, the IIflashy li

nature of the individual runoff event must be suitably monltored To accu

rately assess these transient events, flow must be contlnuously monltored

(To reduce monitorlng costs, it lS often necessary to locate the study slte

in close proximity to establlshed stream gauges such as those used by USGS)

Simllarly, water quality samples are (or should be) collected wlth automatlc

samplers.

Similar to agrlcultural lands, urban areas conslst of a number of dlffer

ent land activities. These actlvltles lnclude lndustrial complexes, buslness

and commercial distrlcts, parklng lots, resldentla1 areas, parks and playgrounds
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Because of dlfferlng surface characteristlcs, the hydrologlc and water quallty

responses from Clty parks or even large heavlly vegetated resldentlal lots

are often qUlte dlfferent from the response from the essentlally sealed surface

of shopping malls or industrlal complexes. Separatlon of these dlscrete types

of actlvlties lnto distlnct dralnage baslns 1S not always posslble because of

the lack of conformity with topographlcal boundarles.

A study by AVeO (1970) indicated that aSlde from these problems, the

follow1ng factors also influence slte selectlon for urban runoff studles.

1. Minumum area requirements for the acqulsition of a measurable

sample

2. Security of the sampling equipment from vandallsm

3. Accesslbllity of the sampling slte

A. 1. 2 Sampllng Deslgn and Flux Estimatlon

The estimatlon of phosphorus export from watersheds requires good experi

mental and sampllng design. Design consideratlons lnclude the methods of

acquisition of the concentration samples and flow values, the extent of temporal

sampllng, and the method of comblnation of concentratlon and flow data for flux

estlmatlon. Use of an lnadequate methodology for any of the tasks mentloned,can

bias the resultant export coefflcients. The discusslon presented below on these

issues is probably most appropriate for watersheds of moderate to large size,

although the concepts dlscussed are generally app11cable to all watersheds.

Systematlc temporal sampling (not lncluding storm sampling) throughout

the year has been examined ln the literature for stream quallty assessments.

Allum et al. (1977) reported on intensive sampllng of trlbutary phosphorus

dlscussed in three papers (Treunert et al., 1974; Unger, 1970; Het1ing et al.,

1976). In all three studies, the sampling was qUlte frequent (twice weekly or

143



dailY); samples taken from the data set at a reduced frequency, on a systemat1c

basis, could then 1nd1cate the effect1veness of less frequent sampl1ng. In

general, these three studies found that, at a concentration sampl1ng interval

of between 14 and 28 days, the standard error of the annual phosphorus flux

varied between 10% and 20% of the "true" flux.

In add1tion, Walker (1977) evaluated the effect of serial correlation of

the phosphorus concentration measurements on the equ1valent sample Slze.

Treating the t1me sequence of samples as a f1rst-order autoregress1ve (Markov)

process, and assuming a phosphorus concentration ser1al correlation coeff1c1ent

of 0.75 to 0.90 (one day lag), the effective number of samples and the actual

number of samples are essentially equivalent at sampl1ng intervals of 14 to 28

days (or longer). At more frequent sampl1ng, the effect1ve number/actual number

ratio drops below one,indicat1ng that less informat10n 1S being acqu1red per sample.

Therefore, a sampling interval of about 14 to 28 days may be a general

guideline for phosphorus concentrat1on. Th1S must be cons1dered 1n 11ght of the

following comments, however.

1. More frequent sampl1ng will still reduce uncerta1nty in the phosphorus

concentrat10n, but at a reduced effic1ency.

2. Less frequent sampl1ng can st111 be used to est1mate phosphorus

concentration, but at a greater risk of signif1cant error (see data

presented in Hetling et al., 1976).

3. Sampling should not be systemat1c w1th respect to t1me (e.g., every

two weeks). A better approach lS to establish sampl1ng as systemat1c

with respect to flow, with a random start. Th1S means that the year

should be d1vided into n equal flow periods, for the purpose of tak1ng

n concentrat10n samples per year.
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Sampling should also occur durlng storm events, as storms may be the maJor

transporter of phosphorus from the land to surface water bodies in certaln

sltuatlons. Durlng storms, the method of acqulsltlon of the concentrat1on

samples 15 1mportant, because of sign1f1cant concentrat1on variabil1ty. Con

centrat10n sampl1ng should preferably be a compos1te on a flow-we1ghted or

mass-flow-we1ghted bas1s, not on an equal time bas1s (Marsalek, 1975). Alter

nat1vely, grab samples could be collected, at perhaps f1ve to ten m1nute 1ntervals

dur1ng a storm, but this would lead to a h1gher sample processing cost. One way

grab sampllng may be acceptable 15 through strat1f1cat1on of the sampl1ng w1th

respect to tlme, assum1ng a model of f1rst flush followed by an exponential decay

w1th t1me. This can be thwarted, however, by storms that, due to fluctuat1ng

1ntens1ty, produce several runoff peaks. Remote automat1c sampl1ng unlts may be

necessary because human response may be too late for the important first flush.

Flow est1mation can bas1cally be undertaken 1n three ways. Cont1nuous flow

measurement 15 clearly preferab1e, but 1t is costly and often not feas1ble.

An acceptable alternative 15 an annual flow regresslon equation developed by the

USGS. These should be available for each state (e.g., Bent, 1971), and they

prov1de an est1mate of the annual flow and the standard error of the flow est1mate.

A th1rd alternative, Wh1Ch must be cons1dered unacceptable here because it does

not y1eld an est1mate of preC1S1on, is to slmply measure instantaneous flow at

the t1me of concentrat1on sampling.

Finally, flux estimat10n can follow several approaches, each of which can be

most appropriate under certaln condltions. These include techniques dependent

upon a:

l.

2.

3.

4.

regress10n of mass flux versus watershed characteristics,

flow-welghted concentration,

regress10n of concentratlon versus flow, and

regress10n of flux versus flow.
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The following comments outline the approaches taken. Walker (1977) looked at

several flux estimation approaches and concluded that flow-weighted concentrat1on

times average flow is the best (determ1ned by b1as, var1ance, and calculat10n

effort) estimator when concentration does not vary greatly with flow. The

EPA-NES (1975) developed a concentration versus flow regression from data taken

at 250 sampling sites. Their equation ind1cates that a 1% change 1n flow results

in a -0.11% change 1n phosphorus concentration and a -0.06% change 1n nitrogen

concentration. The magnitude and direct10n of these changes must be cons1dered

with the fact that the EPA-NES data included watersheds conta1n1ng maJor point

sources. Bouldin et ale (1975) developed a regress10n equat10n for phosphorus

concentration as a function of flow and the rate of change of flow. Sm1th and

Stewart (1977) looked at eight d1fferent approaches for the est1mat1on of annual

nutrient flux. Included among these approaches were flow-weighted concentrat1on

times mean flow and concentration/flow polynom1als. They selected a regress10n

of log flux on log flow because of both good results and mathemat1cal slmplic1ty.

Finally, Verhoff et ale (1980) found that a flow 1nterval method relat1ng

phosphorus flux to streamflow prov1des the best f1t to Lake Erie tr1butary data.

In conclusion, the estimation techn1que used should probably depend upon

the:

1. intended use, (A regression on watershed characteristics and land uses

may be useful for future pred1ct1ons.)

2. fit of the data to the equations, and

3. simplicity of the mathematics.

A. 1. 3 Standardizat10n of Results Reported 1n the Literature

In addition to the need for stat1st1cal cons1derat10ns 1n sampl1ng des1gns,

there 1S also a necessity for uniformity in the presentation of results. Nutr1ent
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contrlbutions from overland drainage have been and contlnue to be reported

ln a varlety of forms - usually expressed as elther concentration (mass/volume)

or loadJng (mass/unlt area-tlme). Because of dlfflcu1ties in lnterpretation,

however, these results must sometlmes be analyzed and compared carefully. Cross

sectional comparlslons of concentrations are partlcu1ar1y rlsky.

Streamwater concentratlons alone can sufflce for total output comparlson

provided several important assumptions are satlsfied. If the watersheds to be

compared have s1mi1ar values for precipltatlon, preclpltation chemistry, evapo

transplratlon and chemical response characteristics (or lf the dlfferences in

these propertles among watersheds can be measured), then streamwater chemistry

is a sufflclent1y accurate measure of total elemental losses (Vltousek, 1977;

Vltousek and Reiners, 1975).

However, a better unlt for comparlson lS an area yle1d rate such as loadlng.

ThlS lS the product of flow volume and concentratlon over time divlded by water

shed area. This unlt incorporates runoff duratlon and catchment area dlrect1y,

as well as ralnfa11 intenslty and catchment character indlrect1y (Betson,1978;

Grlffln et a1., 1978). Not only are comparisions between watersheds and land

uses possible, but re1ationshlps between certaln lnputs (1.e., precipltatl0n) and

outputs are more definltive. Therefore, investlgators conductlng studles of

nutrient runoff from land use activltles are urged to report unit areal loadlng

or export in additlon to concentratl0n.

A. 2 Issues Important in the Determlnatlon of Phosphorus Loadlng to Lakes

A. 2. 1 Phosphorus Fractions and Avai1ablllty

The transport of contaminants, especlally those emanating from d1ffuse
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sources, is intimately connected w1th the hydrolog1c cycle. Nutr1ent flux

to streams and lakes is generally pos1t1vely correlated w1th ra1nfall, runoff,

and sediment inputs. While linked w1th one common transport vector,

the forms of these contam1nants are source-dependent Groundwater lnputs

are primarily in the dissolved phase, wh1le prec1p1tat10n, stormwater runoff

and point source effluents cons1st of both d1ssolved and part1culate speC1es.

The form of particular nutr1ents has become 1ncreas1ngly 1mportant 1n

terms of biological availab1l1ty. Until recently, eutroph1cat10n control

programs have been based largely on the regulat10n of any fract10n of phos

phorus that was amenable to management, 1rrespect1ve of whether the phosphorus

was in an ava1lable fract10n which could support algal growth. Th1S has ra1sed

some serious quest10ns concerning what fractions should be collected and/or

measured.

