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ABSTRACT

The purpose of this study was to define methods of dealing with phosphorus In setting appropri-
ate stream water quality goals or stendards. In-stream and sediment nutrlents were compared to
rooted plant and atteched algae growth In southern Wisconsin streams, 1981 and 1982. The re-
sultant Impacts on stream dlel dissolved oxygen (DO) characteristics were also Investigeted.
Three empirical models describing macrophyte blomass, tlssue phosphorus content and In-stream
phosphorus are presented. Results of the analyses suggest several different stream types, dif-
fering In the percent contribution of In-stream nutrients as opposed to sediment nutrients.
Stream periphyton were also collected from glass sllde and brick substrates. Models describing
brick perliphyton community biomass, tlssue phosphorus content and In-stream phosphorus, similar
to macrophyte models, are also presented. Single-station and double-station diel DO curve
analyses 8s well as |ight/derk productivity studles are compared to In-stresm primary producer
blomasses. Maximum night-time DO deficlit can be described as Respiration divided by Resera-
tlon. This estimate, when combined with the abllity to predict plant blomass from In-stream
nutrients using the primary producer biomass models may allow prediction of the Impact of
changing phosphorus concentrations on small stream dissolved oxygen minima. In addition to In-
vestigating the Impacts of phosphorus in small stream systems, the study also evaluates methods
of documenting phosphorus Impacts and recommends monltoring strategles.
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INTRODUCT ION AND STUDY BACKGROUND

PHOSPHORUS WATER QUALITY STANDARDS

Any assessment of water quellty must be
made relative to water quality guldellines
or criteria., Water quallty standards and
allowable concentrations of most chemical
constituents have been developed and demon-
strated based on toxiclity or production of
conditions unfavorable to public health or
aquatic life. With the exception of the
elemental form, no such Federal water
quality stendards have been set for phos-
phorus. Inablilty to deflne phosphorus as
a pollutant in the conventional sense (e.g.
toxicity, human health hazard) has hindered
establishment of water quallty phosphorus
standards and related wastewater effiuent
limits, The U.S. EPA "Red Book" (1976)
does, however, recognize phosphorus as a
contributor to accelerated lake and stream
eutrophication, and suggests levels of
total and ortho-phosphorus which would slow
enrichment of surfece waters.

SOURCES OF PHOSPHORUS

Phosphorus Is delivered to surface waters
from both polnt and non-point sources.
Generally, non-point source Inputs are
described by the total load of & particuiar
pollutant. In terms of annual loadling,
storm events usually supply the greatest
amount of nutrients. Nutrlient concentra-
tlons as well as total loads surpass those
of low-flow conditlions. Lake or watershed
management end planning are” usually based
on nutrient and sediment loadings. In most
lake assessments, loadings are the criterla
most often used to predict a lake's re-
sponse to changes in nutrient Inputs.

it Is untlkely, however, that the forms of
phosphorus in runoff are readlly avallable
to stream primary producers. Streambed
scouring, light=lImitation (increased tur-
bidity), nutrlent sorbtion on suspended
sollds and relatively short contact times
between nutrlients and stream primary pro-
ducers would act to limit plant response to

storm-induced nutrient dellvery. Storm
flows may remove stream periphyton and mac-
rophytes, also reducing potential for
nutrient uptake. In reach-specl fic
analyses, stream primary production |Is
probably Influenced more by low=flow or
sustained nutrient concentrations they ex-
perience rather than seasonal or event
non-polint source nutrient loadings.

Based on their eablilty <to assimlliate
wastes, streams have served as natural
treastment systems for wastewater. The
rate of enrichment of a stream veries with
the amount of dlilution water avallable,
The rate of blological response to intro-
duced nutrients, In turn, |s dependent on
physical factors such as light, substrate
type end stablililty, water temperature,
depth and veloclty.