It is generally agreed that the soluble 1norgan1c forms of phosphorus

are readily ava1lable b10logically. Th1S 1ncluded forms such as the soluble

orthophosphates and condensed phosphates. There is a hlgh degree of uncer

tainty, however, concern1ng what fractions of part1culate inorgan1c and

organic forms are available. Complicat1ng matters 1S the presence of dynam1c

and complex sets of phys1cal, chem1cal and b10log1cal processes Wh1Ch deter

mine this availabil1ty 1n the aquatic system. For example, sediment-attached

phosphorus that 1S not available under certain chem1cal cond1t1ons at one

point in time, may become ava1lable under the same or d1fferent chemlca1

conditions at another point 1n t1me. Th1S 1S 1n sharp contrast to the statlc

and controlled nature of the laboratory condit10ns where a varlety of techn1

ques are used to correlate algal uptake w1th actual and h1ghly var1able

lIin situ ll cond1t10ns. Consequently, any est1mates of b1oava1lab1l1ty must
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be v1ewed w1th a h1gh degree of uncerta1nty and as only "ball park ll approx1

mat10ns.

One of the more comprehens1ve stud1es concerned w1th assess1ng algal

avallable phosphorus was conducted by Cowen and Lee (1976a, b) and Cowen

(1974). From both urban runoff samples collected 1n Mad1son, W1sconsin and

agr1cultural runoff samples obta1ned 1n New York State, these investigators

determ1ned that in the absence of slte-spec1fic data, an upper bound est1mate

could be made of the ava11able phosphorus in tr1butary waters:

where.

available P = SRP + .2 PPT

SRP = soluble reactive phosphorus

PPT = total particulate phosphorus

(A-l)

Lee et ale (1979) later made the following recommendation for the

ava1lable phosphorus load from urban stormwater dra1nage and normal-t111age

agr1cultural runoff. If the runoff enters a lake directly, or encounters a

llmited distance of tributary travel between source and lake, then the avail

able phosphorus loading may be est1mated as:

where:

avallable P = SPO + 0.2 PPT

SPo = soluble orthophosphorus
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Additional studles have demonstrated comparab1e 5 a1belt varlable 5 results.

Based on independent 5 but limlted 5 studles of rlvers ln the Great Lakes

basin 5 40% or less of the suspended sediment phosphorus was estlmated to be

in a biologically avallable form. Overal1 5 probably no more than about

50-60% of the trlbutary total phosphorus (lncludlng soluble P) lS llkely

to be biologlcally available (Logan et al. 5 1979; Armstrong et al. 5 1979 5

Songzoni and Chapra 5 1980; Thomas et al. 5 1979).

The issue of phosphorus avallablllty has also been dlrected towards

other inputs such as preclpitatlon and pOlnt sources. For precipitatlon 5

Dillon and Reld (1980) estlmated that up to 28% of the total bulk loads and

40% of the total P ln wet-only precipltatlon was avallab1e. Studles by

Murphy and Doskey (1975) speculated that 50% of the total phosphorus ln

bulk loads was ultimately available.

The aval1abllity of pOlnt source phosphorus lS varlables 5 depend1ng

upon whether phosphorus removal 1S pract1ced (1 e. 5 1ron, a1um1num, or cal

cium hydroxide prec1p1tatlon), or depend1ng upon factors such as llm1ta

tions on phosphorus detergents. It 1S generally be11eved, however, that

the major fraction of wastewater phosphorus is aval1ab1e (Lee et a1., 1979).

Studies by YnlJng et ale (1980) indlcate that up to 72% of total phosphorus 5

55% of the total partlcu1ate phosphorus and 82% of tot~l soluble phosphorus

are aval1ab1e

It should be stressed that aval1abl1ity usually app11es to the phos

phorus fraction that lS utl1ized withln one growlng season. Dependlng on

conditions 5 there iS 5 however 5 a potentla1 for at least some (If not all)

of the remaining fraction of particulate phosphorus to be utl11zed at a

later date (due to sudden equilibrlum changes). Regardless of what percent

of the total is initlally utllized 5 or what fraction of the remalnder has
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future potentla1 avallabl11ty, it 1S imperatlve that sampllng be undertaken

for both soluble and partlculate forms. ThlS is especla1ly lmportant since

partlculate phosphorus can be an order of magnitude greater ln quantity than

the reported dlssolved fraction.

Proper assessment of the partlculate fractlon requlres a greater emphasis

on sampllng durlng storm events Slnce the bulk of thlS fraction is carried

wlth stormwater runoff. The cumulatlve effect of many storm events lS not

only considerable enough to degrade water quality but often sufflcient to

negate the posltlve aspects of local pOlnt source pollutlon abatement pro

grams. Many studles have demonstrated that Just a few storms during a glven

year were responslble for the bulk of the total annual nutrlent load (Alberts

et al., 1978; Klsse1 et al., 1976; Schuman et al., 1973).

Both dissolved and partlcu1ate fractlons respond to storm events dlffer

ent1y. Although varlatlon exists, thelr response relative to the storm
-hydrograph can be discussed in somewhat general terms (see F~gure A-I).

The lnitial lncrease in streamflow is often assoclated wlth a decrease

in the dlsso1ved nutrient fractlon. Thls decrease lS attributed to the dilutlon

effect of the greater runoff volume, resu1tlng ln the lowest dlsso1ved con

centratlon at the peak of the hydrograph. As flow rates decrease, the dissolved

component tends to gradually lncrease to concentratlons approachlng that of the

pre-storm baseflow condltions.

For the partlculate (or sediment) fraction, a dlfferent response lS

eVldent. Durlng the inltla1 rapld rlse of the hydrograph, the particulate

component lncreases dramatlcally, often reachlng a maXlmum concentration

precedlng peak flow. Thls phenomenon, often referred to as IIflrst f1ush ll
, 1S
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the result of the d1slodging of part1culate matter from the land surface

during the 1n1t1al stages of runoff, leaving little material for transport

at later per1ods. Regardless of where the part1culates "peak out ll relative

to the hydrograph peak, a deer-ease 1n flow 1S accompan1ed or preceded by a

decrease 1n particulate concentrat1on.

A. 2. 2 Var1abil1ty, Prec1sion, and Accuracy

Var1at1on 1n nutr1ent flux through time has been int1mately llnked to

changes 1n flow. To adequately account for these var1ab1lities,and to

reduce the amount of uncertainty in the phosphorus 10ad1ng est1mate, the

sampling frequency should be dictated by the hydrologic response. Many

prev10us sampl1ng stud1es have fa1led to address this 1ssue but have 1nstead

made broad but untested assumpt10ns concern1ng watershed hydrology and load

ing responses. Sampl1ng 1ntervals have ranged from once per week to 1rregular

perl ods during the year, resultlng in many of the more sporadic storm

events be1ng m1ssed.

Hydrolog1c response (and sampling frequency) d1ffers according to dra1n

age bas1n characteristics. As land use progresses toward urban1zation,

channels are stra1ghtened or paved, small tr1butaries are f1lled and the

watershed surface generally becomes smoother and more conduc1ve to sheet

runoff. Therefore, as land use is intensified (1.e., rural to urban) the

effect on dra1nage bas1n hydrology 1S to:

l. increase the storm peak d1scharge,

2. 1ncrease the storm runoff volume wh1le reduc1ng baseflow,

3. decrease response t1me,

4. increase annual runoff and reduce groundwater recharge, and

5. lncrease the number of days of no (baseflow) discharge.
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(Turner et al., 1977, Ikuse et al., 1975, Okuda, 1975, Yosh1no, 1975;

Hollis, 1975; Gregory and Walling, 1973; L1ndh, 1972; Moore and Morgan,

1969; Holland, 1969; Leopold, 1968).

The result of the first three of these effects is v1sually 1nterpreted

in Figure A-2

Since peak discharge and flow volume are h1gher 1n urban areas, urban

nutrient storm loads are often substant1a1. In a comparison between urban

and rural watersheds, Burton et a1. (1977) reported that up to 98% of the

total phosphorus load was exported in storm flow on an urban watershed wh11e

storm events accounted for slightly more than half th1S amount on the rural

basin. Conversely, overland runoff from forested bas1ns 1S a rare event

with an extended response time resu1t1ng from slow d1scharge after prec1pi

tati on. Hence, samp1i ng frequency need not be as rl.gorous as J.U "flashy"

urban watersheds.

To sufficiently describe the nutr1ent export from d1ffer1ng land uses,

Sherwani and Moreau (1975) descr1be the desired frequency of measurement

as a function of the following consideratlons:

1. the response time of the system,

2. expected variabllity of the parameters,

3. half-life and response tlme of constltuents,

4. seasonal fluctuations and random effects,

5. representativeness under different flow condlt10ns,

6. short term pollutlon events,

7. the magnitude of response, and

8. varlability of the lnputs.
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Simply stated, there is no single best sampllng frequency for all con

ditions.

To reduce loading uncerta1nty, a greater degree of accuracy and prec1s10n

may be gained by maintaining complete flow records while obtalning enough

concentration samples to adequately characterlze the flow variablllty. Whlle

accumulation of flow records is falrly stra1ght forward (using USGS stream

gauging stations, for example), the concentration sample collectlon process

can often be made reasonably efficient if stratlfied random sampling lS

employed (Reckhow, 1979b). Under thlS sampllng scheme, the population lS

divided into hOlnogeneous sub-populat10ns (strata) that are separately

sampled according to the degree of varlab111ty WhlCh they exhlblt (Snedecor

and Cochran, 1973). The underlying assumption 1S that the population can be

more accurately represented as the sum of sub-populat10ns, therefore reduclng

the sample variance.

In the context of hydrologlc data collectlon, two temporal strata are

evident:

1. high flow events produced by ralnfa1l runoff and snowmelt, and

2. baseflow produced by groundwater flux.

To expect a galn in precislon over simple random sampllng, more fre-

quent measurements should be applled to the stratum represented by high flow

events. If the sample size 1S increased in this stratum and the final con

centratlon properly weighted, a more precise and accurate estlmate of the

population average w11l be obta1ned.

The studles selected for inc1uslon ln the export coefflcient tables•
employed a wlde variety of sampling techn1ques, but nearly all were based
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upon complete flow records. Whlle stonm runoff was not sampled ac every

event, lt was felt that a sufflclent number of events were examlned to allow

for reallstlc estlmates of the total nutrlent load for a partlcular land

use.

A. 2. 3 Temporal Extent of Sampllng

Cllmate determlnes local weather condltlons which in turn lnfluence

the quantlty and duratlon of baseflow and the number and perlodlclty of

storm events. Whlle some areas of the country exhlbit relatlvely unlform

cllmates (e.g, paclflc northwest) evenly dlstrlbuted perlods of preclpita

tlon are usually not the norm. Wlnter thaws and sprlng/s~mer ralns often

create seasonal cycles of hlgh and low runoff.

Intlmately associated with cllmatic perlodlclty lS the modlfying lmpact

land use has on hydrologlc response. The relatlvely unlform annual flow

patterns of many undlsturbed forests lS In sharp contrast to the hlghly

varlable flows emlnatlng from urbanlzed and agrlcultural baSlns. As vegeta

tlve cover lS artlflclally reduced and the basln lS lncreaslngly developed,

groundwater recharge and flux are reduced Baseflow and nutrlent export

are often elther lnconsequentlal or absent durlng dry summer or wlnter perl ods

Consequently, a greater percentage of nutrlent export occurs durlng wet

perl ods of the year for dlsturbed watersheds than for undlsturbed watersheds.

As a result of thlS seasonal varlablllty, hlgh runoff seasons exhlblt

greater varlance in nutrlent concentratl0ns and total nutrlent loads than do

low runoff or baseflow perl ods. For a glven confldence level (preclslon)

and a margln of error (accuracy), the temporal extent of sampllng must In

clude these hlgh and low runoff perlods (especlally for the more dlsturbed

watersheds). If sampllng duratlon focuses excluslvely on one season (e g ,

sprlng), the nutrlent flux estlmate may sufflclently descrlbe that tlme
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period but may not be lndicatlve of other unsampled perl ods For thlS

reason, the reader lS warned agalnst extrapolatlng seasonally reported re

sults toward more extended tlme frames. ThlS will blas the nutrlent flux

estimate toward whatever season In which the sampllng was performed T~

better account for thlS seasonal varlabillty and to allow for a more stan-

dardized unit of measure for comparison purposes, a more lnformatlve approach

lS to sample and report the data In yearly lncrements.

While the bulk of studles lncluded In the export tables are the result

of intenslve sampllng and annual flow data, many lnvestlgators have reflned

the sampling period withln the water-year time frame. Accordlng to Llkens

et al. (1977), the ~deal water-year lS that succeSSlVe twelve-month penod

that most consistently, year after year, g1ves the hlghest correlatlon be

tween preclpitatlon and streamflow.

Examination of preclpltatl0n-streamflow data at Hubbard Brook resulted

in a water-year beginnlng June 1 and endlng May 31 Slnce the beglnnlng of

this water-year corresponds wlth the appearance of follage, It allows for a

separatl0n of the vegetatl0n growth and dormancy perl ods. ThlS concept has

been effectively applied by other lnvestigators worklng wlth agrlcultural

land uses (Alberts et al., 1978, Burwell et al., 1975)

A. 3. Prediction Uncertainty Estlmatlon for Areal Water Loadlng (9
5

) Error

The methodology presented ln Chapter 2 lS based on the assumptlon that

model varlable error is contrlbuted only by uncertalnty In phosphorus load

ing (L). Under some condltl0ns and In some lakes, uncertalnty In areal water

loading (qs) may also be signlflcant. For example, Slnce uncertalnty In

cludes natural varlabillty, lakes wlth hlghly varlab1e f1ushlng rates may be
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candldates for qs-error analysls. In addltlon, Slnce measurement error lS

also a part of total uncertalnty, lakes for WhlCh flushlng rates are poorly

characterlzed mlght also be analyzed for qs-uncertalnty.

The procedure presented below lS deslgned to lnterface wlth the steps

In the Chapter 2 methodology. It lS assumed that the uncertalnty may orlg

lnally be estlmated In terms of Q (the annual volumetrlc water flow through

a lake), but that for ana1ysls purposes lt lS re-expressed as qs = Q/Ao
(where Ao = the lake surface area (a constant)).

The contrlbutlon to total predlctlon uncertalnty from uncertalnty In

qs lS calculated uSlng the error propagatlon equatlon (BenJamln and Cornell,

1970).

s(P)
n

( ) + L 2 aP aP ( ) ( ) ( )Xl J=l+l ax-ax- s Xl s XJ P Xl'XJ1 J
(A-3)

where:

s(p) = contrlbutlon to total uncertalnty ,n the model (P), due
to uncertalnty ln varlables Xl and x

J
'

x"x
J

= model parameters or lndependent variables,

s(xl ) = uncertalnty (standard error) In Xl' and

p(xl'xJ ) = correlatlon between Xl and x
J

.

The phosphorus lake model is
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Therefore, using the error propagat1on equat1on, the add1t1onal pred1ct10n

uncertainty 1n total phosphorus concentrat1on due to uncerta1nty 1n qs lS

(A-5)

The confusing array of symbols necess1tates 1nterpretat1on. In conJunc

tion with their 1nterplay w1th the steps 1n Chapter 2, the symbols are

1. pel, qs) is the correlat10n between land qs' Slnce both

are primar11y determ1ned by Q, th1S correlation should be

pos1tive, Wh1Ch d1min1shes the 1mportance of the qs-uncerta1nty

contr1but1on. Ideally th1s correlat1on should reflect a

time series of data for an applicat10n lake In the absence

of this slte-spec1fic informat1on, cross-sect10nal stud1es

suggest a correlat1on coeff1c1ent between Land qs of + 5 to

+.8.

2. s(qs) is the est1mate of uncerta1nty 1n qs determ1ned by

the analyst. It is d1fferent from Sq Wh1ch 15 def1ned
5

below.

3. s(l) 1S the est1mate of uncertainty 1n L It has pos1t1ve

and negat1ve components. In Step 2G, the h1gh, most 11kely,

and low phosphorus load1ng terms are calculated The re

sultant uncertaint1es 1n load1ng are
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4. Sq 1S the contribution to the total phosphorus concentra-
s

t10n pred1ct1on uncerta1nty due to uncertainty 1n qs It,

too, has pos1t1ve and negat1ve components (resu1t1ng from

the pos1t1ve and negative components 1n s(L)). Thus
+a. Sqs+ 1S found uS1ng p(L, qs)' s(qs) and s(L) 1n

Equat10n A-5.

b Sqs- is found uS1ng p(L, qs)' s(qs) and s(L)- 1n

Equat10n A-5.

Then:

a. Sqs+ 1S squared and added to the r1ght s1de of Equat10n

12 1n Step 4F.

b. Sqs- lS squared and added to the r1ght side of Equat10n

14 1n Step 4G

Th1S mod1f1cat10n results 1n pos1t1ve and negat1ve error 1n

terva1s ref1ect1ng all known uncerta1nt1es (lnc1ud1ng uncer

ta1nty 1n qs)
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Table Ala: Phosphorus Export from Forested I!atershl:!ds

PreclP- Water
itation Runoff Tota

Land Use cm/yr cm/yr Phosphorus Reference

75-100 year old 96 7 29.7 329 Schlndler et al , 1976
Jack plne - 80 3 35 4 435
black spruce 70 1 22.3 289
(34 hal 74 3 23 4 220

Cl1max hardwoods 126 3 68 0 090 Schlndler and
(125 hal Nlghswander, 1970

..... Jack plne - 032 028 060 Nlcholson, 1977O"l
N black spruce

Jack plne - 024 012 036 Nlcholson, 1977
black spruce

70% aspen 17 7 124 Verry, 1979
30% black spruce 19 2 179
and alder 15 5 157
(10 ha)

Aspen - blrch 82 1 21 47 05 19 Tlmmons et al , 1977
(6 48 ha) 79 48 15 56 20 38

75 51 13 73 16 28

Map1e, bll'ch, 132 2 83 3 007 012 019 L1kens et a1 , 1977
beech (15 6 ha)



Table Ala: (contlnued)

PreClp- Water Phosphorus Export (kg/ha/yr)
1 tatlOn Runoff Dlsso1ved phosphorus Partlcu1ate/Sedlment Total

Land Use cm/yr cm/yr P04-P Total P Phosphorus Phosphorus Reference

Declduous 85 4 25 3 .035 035 Taylor et al., 1971
hardwood and 88.9 35 6 072 072
plne (17 6 ha) 92 8 32 0 035 035

Mlxed declduous 070 Dl110n and Klrchner,
forests, sandy 047 1975
s011s - 19neous 067
formatl0n 075

046..... 050m
w 037

025
060
072
030
052
025
035
037
077
048
038
027
041

Mlxed declduous 145 Dl110n and Klrchner,
forests, loam 092 1975
sOlls, sedlmen- 122
tary formatlon .067

Mlxed declduous 129 0 84 3 090 Slnger and Rust, 1975forest ( 01 ha)



Table Ala: (continued)

Precip- Water
ltation Runoff Total

Land Use cm/yr cm/yr Phosphorus Reference

Oak hlckory 139 5 74 5 01 01 Henderson et a1 , 1977
forest (97.5 ha) 128 2 71 0 02 02

187 5 1148 03 03
1747 116 1 03 03

Oak, maple, 18 Aubertln and Patrlc,
yellow poplar, 14 1974
black cherry, 08
beech (34 ha)

--'
0'\
~

Mlxed plne and 164 0 48 7 265 010 275 Krebs and Golley, 1977
hardwood
(40 ha)

Mlxed mature D2 Swank and Douglas,
hardwoods, 02 1977
Coweeta hydro- 02
10g1C lab, 03
North Caro11na 02
(12 1 - 61 1 ha) 02

03

Mlxed plne and 20 Correll et a1 , 1977
hardwood

99% mlxed forest 7 3 212 Bedlent et a1 , 1978
1% developed
(6495 ha)



Table Ala" (contlnued)

PreClp- Water
ltatlon Runoff Dlssolve Total

Land Use cm/yr cm/yr P04-P Phosphorus Reference

Loblolly and
slash plne
M1SS1SS1PPl
(2 81 hal 189 08 39 48 04 Schrelber et al ,
(1 93 hal 189 08 46 40 05 1976
(2 39 hal 189 08 37 88 04
(1 64 hal 189 08 30 26 04
(1 49 hal 189 08 39 63 05

...... Loblolly and
0'1 slash plne
CJ1

(2 81 hal 205 0 36 90 094 187 281 Duffy et al , 1978
(1 93 hal 205 0 38 95 110 196 306
(2 39 hal 205 0 34 85 097 260 357
(1 64 hal 205 0 30 75 083 238 321
(1 49 hal 205 0 32 55 055 171 226

Douglas flr
and western
hemlock
(47139 5 hal 830 Sylvester, 1960
(32376 0 hal 360

Douglas flr 215 0 135 0 520 Fredrlksen, 1972
and western
hemlock
(10 1 ha)

Dougl as f1 rand 158 0 08 180 Fredrlksen, 1979
western hemlock



Table Ala: (continued)

Land Use

Douglas flr and
western hemlock

Precip
itation
cm!yr

Water
Runoff
cm!yr

76 0 47

otal
Phosphorus

680

Reference

Fredrlksen, 1979 •



Tabl e Al b' N, troJen Export from Forested '~atersheds ....