Point source problems have usually been
assoclated wlith Inadequately treated waste-
water or Inadequate stream dilution. Ex-
cesslve loads of unstablillzed waste
material results In Ilowered stream dls-
solved oxygen. Modern, efflclient trestment
plants are designed to reduce the high oxy-
gen demand component, discharging mlner-
allzed, blologically available nutrients.
Speciflc water quallty standards have been
applied to streams based on & particular
stream's natural low=-flow potential, using
existing and potential aquetic 1ife uses to
determine acceptable levels of a particular
waste discharged., Traditionally, the dis-
charge constituents of concern are dis-
solved oxygen, ammonia, BOD, resldual
chlorine and sollds.

STREAM PRIMARY PRODUCER COMMUNITIES

As the group dlirectly able to use phos-
phorus, and responsible for many undesir-
able water quallty conditions, primary pro-
ducers offer the best opportunity to
evaluate the Impacts of phosphorus In
stream environments, Streams are dynamic
systems that support an extremely complex
and variable blological community., Physi-
cal factors exert considerable Influence on
stream primary producers and modify this



community's response to nutrient enrich-

ment. This makes measurement of stream
blological response to nutrients diffi-
cult. Poor deflnition of water quality

Impalrments relative to system productlivity
and nutrient Inputs also Impedes definition
of optimum or desirable nutrient levels.

Phytoplenkton have frequently been used to
measure lake and large river response fto
nutrient enrichment. Deep, slow-moving
stream reaches or backwater areas msy sup-
port substantial short-term phytoplanktonic
populations, which sre probably flushed out
by storm flows. While phytoplankton may be
present In smaller streems, attached algee
are predominant, Suspended algee In
smaller rivers may actually represent de-
tatched perlphyton. Rellance on measure-
ment of phytoplankton production to assess
nutrients In small stream environments Is
therefore not dependable.

Because of thelr rapid turnover rates and
recovery from catastrophic events, pro-
duction of +the periphyton component has
frequently been used to study nutrients In

streams. Unlike macrophytes, +thlis group
obtains ell of Its nutrients from the
weter, thus measurement of perlphyton to

assess the effects of nutrients Is not com-
plicated by estimating the contribution of
sediment nutrients to communlity growth.

A veriety of methods and approaches have
been used In the assessment of perlphyton
communitles. These Incliude blomass
measurements, Indicator specles, community
diversity Indices, tissue nutrient content
and enzyme activity. Methods of measure~
ment and envirommental response of primary
producers In streams have been reviewed as
part of this study (Mace, et al. 1983).

For most macrophytes to become dominant In
streams, the bottom substrate must be able
to support growth, and the nutrlent supply
must be adequate. Other factors, such as
light, water depth and velocity must also
be conduclve to growth at the proper time
of vyeesr, Unilke periphyton, macrophyte
growth nutrients may be obtalned, <o
varlous degrees, from bottom sediments,

This last factor complicates somewhat the
use of macrophytes to determine the nutri-
ent status of a particuler stream. Macro-
phytes are also susceptible to tangiing and
breakage caused by stream curreant. Thelr
large size, abundance and ability for pro-
ducing "nulsance"” conditions, however, In-
crease thelr desirabliity as study subjects.

IMPACTS OF PRIMARY PRODUCERS ON STREAM
ENVIRONMENTS

Macrophytes can, however, modify the stream
environment to meke It more hospitable for
plant production, Primary producers Impact
the stream environment In & verlety of
ways, Excessive mecrophyte growth can
alter the stream channel by encouraging
sediment deposition. By Increasing sedli-
mentation and water depth, macrophytes
create more favorable conditions for
growth. Through channel modlficetion, per-
petuation of macrophyte communities |Is
almost assured, This may lead to a point
where native fish and Invertebrate popula-
tlons lose quallity habitat.

Fllling of stream channels by macrophytes
can cause flooding, navigational, aesthetic
and dissolved oxygen (DO) problems., Macro-
phytes can, by retarding water flow and
Increasing the stream depth, lower stream
re-oxygenation rates, Coupled with plant
and animal respliratory oxygen demand, this
could lower the night-time DO concentra—
tions below the desirable level for a
designated stream use.