Water
Precipitation Runoff Total

Land Use cm/yr cm/yr N03-N Total-N Nltrogen Reference

75-100 year old 96 7 29 7 6 45 Schlndler et al ,
Jack plne- 80 3 35 4 7 32 1976
black spruce 70 1 22 3 6 07
(34 hal 74 3 23 4 5 69

Cllffiax hard- 126 3 68 0 1 26 Schlndler and
woods (125 hal Nlghswander, 1970

Jack plne - 108 126 2 028 342 2 37 Nlcho1son, 1977
black spruce

-' Jack plne - 171 037 1 22 164 1 384 Nl cho1 son, 1977
O'l b1 ack spruce.....

70% aspen 17 7 20 23 1 83 2 26 Verry, 1979
30% black spruce 19 2 05 10 2 21 2 37
and alder 15 5 33 37 1 34 1 74
(10 hal

Aspen-blrch 82 1 21 47 17 16 2 13 2 46 Tlll1110ns et a1 ,
(6 48 hal 79 48 15 56 19 47 2 63 3 29 1977

75 51 13 73 09 19 1 64 1 J2

Sugar maple, yellow 6 6 04 Martln, 1978
blrch, beech, red
spruce, balsam flr
and paper blrch
New Ham)shlre
(607 ha



Table Alb: (continued)

Water
Precipitation Runoff sso ve 1 rogen Total

I Dnd Use cm/yr cm/yr N03-1f HH4-N 1k1l-N ORG-N Nitrogen Reference

Maple, bIrch, 132 2 83 3 3 90 11 4 01 Llkens et al •
beech (15 6 hal 1977

Declduous hardwood 84 4 25 3 80 1 37 Taylor et al ,
and plne (17 6 hal 88 9 35 6 1 60 3 16 1971

92 8 32 0 70 2 82

Oak-hl ckory 136 0 70 7 40 1 10 1 60 3 10 3 10 Henderson and
forest (97 5 hal Harrl s, 1973

Oak hlckory 189 5 114 8 1 3 2 1 2.2 2 2 Henderson et al ,
...... forest (97 5 hal 174 7 116 1 2 2 1 5 1 7 1 7 1977
O'l
CO

Oak, maple, yellow 45 52 Aubertm and
poplar, black 60 84 Patrlc, 1974
cherry, beech 86 86
(34 hal

Mlxed mature hard- 03 03 Swank and Douglas
woods, Coweeta hydro- 06 05 1977
lOglC lab, North 05 05
Carollna 35 10
(12 1 - 61 1 hal 05 07

05 06
15 07

Mlxed plne and 1 50 Correll et al ,
hardwood 1977



Table Alb (contlnued)

Water Nitrogen Export Ikg~ha/7r)
Precipitation Runoff Dissolved Nitrogen Partlcu at~sediment Nitrogen Total

lund Use cm/yr cm/yr N03-N NH4-N TKN-N ORG-N Total-N N03-N NH4-N TKN-N ORG-N Total-N Nltrogen Reference

99% mlxed forest 7 3 286 Bedlent et al ,
1% developed 1978
(6495 hal

Loblolly and
slash plne,
M1SS1SS1PPl
{2 81 hal 189 08 39 48 33 4 40 Schrelber et a1 ,
(1 93 hal 189 08 46 40 39 5 26 1976
(2 39 hal 189 08 37 88 30 3 16
(1 64 hal 189 08 30 26 24 1 86
(1 49 ha) 189 08 39 63 33 2 07

.....
Q) Douglas flr 3 32 Sylvester, 1960c.o and western

hemlock
(47139 5 hal

A1plne forest, Gosz, 1978
New Mexlco

91 4% plne 004 03 06
8 6% plnlOn-
Junlper (116 hal

56% mlxed conlfer 06 13 23
44% spruce-flr
(180 hal



Table Alb: (contlnued)

Water
Precipitation Runoff rogen ota

1and Use cm/yr CIII/yr N03-1f ORG-If Total.:] Nitrogen Reference

68 3% spruce-flr 05 12 Gosz. 1978
14 0% aspen (contlnued)
11 0% mlxed conlfer
6 7% plne
(164 hal

64% spruce-flr 25 40
23% subalplne
grassland
13% aspen (100 hal

Aspen (3 4 hal 14 32
--'
'oJ
a 48 9% aspen 13 28 82

39 0% subalpllle
grassland
11 1% spruce-flr
1 0% alplne tundra
(415 hal

84 4% spruce-flr 08 25
15 6% aspen (122 hal

75 5% spruce-flr 55 43 99
24 5% alplne tundra
(163 hal

Douglas flr and 251 0 170 0 58 Fredrlksen. 1972
liestern hemlock 215 0 135 0 38
(10 1 hal



Table Alb: (contlnued)

Water
Preci pi tati on Runoff trogen otal

Iand Use cm/yr cm/yr N03-N ORG-N Nitrogen Reference

Douglas flr and 158 0 07 70 77 Fredn ksen, 1979
western hemlock

Douglas fw and 76 0 02 71 73 Fredn ksen, 1979
western hemlock

Alder and Brown et a1 ,
douglas fir 1973
Western Oregon

68% alder 35 04
--' 32% douglas flr 37 40
-....J (203 14 hal 28 45
--' 24 95

68% alder 31 46
32% douglas flr 25 40
25% patch cut 28 42
(303 32 hal 24 54



Table A2a: Phosphorus Export from Row Crops

Precip- Water
itation Runoff Total

Land Use cm!yr cm!yr Phosphorus Reference

Corn 776 10 7 1 22 Mlnsha11 et a1 ,
contlnuous p1ant- 770 8 51 1 49 1970
lng ( 004 ha) 65 76 21 95 1 22

Corn 776 12 26 577 Mlnsha11 et a1 ,
contlnuous p1ant- 770 5 97 1 03 1970
lng 65 76 19 41 2 00
fresh manure
wlnter appl1ed..... ( 004 ha)

"N
Corn 776 11 51 96 Mlnshall et a1 ,
contlnuous pTant- 770 5 59 75 1970
lng 65 76 15 32 68
fermented manure
spn ng app11 ed
( 004 ha)

Corn 776 12 45 18 Mlnshall et a1 ,
contlnuous plant- 770 5 61 95 1970lng, l1qUld manure 65 76 15 60 76
spnng appl1ed
( 004 ha)

Corn 871 1 00 Hensler et al ,
contlnuous plant- 14 33 1 60 1970
lng, no manure
( 004 ha)



Table A2a' (contlnued)

Prec1p- Water Phosphorus Export (kg/ha/yr)
1tation Runoff Dissolved Phosphorus Part1culate/Sed1ment Total

Land Use cm/yr cm/yr P04-P Total P Phosphorus Phosphorus Reference

Corn 7 11 5 66 Hensler et al ,
cont1nuous plant- 11 53 1 13 1970
lng, fresh manure
W1 nter app11 ed
( 004 ha)

Corn 7 11 73 Hensler et al ,cont1nuous plant- 10 52 90 1970lng, fermented
manure

-' sprlng appl1ed
-...J ( 004 ha)w

Corn 8.10 91 Hensler et al ,cont1nuous plant- 10 79 97 1970lng, hQU1d
manure, spnng
appl1ed ( 004 ha)

Corn 62 6 8.6 3 4 18 2 18 6 Young and Holt,contlnuous 1977( 009 ha)

Corn ( 009 ha) 65 7 10 1 1 3 137 14 0 Young and Holt,
1977

Corn 65 7 3 8 4 5 8.1 8 6 Young and Holt,surface spread 1977manure (.009 ha)



Table A2a: (continued)

Precip- Water
itation Runoff

Land Use crR!yr cm!yr Reference

Corn 65 7 4 0 2 4 9 4 9 8 Young and Holt,
plowdown 1977
manure ( 009 hal

Corn 57 2 4 57 11 17 2 97 3 14 Burwell et al ,
rotatlon 1975
plantlng
( 009 ha)

.....
'-l Corn 57 2 8 03 18 33 5 22 5 55 Burwell et al ,+>0

contlnuous 1975
plantlng
( 009 ha)

Corn 79 79 6 41 19 306 496 Alberts et al ,
contlnuous 80 04 5 47 085 948 1 033 1978
contour plantlng 73 8 12 57 237 1 881 2 118
(30 - ha) 86 2 3 86 04 554 594

105 95 6 64 175 104 279
63 07 1 37 019 073 092
78 25 2 63 043 244 287

Corn 80 11 5 93 094 163 257 Alberts et al ,
contlnuous 78 29 3 86 046 477 523 1978
contour plantlng 74 08 9 76 189 099 1 288
(33 6 - hal 86 45 3 81 028 426 454

104 59 7 5 205 048 253
62 16 1 52 026 057 083
78 65 2 11 052 301 353



Table A2a (contlnued)

PreClp- -Water
itatlOn Runoff Total

Land Use cm/yr cm/yr Phosphorus Reference

Corn 52 8 70 081 009 09 Alberts et al , 1978
contlnuous 73 12 35 009 015 024
terraced 76 41 1 75 059 228 287
(60 - ha) 95 24 10 71 119 494 613

102 46 8 49 238 161 399
53 81 66 018 032 050
73 76 2 9 128 131 259

Corn 107 7 13 0 25 54 6/ 2 21 Smlth et a1 , 1978..... contlnuous p1ant-
-....J lng (1 29 ha)c..n

Corn 87 39 40 Bradford, 1974
6 rep11catlons
( 001 ha)

Soybeans 118 0 28 3 025 McDowell et a1 , 1978
two crops/yr 169 2 83 2 25 17 5 17 75
conventlona1 tlll
( 01 ha)

Soybeans 118 3 13 0 1 2 McDowell et a1 , 1978
two crops/yr 169 2 42 8 1 8 1 1 2 9
no tll1
( 01 ha)



Table A2a: (continued)

Precip- Water Phosphorus Export (kg/ha/yr)
itation Runoff Dissolved Phosphorus Partlcu1ate/Sedlment Total

land Use cm/yr crn/yr P04-P Total P Phosphorus Phosphorus Reference

Cotton, 97 3 24 1 2 18 9 34 11 52 Menzel et a1 , 1978
contlnuous p1ant- 727 8 8 68 1 70 2 38
lng (17 9 hal 88.1 12 6 86 2 68 3 54

74 4 13 6 1 06 4 01 5 07

Cotton, 96 3 24 8 67 9 08 10 75 Menzel et a1 , 1978
contlnuous p1ant- 73 1 8 0 51 1 56 2 07
1ng (12 1 ha) 88 2 11 9 70 2 80 3 5

729 13 5 98 4 68 5 66
......
'-l
0'\ Soybeans - corn 118 3 21 5 1 3 McDowell et al , 1978

two crops/yr 169 2 88 2 5 6 3 6 8
no tlll ( 01 ha)

Corn - soybeans 118 3 66 2 o 8 McDowell et al , 1978
two cropsjyr 169 2 50 5 2 2 2 2 4 4
no tl11 ( 01 ha)

Corn 98 1 8 9 21 Klausner et al , 1974
sllt loam so11s
Aurora, New York
( 32 ha)

Cltrus grove 163 5 17 01 Rogers et al , 1976
surface tlllage, 146 1 23 01
sand sOll,
Gal nesvlll e, FL
(9 ha)



Table A2a (contlnued)

PreClp- Water
ltation Runoff Dlsso1ve

Land Use cm!yr cm!yr P04-P Reference

Cltrus grove 163 5 9 68 37 Rogers et al , 1976
surface tlll age, 146 1 4 43 15
sand sOll,
Ga1 nesvllle, FL
(9 ha)

Cltrus grove 163 5 8 89 32 Rogers et al , 1976
surface tlllage, 146 1 6 60 23
sand sOll,

-' heavy 11me
'! appl1catlOn-....J

Galnesvllle, FL
(9 ha)



Table A2b: Nitrogen Export from Row Crops

Water
Precipitation Runoff rogen

l.lIlt! Use cm/yr cm/yr N03-" ORG-N Reference-- ----- ----
Corn, cont1nuous 776 10 7 5 53 M1nsha11, et a1 ,
p1ant1ng ( 004 hal 770 8 51 3 61 1970

65 76 21 95 3.96

Corn, cont1nuous 776 12 26 26 88 Mlnsha11 et a1 ,
p1antln9, fresh 770 5 95 3 05 1970
manure, Wlnter 65 76 19 41 7 97
app11ed ( 004 hal

Corn, contlnuous 776 11 51 5 32 Mlnsha11 et a1 ,
p1ant1ng, fermented 770 5 59 3 35 1970
manure, sprlng 65 76 15 32 3 38

-' app11ed ( 004 hal
""-J
CO

Corn, contlnuous 77 6 12 45 2 81 Mlnsha11 et a1 ,
p1ant1 ng, 11 gUl d 770 5 61 2 88 1970
manure, spn ng 65 76 15 60 5 07
appl1ed ( 004 hal

Corn, contlnuous 8 71 4 08 Hensler et a1 ,
p1antlng, no 14 33 4 58 1970
I'1anure ( 004 hal

(':>"0, contl nuous 7 11 26 06 Hensler et a1 ,
o1ar;tlng, fresh 11 53 4 44 1970
-G'" .. r~~ wlnter
a:: l~C I 004 hal



Table A2b (contlnued)

•

Water
Precipitation Runoff rogen otal

Iand Use cm/yr cm/yr N03-N ORG-N Total-N Nltrogen Reference
-----

Corn, contlnuous 7 11 3 68 Hensler et al ,
plantlng, fermented 10 52 4 76 1970
manure, sprlng
applled ( 004 hal

Corn, contl nuous 8 10 4 07 Hensler et al ,
plantlng, llqUld 10 79 3 70 1970
manure, spring
applled ( 004 hal

Corn, contlnuous 62 6 8 6 2 4 40 0 75 6 79 6 Young and Holt,
( 009 hal 1977

...........
\0 Corn ( 009 hal 65 7 10 1 2 7 48 0 39 4 44 2 Young and Holt,

1977

Corn, surface 65 7 3 8 6 3 2 0 24 7 27 9 Young and Holt,
spread manure 1977
( 009 hal

Corn, plowdown 65 7 40 1 2 2 5 0 30 5 33 0 Young and Holt,
manure ( 009 hal 1977

Corn, rotatlon 57 2 4 57 44 18 33 21 13 08 14 24 Burwell et al ,
plantlng ( 009 hal 1975



Table A2b: (continued)

Water
Precipitation Runoff rogen

(and Use cm!yr CfR!yr H03-N ORG-N Total-N Reference

Corn, contl nuous 57 2 8 03 1 11 37 72 36 21 18 23 63 Burwell et al ,
plantlng ( 009 hal 1975

Corn, contlnuous 79 79 6 41 2 3 54 5 B5 8 69 Alberts et al ,
36 60 1978contour plantlng 8004 5 47 1 45 42 34 73 72 47(30 hal 73 80 12 57 1 31 2 10 69 06 243686 20 3 86 65 29 23 42 7 55105 95 6 64 2 03 33 5 19 2 2063 07 1 37 1 04 08 1 08

78 25 2 63 53 08 4 43 5 04

Corn, contlnuous 80 11 5 93 1 45 95 2 96 5 36 Alberts et al ,
...... contour )lantlng 78 29 3 86 53 34 25 15 26 02 1978
00 (33 6 ha 74 08 9 76 95 1 46 41 30 43 71
0 86 45 3 81 49 14 27 22 27 85

104 59 7 5 60 22 • 2 02 2 84
62 16 1 52 31 70 68 1 69
78 65 2 11 32 03 3 99 4 34

Corn, contlnuous 52 8 70 24 12 31 67 Alberts et al •
terraced (60 hal 73 12 35 14 03 52 69 1978

76 41 1 75 16 59 7 03 7 78
95 24 10 71 3 26 36 23 08 26 70

102 46 8 49 2 56 33 4 19 7 08
53 81 66 54 01 55 1 10
73 76 29 80 19 1 11 2 10



Table A2b' (contlnued)

Water
Prec1p1tatlOn Runoff Dissolved Nitrogen otal

l and Use cm/yr cm/yr N03-N NH4-N TKN-N ORG-N Total-N Nltrogen Reference

Corn, contlnuous 107 7 130 86 1 48 5 90 85 5 66 12 42 Smlth et al ,
plantlng (1 29 hal 1978

Corn, 6 repl1ca- 87 39 078 55 3 29 Bradford, 1974
tlons ( 001 hal

Soybeans, two 1180 28 3 70 1 5 McDowell et al ,
crops/yr , 169 2 83 2 1 0 2 8 42 7 46 5 1978
conventlonal tlll
( 01 hal

...... Soybeans, two 118 3 13 0 1 2 2 1 McDowell et al ,
CO crops/yr , 169 2 42 8 o 6 1 6 2 3 4 5 1978...... no tlll ( 01 hal

Cotton, contlnuous 97 3 24 1 11 49 Menzel et al ,
plantlng (17 9 hal 727 8 6 4 99 1978

88 1 12 6 9 79
74 4 13 6 8 82

Cotton, contlnuous 96 3 24 8 14 84 Menzel et al ,
plantlng (12 1 hal 73 1 8 0 5 18 1978 •

88 2 11 9 10 03
72 9 13 5 12 19

Soybeans - corn 1183 21 5 3 0 2 2 McDowell et al
two crops/yr , 169 2 88 2 3 0 3 8 17 0 23 8 1978
no tlll ( 01 hal



Table A2b: (continued)

Hater
Precfpitati on Runoff sso ve rogen ota

Land Use cll1/yr CII1/yr N03-N NH4-N TKN-N ORG-N Nitrogen Reference
- ---
Corn - soybeans 118 3 66 2 8 1 3 1 McDowell et a1 ,
two crops/yr , 169 2 50 2 8 9 6 7 5 9 21 3 1978
no tlll ( 01 ha l

Corn, sllt loam 98 1 8 9 1 16 42 Klausner et a1 ,
salls, Aurora, 1974
New York ( 32 hal

Cltrus grove 163 5 17 01 Rogers et a1 ,
surface tl 11 age, 146 1 23 02 1976
sand sOll,
Galnesvllle, FL

-' (9 hal
00
N

Cl trus grove 163 5 9 68 69 Rogers et a1 ,
surface tl 11 age, 146 1 4 43 25 1976
sand 5011,
GalnesVllle, FL
(9 hal

Cltrus grove 163 5 8 89 82 Rogers et a1 ,
surface tlllage, 146 1 6 60 44 1976
sand 5011,
heavy 11me app11ca-
tlon, Galnesvl11e,
FL (9 hal



Table A3a' Phosphorus Export from Non-Row Crops

PreClp- Water Phosphorus Export (kg/hafyr)
ltatlon Runoff Dissolved Phosphorus Partlcu1ate/Sedlment Total

Land Use cm/yr cm/yr P04-P Total P Phosphorus Phosphorus Reference

Alfalfa 105 4 8 2 75 Converse et a1 ,
no fertl11za- 107 8 14 2 76 1976
tlon ( 004 ha) 108 8 18 5 2 40

Alfalfa 105 4 5 2 1 24 Converse et a1 ,
fall appl1ed 107 8 7 8 1 20 1976
manure ( 004 ha) 108 8 9 0 8 09

..... Alfalfa 105 4 8 2 64 Converse et a1 ,co wlnter app11ed 107 8 10 3 58 1976w
manure ( 004 ha) 108 8 12 8 6 09

Alfalfa 1054 6 7 2 39 Converse et a1 ,
spnng app11ed 107 8 10 1 55 1976
manure ( 004 ha) 108 8 15 0 81

Alfalfa and 57 91 2 69 24 73 97 Harms et a1 , 1974
bromegrass
two plots
(3 55 - 4 10 ha)

Wheat 96 5 20 8 61 2 73 3 34 Menzel et al , 1978contlnuous 729 7 0 19 51 80plantlng 87 7 10 5 36 60 96
(5 2 ha) 73 1 5 5 13 2 19 2 32



Table A3a: (continued)

Precip- Water
itation Runoff

Land Use cRl/yr cm/yr Reference

Wheat 96 6 23 0 .52 377 4 29 Menzel et al , 1978

contlnuous 73.1 5.5 09 .50 59

p1antlng 87 9 9 3 .26 .53 79

(5 3 ha) 72 9 5 4 11 2 21 2.32

Sprlng wheat 62 5 o 3 o 6 Nlcho1alchuk and

and sUlll11er 7 0 o 1 o 1 Read, 1978

stubble
two year rota-

..... tlon (4 - 5 ha)
00
+=:0

Sprlng wheat 98 0 o 9 2 3 Nlcholalchuk and

and sUlll11er 19 0 o 1 o 4 Read, 1978

fallow
two year rota-
tlOn (4 - 5 ha)

Spn ng wheat 49 0 2 3 5 6 Nlcholalchuk and

and fall 7 0 o 2 o 2 Read, 1978

fertl11zed
summer fallow
(4 - 5 ha)

Ml11et 87 39 o 44 Bradford, 1974

SlX rep11catlOns
( 001 ha)



Table A3a: (contlnued)

PreClp- Water
itatlon Runoff Dlssolve Total

land Use cm!yr cm!yr P04-P Phosphorus Reference

Oats 57 2 6 89 09 22 .43 65 Burwell et al ,
RotatlOn Pl ant- 1975
109 ( 009 hal

Hay 57 2 14 2 31 60 04 64 Burwell et al ,
Rotatlon Plant- 1975
lng ( 009 hal

....... Wheat 98 1 10 7 .20 Klausner et al , 1974ex> Aurora, New YorkU1
( 32 hal



Table A3b: Nitrogen Export from Non-Row Crops

Water
Precipitation Runoff rogen

Iilnd Use cm/yr cm/yr N03-N oM-it Reference

Alfalfa 105 4 82 1 36 1 27 6 28 Converse et a1 •
no fertl1lZatl0n 107 8 14 2 1 14 98 5 66 1976
{ 004 hal 108 8 18 5 2 02 3 86 14 67

Alfalfa 105 4 5 2 1 24 2 63 6 10 Converse et al •
fall applled 107 8 7 8 78 3 41 6 63 1976
manure { 004 hal 108 8 9 0 1 50 8 92 23 09

Alfalfa 105 4 8 2 1 51 1 71 7 82 Converse et al •
wlnter appl1ed 107 8 10 3 79 117 5 88 1976
manure { 004 hal 108 8 12 8 1 88 13 12 38 22

....
<Xl Alfalfa 105 4 6 7 2 69 3 58 6 43 Converse et al •en sprlng appl'ed 107 8 10 1 98 85 4 07 1976

manure { 004 hal 108 8 15 0 1 73 2 75 11 42

Alfalfa and 57 91 2 69 10 Harms et al •
bromegrass 1974
two plots
(3 55 - 4 10 hal

Wheat 96 5 20 8 6 12 Menzel et al •
contlnuous p1ant- 72 9 7 0 377 1978
1ng (5 2 hal 87 7 105 5 63

73 1 5 5 7 12



Table A3b: (contlnued)

Water
Precip1 tation Runoff rogen otal

land Use cm/yr cm/yr N03-N ORG-N NHrogen Reference

Wheat 96 6 23 0 8 95 Menzel et al ,
contlnuous plant- 73 1 5 5 2 89 1978
109 (5 3 hal 87 9 9 3 4 31

72 9 5 4 8 74,

Sprlng wheat and 62 5 02 1 1 Nlcholalchuk and
sunmer stubble, 70 o 1 o 1 Read, 1978
two year rotatlon
(4 - 5 hal

Sprlng wheat 98 0 o 7 6 5 Nlcho1alchuk and
and summer fallow, 19 0 06 09 Read, 1978

-' two year rotatlon
CO (4 - 5 hal.....,

Sprlng wheat and 49 0 (j 4 7 7 Nlcho1alchuk and
fall fertl hzed 7 0 o 2 o 5 Read, 1978
sumner fallow,
(4 - 5 hal

Millet 87 39 o 10 o 50 3 04 Bradford, 1974
SlX rep11catlons
( 001 hal

Oats, rotatlon 57 2 6 89 1 57 29 71 03 1 89 4 22 Burwell et a1 ,
p1antlng ( 009 hal 1975

Hay, rotatlon 57 2 14 2 63 1 41 1 67 01 17 4 09 Burwell et al ,
plantlng ( 009 hal 1975



Table A3b: (continued)

Water
Precipitation Runoff 1SS0 ve rogen ota

Iilnd Use cm/yr cm/yr N03-N OO4-R TKR-R ORG-N Total-N Nitrogen Reference

Wheat ( 32 hal 98 1 10 7 79 56 K1 ausner et a1 •
Aurora. New York 1974

coastal 134 8 42 0 3 6 1 0 Long, 1979
bermuda grass 108 g 10 8 1 0 8
11ght manure 191 2 38 6 2 1 1 2
fertl11zatlon,
sandy loam sOll,
Alabama ( 04 hal

Coastal 134 8 41 9 26 0 3 2 Long, 1979
burmuda grass, 108 9 10 0 4 6 1 2

-' heavy manure 191 2 33 6 34 o 8
ex> fertl1lZatl on.ex> sandy loam sOll,

Alabama ( 04 hal



Table A4a' Phosphorus Export from Pastured and Grazed Watersheds

Precip- Water Phosphorus Exeort (kg/hafyr)
itation Runoff Dissolved Phosphorus Partlculate/Sediment Total

Land Use cm/yr cmjyr P04-P Total P Phosphorus Phosphorus Reference

Moderate dalry 106 8 20 2 .15 Kllmer et al , 1974
grazlng, blue- 104.3 22 5 16
grass cover 105 5 12 3 13
(1 88 hal 119.8 24 6 12

Heavy dalry 106 8 26.0 70 Kllmer et al., 1974
grazlng, blue- 104.3 26 9 18
grass cover 105 5 19.9 11
(1 88 hal 119 8 31 8 12

.....
00
1.0 Pasture 58 4 4 44 25 Harms et a1 , 1974

(6 28 hal

Wlnter grazed 108 0 12 94 3 0 15 3 6 Chlchester et al ,
and summer 1979
rotatlon (1 hal

Summer grazed 108 0 2 92 40 0 85 Chlchester et a1 ,
(1 hal 1979

Rotatl0n grazlng 77 83 4 39 193 058 251 Schuman et al ,
(42 9 hal '73 30 94 064 017 081 1973

75 40 3 86 386 126 512

Pasture for 164 0 61 8 1 269 076 1 345 Krebs and Golley,
brood cattle 1977
(10 hal



Table A4a: (continued)

PreClp- Water
ltation Runoff Total

land Use cm/yr cm/yr Phosphorus Reference

Contlnuous grazlng 114 7 3 8 Correll et a1 ,
wlth some 1977
supplementary
wlnter feedlng
some hay pro-
ductlon
(351 2 ha)

Contlnuous grazlng 105 0 28 4 14 3 72 3 86 Menzel et a1 , 1978
11ttle bluestem 778 12 6 07 99 1 06..... cover, actlve 98 7 17 6 03 1 83 1 86~

a gull1es (11 1 ha) 50 7 2 02 01 26 26

Rotatlon grazlng 109 1 17 8 10 34 44 Menzel et al ,
11ttle bluestem 773 4 2 02 22 24 1978
cover, good 99 4 7 7 02 25 27
cover (11 0 ha) 52 4 35 00 02 02

Contlnuous grazlng 76 5 14 7 3 27 63 4 90 01ness et a1 , 1980
11ttle bluestem
cover (7 8 ha)

Rotatlona1 graz- 78 2 4 3 2 43 o 66 3 09 01ness et al , 1980
lng, 11ttle
bluestem cover
(9 6 ha)



Table A4a: (contlnued)

PreClp- Water
ltatlon Runoff Total

Land Use cm/yr cm/yr Phosphorus Reference

Contlnuous graz- 76.5 10.2 01 75 76 Olness et a1 , 1980
lng, lltt1e
b1uestem cover
actlVe gu111es
(11. 1 hal

Rotatlona1 graz- 78.2 4.3 02 18 20 01ness et a1 , 1980
lng, lltt1e
b1uestem cover

...... (11 0 ha)
~......



Table A4b: Nitrogen Export fro~ Pastured and Grazed Imtersheds

Uatcr
Precipitation Runoff rogen ota

Lund Use cm/yr cm/yr H03-N ORG-N Nitrogen Reference

Moderate dal ry 106 8 20 2 2 97 47 3 44 Kl1mer et al ,
grazlng, 104 3 22 5 2 63 44 77 3 83 1974
gluegrass cover 105 5 12 3 1 68 18 55 2 41
(1 88 hal 1198 24 6 2 14 21 1 15 3 47

Heavy dalry grazlng, 106 8 26 0 16 10 1 95 18 05 Kl1mer et al ,
bluegrass cover 104 3 26 9 10 79 61 1 32 12 71 19/4
(1 88 hal 105 5 19 9 7 20 19 99 8 31

119 8 31 8 7 28 32 1 46 9 26

Pasture (6 28 hal 58 4 4 44 40 1 12 1 52 Harms et al , 1974

......
~ Wlnter grazed and 108 0 12 94 5 75 7 8 8 25 30 85 Chlchester et al ,
N summer rotatlonal 1979

(1 hal

Summer grazed (1 hal 108 0 2 92 o 5 o 6 0 21 85 Chlchester et al ,
1979

Rotatlon grazlng 77 83 4 39 1 14 66 52 2 32 Schuman et a1 ,
(42 9 hal 73 30 94 17 09 21 47 1973

75 40 3 86 96 43 2 89 4 28

Contlnuous grazlng, 105 0 28 4 6 84 Menzel et al ,
l1ttle bluestem cover, 778 12 6 5 43 1978
actlVe gullles 98 7 176 9 23
(11 1 hal 50 7 2 02 1 33



Table A4b: (contlnued)

Water
Precipitation Runoff lSS0 ve r~en otal

Iand Use cm/yr cm/yr N03-N NH4-N 1KN-" o -N Total-N Nltrogen Reference
--~--

Rotatl0n grazlng, 109 1 178 2 02 Menzel et al ,
llttle bluestem 773 42 95 1978
cover, good cover 99 4 7 2 2 30
(11 0 hal 52 4 35 15

Contlnuous grazlng, 76 5 14 7 68a 4 18a 8 52a 9 20 01ness et al ,
l1ttle bluestem 1980
cover (7 8 hal

Rotatlonal grazlng, 78 2 4 3 31 a 3 67a 4 4la 472 01ness et al ,
llttle bluestem 1980
cover (9 6 hal.....

~

w Contlnuous grazlng, 76 5 10 2 34a 16a 4 85a 5 19 01ness et al ,
llttle bluestem 1980
cover, actlVe
gull1es (11 1 hal

Ratlonal grazlng, 78 2 4 3 20a 12a 1 53a 1 73 Olness et al ,
llttle bluestem 1980
cover (11 0 hal

a Conslsts of both soluble and non-soluble fractlons



Table A5a: Phosphorus Export from Animal Feedlot and Manure Storage

Precip- Water Phosphorus Export (kg/hafyr)
itation Runoff Dissolved Phosphorus Partlculate/Sedlment Total

land Use cm/yr cl'II/yr P04-P Total P Phosphorus Phosphorus Reference

Beef 11vestock 61 06 28.52 523 a Dornbush and
feedlot 60 71 8 92 145 6 Madden, 1973
(4 76 ha) 53 19 21 87 749 3

Lamb feedlot 59 a 1 96 35 84 Dornbush and
(21 32 ha) 49 96 2 18 20 16 ~ladden, 1973

Lamb feedlot 49 96 3 10 21 28 Dornbush and...... (12 63 ha) ~ladden, 1973\0
.j::o

Da 1 ry confl ne- 62 53 15 16 521 9 Dornbush and
ment, 45 head 58 01 82 65 355 a Madden, 1973
of cattle 48 16 27 18 301 3
( 13 ha)

Beef and sheep 62 53 15 24 2635 4 Dornbush and
feedlot 58 01 30 35 222 9 Madden, 1973
( 603 ha) 48 16 14 40 157 9

Beef feedlng 63 73 3 99 29 1 Dornbush and
(1 6 ha) 55.83 8 71 142 2 Madden, 1973

Beef cattle 17 07 1299 2 McCalla et al ,feedlot 14 68 291 2 1972
9 29 m2jcow
( 0019 ha)



Table A5a: (continued)

Preclp- Water Phosphorus Export (kg/ha/yr)
ltatlon Runoff Dissolved Phosphorus Partlculate/Sedlment Total

land Use cm/yr cm/yr P04-P Total P Phosphorus Phosphorus Reference

Beef cattle 16 59 470 4 McCalla et al ,
feedlot, 19 28 224 0 1972
18 6 m2/cow
( 0019 hal

Beef cattle 24 59 313 6 Gl1bertson et al ,
feedlo~, 25 30 134 4 1975
186m /cow
( 0019 hal

-'
c.o
U1

Beef cattle 70 7 33 2 163 0 425 0 Coote and Hore, 1978
feedlot,
500-600 cattle
( 245 hal

Beef cattle 78 6 17 3 73 0 170 0 Coote and Hore, 1978
feedlot
( 165 ha)

S011d Manure 67 37 20 9 86 0 172 0 Coote and Hore, 1978
storage area
( 05 hal

Manure storage 57 7 33 5 539 9 Magdoff et al ,
facll1ty ( 047 hal 1977

Barnlot runoff, 31 9 14 11 Edwards et al ,
370 cows/ha, 27 9 19 98 1972
Ohl0 ( 17 hal



Table ASb: Nitrogen Export from Animal Feedlot and Manure Storage

Water
Precipitation Runoff rogen ota

'.llId Use OII/yr OII/yr 11°3-" ORG-R Nitrogen Reference

Beef livestock 61 06 28 52 1332 8: Dornbush and
feedlot (4 76 hal 60 71 892 577 9 Madden. 1973

53 19 21 87 1196 2a

Lahlb feedlot 59 0 1 96 32 48a Dornbush and
(21 32 hal 49 96 2 18 53 76a Madden. 1973

Lamb feedlot 49 96 3 10 64 96a Dornbush and
(12 63 hal Madden. 1973

Dalry conflnement. 62 53 15 16 705 6a Dornbush and
..... 45 head of cattle 58 01 82 65 1561 28a Madden. 1973
~ ( 13 hal 48 16 27 18 1154 70a
0'\

8eef and sheep 62 53 15 24 973 3a Dornbush and
feedlot 58 01 30 35 433 4a Madden. 1973
( 603 hal 48 16 14 40 287 84a

8eef feedmg 63 73 3 99 99 68a Dornbush and
(l 6 hal 55 83 8 71 975 40a Madden. 1973

Beef cattle feedlot. 17 07 3830 4 McCalla et al •
9 29 m2/cow 14 68 2016 0 1972
( 0019 hal



Table A5b: (contlnued)

Water
Precipi tation Runoff sso ve trogen Total

I ilIl(] Use cm/yr cm/yr N03-N NH4-N TKN-N ORG-N Nltrogen Reference

Beef cattle feedlot 16 59 1254 4 McCalla et al ,
18 6 m2/cow 19 28 14336 1972
( 0019 hal

Beef c~ttle feedlot, 24 59 13B8 8 Gl1bertson et a1 ,
186m /cow 25 30 2195 2 1975
( 0019 hal

Beef cattle feedlot, 70 7 33 2 6 27 862 0 2504 0 3372 27 Coote and Hore,
500-600 cattle 1978
( 245 hal

.......
541 01.0 Beef cattle feedlot 78 6 17 3 1 42 138 0 680 52 Coote and Hore,

"'-J ( 165 hal 1978

Sol1d manure 67 37 20 9 2 07 7760 1112 0 1891 07 Coote and Hore,
storage area 1978
( 05 hal

Manure storage 57 7 33 5 5831 Oa 7979 9 Magdoff et al ,
facl11ty ( 047 hal 1977

Barn10t runoff 31 9 6 45 66 86 Edwards et al ,
370 cows/ha 27 9 3 04 107 09 1972
OhlO
( 17 hal

a Conslsts of both dlssQ1ved and partlcu1ate fractlons



Table A6a: Phosphorus Export from Mixed Agricultural Watersheds

Precip- Water
itation Runoff

Land Use cm/yr cm/yr Reference

58% row crops 112 0 27 5 5 2 Lake and Morrlson,
31% small graln 70 0 11 2 1 1 1977
and pasture
6% woods
5% urban (4950 hal

63% row crops 112 0 29 1 14 24 5 20 5 4 Lake and Morrlson,
26% sma11 gra1 n 70 0 12 4 06 09 98 1 1 1977

--'
and pasture

~ 8% woods
co 3% urban (942 hal

35% row crops 1120 26 0 34 46 4 5 5 0 Lake and Morrlson,
48% small graln 70 0 10 1 18 22 73 1 0 1977
and pasture
5% woods
12% urban (714 ha)

50% pasture 777 26 9 031 Taylor et al , 1971
25% rotatlon 88 6 34 4 080
cropland 889 33 9 067
25% hardwood 92 7 32 8 077
foresl: (123 ha)

39% corn 99 0 o 10 Patm and Hore,
46% legumes and 93 5 o 80 1978
grass, 9% small 92 7 o 60
graln, 2 6% ldle
4% roads (594 ha)



Table A6a' (contlnued)

PreClp- Water Phosphorus Export (kg/ha/yr)
1tatlon Runoff Dissolved Phosphorus Partlculate/Sedlment Total

Land Use cm/yr cm/yr P04-P Total P Phosphorus Phosphorus Reference

60% row crops 67 79 10 74 319 329 648 Burwell et al ,
40% hay and 1974
pasture
two 11vestock
feedlots
(157 5 ha)

Three years 84 71 17 65 19 08 27 Burwell et al ,
...... pasture and 1977
1.0 two years
1.0 corn (42 9 ha)

IntenslVe 105 0 21 3 1 21 34 Campbe11, 1978
agncultural 88 0 12 1 63 86
crops and
lmproved pasture
(202 ha)

Actlve cropplng 409 Grlzzard et al ,
and pasture 1977

At least 80% of 233 1 29 Avadhanula, 1979
watershed devoted
to agncultural
actlvltles



Table A6a: (continued)

Precip- Water
itatlon Runoff Total

Land Use cm/yr cm/yr Phosphorus Reference

37 4% soybean 72 9 21 1 28 Coote et a1 • 1978
and whltebean
27 1% cereal
23% corn
(5080 ha)

36 1% woodland 06 26 Coote et a1 • 1978
25 0% cereal

N 22 2% tobacco
0 10 1% corn
0 3% pasture

and hay
(7913 ha)

31 3% corn 86 0 50 91 Coote et a1 • 1978
26.4% cereal
17.9% pasture
and hay
12 1% soybean
and whltebean
7 5% woodland
(6200 ha)

37 2% pasture 92 5 33 1 00 Coote et a1 • 1978
and hay
35 3% cereal
18 7% corn
6 9% woodland
(1860 ha)



Table A6a (contlnued)

PreClp- Water
itatlon Runoff Total

Land Use cm/yr cm/yr Phosphorus Reference

42 3% corn 101 8 43 1 53 Coote et al , 1978
22 8% pasture
and hay
15 4% woodland
12 2% cereal
(3000 hal

33 4% pastlJre 82 3 07 16 Coote et al , 1978
N and hay
0 2-9 2% woodl and
--'

22 3% cereal
12 3% corn
(5472 hal

37 4% woodland 84 () 03 .08 Coote et al , 1978
28.5% pasture
and hay
10 7% cereal
10.4% corn
3 7% tobacco
(5645 hal

44 2% pasture 779 .51 1 53 Coote et al , 1978
and hay
18.4% cereal
17 8 Woodland
16 2% corn
(3025 hal



Table A6a: (continued)

Precip- Water
itation Runoff

land Use cm!yr cm!yr Reference

41.3% pasture 73.7 20 49 Coote et al , 1978
and hay
29.0% cereal
11 3% corn
7 5% woodland
(2383 ha)

27 8% vegetables 770 36 91 Coote et al , 1978
I'\) 22 8% corn
0 10 0% woodlandI'\)

8 9% cereal
7 9% soybean
and whltebean
(1990 ha)

66 6% pasture 92 4 36 81 Coote et al , 1978
and hay
12 1% cereal
9 5% corn
9 4% woodland
(4504 ha)



Table A6b: Nltrogen Export from Mlxed Agrlcultural 'latersheds

Water
Precipitation Runoff rogen ota1

Iand Use cm/yr an/yr N03-N ORG-N Tota1-N Nitrogen Reference

58% row crops 112 0 27 5 48 7 Lake and Morrlson.
31% small graln 70 0 11 2 8 6 1977
and pasture
6% woods
5% urban (4950 ha)

63% row crops 1120 29 1 53 2 Lake and Morrlson.
26% small grai n 70 0 12 4 10 3 1977
and pasture
8% woods
3% urban
(942 hal

N
0

35% row crops 1120 26 0 44 1 Lake and Morrlson,w
48% small gram 70 0 10 1 6 6 1977
and pasture
5% woods
12% urban (714 hal

50% pasture 777 26 9 1 67 Taylor et a1 ,
25% rotatlon crop- 88 6 34 4 3 11 1971
land, 88 9 33 9 10 61
25% hardwood forest 92 7 32 8 4 38
(123 hal

39% corn 49 0 12 3a 6 3a 18 60 Patnl and Hore,
46% legumes and grass 93 5 8 3a 16 Oa 24 20 1978
9% small graln 92 7 5 6a 2 6a 8 20
2 6% ld1e
4% roads (594 hal

a Conslsts of both dlsso1ved and partlcu1ate fractlons



Table A6b: (continued)

Water
PrecIpitation Runoff

1and Use an!yr an!yr "°3-" Total-It Reference

£0% row crops 67 79 10 74 1 19 1 37 7 08 964 Burwell et al ,
40% hay and pasture 1974
two llVestock
feedlots
(157 5 ha)

Three years 84 71 17 65 11 68 40 2 03 14 11 Burwell et al ,
pasture and two 1977
years corn
(42 9 hal

N
IntenslVe 105 0 21 3 37 68 -S 3 6 36 Campbell, 1978

a agrlculture crops 88 0 12 1 09 09 1 92 2 10
.J::> and improved

pasture (20B ha)

ActlVe croppmg 2 83 GrlZzard et al •
and pasture 1977

At least 80% of 8 86 14 3 Avadhanula, 1979
watershed devoted
to agncultural
actlvltles

37 4% soybean and 72 9 10 7 5 3 16 1 Coote et al ,
whltebean 1978
27 1% cereal
23% corn (5080 hal



Table A6b (cantl nued)

Water
Preci pitation Runoff rogen Total

Land Use cm/yr cm/yr ORG-N Total-N Nltrogen Reference
----

36 1% woodland 4 3 2 2 6 4 Coote et al ,
25 0% cereal 1978
22 2% tobacco
10 1% corn
3% pasture and
hay (7913 hal

31 3% corn 06 0 37 4 4 2 41 5 Coote et al ,
26 4% cereal 1978
17 9% pasture
and hay
12 1%soybean
and whltebean
7 5% woodl and

N (6200 hal
0-
(J1

37 2% pasture 92 5 149 5 4 20 3 Coote et al ,
and hay 1978
35 3% cereal
18 7% corn
6 9% woodland
(1860 hal

42 3% corn 101 8 24 1 7 1 31 1 Coote et al ,
22 8% pasture and 1978
hay
15 4% woodland
12 2% cereal
(3000 hal



Table A6b: (continued)

Water
Precfpf tal:fon Runoff sso ve rogen trogen ota

Iand Use cm!yr cm!yr N03-N NIH4-N fKN-N ORG-R Total-N ORG-N Total-N Nitrogen Reference

33 4% pasture 82 3 11 3 29 14 3 Coote et al ,
and hay 1978
29 2% woodl and
22 3% cereal
12 3% corn
(5472 hal

37 4% woodl and 84 0 2 1 1 1 3 2 Coote et al ,
28 5% pasture 1978
and hay, 10 4% corn
10 7% cereal
3 7% tobacco
(5645 hal

N
a

7 0 8 5 15 5 Coote et al ,0'\ 44 2% pasture 779
and hay 1978
18 4% cereal
17 8% woodland
16 2% corn
(3025 hal

41 3% pasture 73 7 8 3 2 0 11 1 Coote et al ,
and hay 1978
29 0% cereal
11 3% corn
7 5% woodland
(2383 hal



Table A6b: (continued)

Water
Preci pi tati on Runoff Total

Iilnd Use cm!yr cm!yr N03-N Tota1-N Nltrogen Reference

27 8% vegetables 770 21 0 4 2 25 2 Coote et a1 ,
22 8% corn 1978
10 0% woodland
8 9% cereal
7 9% soybean
and whltebean
(1990 hal

66 6% pasture 92 4 54 4 1 9 4 Coote et a1 ,
and hay 1978
12 1% cereal
9 5% corn
9 4% woodland

N (4504 hal
0
""-J



Table A7a: Phosphorus Export from Urban Watersheds

Precip- Water
itation Runoff

land Use cm/yr cm/yr Reference

ReSl dentl a1 69 93 10 49 64 1 10 K1uesener and Lee,
(50 ha) 1974

78% 1ndus trl a1 7 88 1 06 Konrad et a1 ,
22% commercla1 40 18 4 28 1978

Commercla1 76 5 64 88 Much and Kemp,
(15 8 ha) 1978

N
0co

Central buslness 76 5 3 58 4 08 Much and Kemp,
dlstrlct (9 3 ha) 1978

Industrlal 76 5 62 75 Much and Kemp,
(8 1 ha) 1978

Resldentlal 76 5 27 35 Much and Kemp,
(41 7 ha) 1978

Low denslty 77 19 o 19 Landon, 1977
resldentlal
(46 82 ha)

Low denslty 77 19 2 7 Landon, 1977
resldentlal
(33 73 ha)



Table A7a: (contlnued)

PreClp- Water
itation Runoff Total

land Use cm/yr cmfyr Phosphorus Reference

HIgh densIty 77 19 1 1 Landon, 1977
resldentlal
(7 ha)

Hlgh denslty 77 19 56 Landon, 1977
resldentIal
{21 63 ha}

I'V Comnercla1 77 19 1 7 Landon, 19770 (lB 19 ha)~

CommercIal 77 19 .66 Landon, 1977
{4 19 ha}

64% resldentia1 .757 O'Neill, 1979
13% recreatlonal
12% comnercial
6% transportatIon
1% lndustrla1
{95a ha}

ReSIdentIal and 76 2 28.19 .90 Weibel et a1 ,
light commerCIal 1964
(11 ha}



Table A7a: (continued)

Precip- Water
itation Runoff lata

land Use CIfI!yr cm!yr Phosphorus Reference

At least 60% .107 1 63 Avadhanula, 1979
of watershed
devoted to
urban land use

IndustrIal and 150 0 84.3 2 39 4 17 Betson, 1978
resIdentIal
(414 ha)

I\)
-' Conmerclal 155 0 41 1 87 4.85 Betson, 1978a (212 ha)

Suburban 153 0 9 4 36 43 Betson, 197d
(62 ha)

60% resIdentIal 108 2 16 26 1 23 Bryan, 1970
19% conmerclal
and IndustrIal
12% InstItutIonal
10% unused

60% resIdentIal 2464 5.26 Colston, 1974
19% conmercia1
and 1ndus trIa1
12% InstItutIonal
10% unused

20% urbamzed 1 91 GrIzzard et a1 ,
large scale re- 1978
sldentIal (47900 ha)



Table A7a: (continued)

PreClp- Water
ltatlon Runoff Total

Land Use cm!yr cm!yr Phosphorus Reference

Slngle famlly 125 6 9 42 o 21 Mattraw and Sherwood,
resldentlal 1977
(19.2 hal

67% resldentlal 249 0 483 18 22 6 23 Burton et a1 ,
13% commerclal 1977
12% woodland
8% agrlcultural
(792 hal

N..........
Resldentlal 113 06 18 99 17 22 60 Slmpson and Hemens,
(6 8 hal 1978

74 7% resldentlal 94 61 15.14 92 AVCO, 1970
12 6% lnstltu-
tlonal
7 4% lndustnal
5 3% commerclal
(2261 hal
Tulsa, Oklahoma



Table A7b: Nitrogen Export from Urban Uatersheds

\later
Precipitation Rllnoff sso ve rogen ota

I ilnd Use OII/yr m/yr "°3-" ""4-N TkR-N ORG-N Nitrogen Reference

Resldentla1 (50 hal 69 93 10 49 67 50 5 00 K1uesener and Lee,
1974

COlIIlIercla1 76 5 1 74a 59a 2 80a 4.54 Much and Kemp.
(15 8 hal 1978

Central BUSlness /6 5 10 36a 698a 28 lla 38 47 Much and Kemp,
dlstrfct (9 3 hal 1978

Industrla1 765 2 04a 2 36a 4 49a 6 53 Much and Kemp,
(8 1 hal 1978

N Resldentla1 76 5 1 19a 72a 2.48a 3 67 Much and Kemp,-'
N (41 7 hal 1978

Low denslty 77 19 82a 70a 1 52 Landon, 1977
resldentla1
(46 82 hal

Low denslty 77 19 2 9a 4 Oa 6 9 Landon, 1977
resldentla1
(33 73 hal

Hlgh denslty 77 19 2 Oa 2 Sa 48 Landon, 1977
resldentla1
(7 hal



Table Alb (contlnued)

~--

Water
Preci pi tati on Runoff 1SS0 ve trogen

l and Use cm/yr cm/yr N03-N NH4-N TKN-N ORG-N Tota1-N Reference

H1 gh dens 1ty 77 19 2 2a 2 3a 5 5 Landon. 1977
resldentla1
(21 63 hal

CommerCl a1 77 19 12 oa 8 5a 20 5 Landon. 1977
(18 19 hal

Commercla1 77 19 1 8a 2 2a 40 Landon. 1977
(4 19 hal

Residentla1 and 76 2 28 19 9 97 Welbe1 et a1 •
N 11ght cOlllTIercla1 1964
-' (11 halw

At 1east 60% of 3 05 9 48 Avadhanu1a. 1979
watershed de-
voted to urban
land use

Industn a1 and 150 0 84 3 5 62a 83a 8 5a 14 95 Betson. 1978
resldentla1
(414 hal

Commercla1 155 0 41 1 3 14a 44a 9 2a 12 78 Betson. 1978
(212 hal

Suburban 153 0 9 4 47a 11a 98a 1 56 Betson. 1978
(62 hal



N......
..J::>

*c:

...
~
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Table A7b: (continued)

Water
Precipitation Runoff sso ve rogen

Iand Use cm/yr cm/yr N03-N NH4-N TKN-N ORG-N Total-N Reference

60'; res1dent1al 24 64 6 83 Colston, 1974
19% commerc1al and
lOdustr1al
12% 1nst1tut1onal
10% unused (432 54 hal

20% urbam zed 33 76 GrlZzard et al ,
large scale 1978
res1dent1al
(47900 hal

Sl ngl e faffilly 125 6 9 42 1 48 Mattraw and
res1dent1al Sherwood, 1977
(19 2 hal

67% res1dent1al 249 0 48 3 24 17 Burton et a1 ,
13% commerc1 a1 1977
12% woodland
8% agrlcultural
(792 hal

ReS1dent1al (6 8 hal 113 06 18 99 40 Slmpson and
Hemens, 1978

74 7% res1dent1al 94 61 15 14 2 16 AVCO, 1970
12 6% 1nst1tut1onal
7 4% 1ndustrlal
5 3% cornmerc1al
(2261 hal Tulsa,
Oklahoma

a Cons1sts of both d1ssolved and part1culate fract10ns
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