Standing crop blomass does not necessarlly
reflect actual growth and production wlithin
8 particular reach. Oue to fragmentation
or other causes, blomass export results In
a substantial seasonal downstream loss of
periphyton end macrophyte growth, Even 1f
macrophyte growth (standing crop) does not
cause severe problems within a particuler
reach, export of produced material can pro-
vide a conslderable load of orgenic, oxy=
gen~demanding materlials to downstream lake,
Impoundment or riverine systems,



NEED FOR STUDY

0O'Shaugnessy and McDonnell (1973) state
that "trends to control dlischarges
clearly dictate the need to establish ef-
fective procedures for Identifying those
elements primerily responsible for acceler-
ating the rate of eutrophication in a glven
situation.® The level of technical exper—
tise Is not always able to quantify ob-
served or percelved problems and thelr
causes. The public's perception of water
quallity conditions, especially use Iimpalr-
ment, Is also not necessarlly directly re-
lated to emplricel assessment of water
quality., Baslc to any classification or
management scheme should be a definition of
what constitutes an undesirable condition,
Tools (such as models or Indlces) to evalu-
ate nutrients In stream enviromments are
also not always available.

The need for simple, rellable methods fto

evaluate the Impacts of nutrlent loadings
to lakes and streams has led to a large
number of approaches with an equally large
number of methods and Indlicetors. General

agreements have emerged as to the methods
of approaching and solving lake problems.
Of particular signiticance are the rela-
tively simple tools and procedures used for

analyslis ond assessment of lake water
quality -- usually water tfreansparency,
algal blomass, and the causative nutrient
levels. Suffliclent research, dlirected at
solving specific problems, has been Inte-
grated Info whole-lake approaches to be

able to address lake water quality problems
with some conflidence.

Of most Importance has been a further defl-
nitilon and refinement of Ilske use cate-
gorles and classlflcations, nulsance con-
ditions, and application and evaluation of
various |ake management and protective
strategles. Many of the concepts developed
and applied to lakes and ponds (lentic sys-
tems) are not directly applicable to
streams (lotlc systems), The predictive
methodologles developed for lske systems
are based on simple and useful parameters.
No such tools are currently avaliable for
allocating phosphorus in a site-specitic
manner to flowing water.

If a defenslible position and regulation of

phosphorus discharges to small stream sys-

tems on a site-specific baslis Is to be

taken, the following concerns must be

eddressed:

- What level of enrichment (or aquatic
plant growth) Is considered objection-
able?

- Which community and level of function
will provide the best tool to evaluate
the Impacts of Increased or decreased

phosphorus levels?

STUDY BACKGROUND

The overall purpose of the Phosphorus
Assessmont study Is to define methods of
dealing with phosphorus and non-poilnt
source pollutlon In setting appropriate
water quallty goals or standards. The
study was conducted In phases, beginning
with a review of past efforts to establish
phosphorus and non-point source water
quallty standards or objectives. Revlews
Included other state's and agencles'
epproaches to defining phosphorus water
quality standerds and Ilimiting non-point
source Impacts (Lewls 1980, Warn 1980), the

abllity of chemical and blological water
quality Indices to assess sediment and
nutrlent Impacts on streams (Wern 1980,
Chantry 1981, Schrenk 1982, Wawrzyn and
Randal! 1983, Narf 1In prep.), lake and
stream classification schemes (O'Flannigan
1980, Schuettpelz 1982, Ball 1982), and

stream primary producer responses to nutri-
ents (Mace et al. In prep.).

recommendations of
framework to
establilishing

The conciusions and
other agencies provided a
assess the feasliblllity of
phosphorus water quality standards and
non-point source control objectives In
Wisconsin. The topicel reviews formed the
technical basls for selecting specific
sreas where more detalled Investigation was
required. These Investigations constituted
the second study phase. The dlirection
given for the fleld studles then focused
project efforts on the phosphorus control
e lement (Mace et al. 1982).



In Wisconsin, water quality changes due to
point source discharges have been evaluated
through pre and post-operative surveys,
basin-wlde assessments, westeload allo-
catlon studles and, recently, stream clas-
slfications, These studles document stream
response to gross changes In wastewater
characteristics of dlischergers. These

methods, however, are generally not ade-
quate to evaluate stream response to
changing phosphorus Inputs, nor for allo-

cating phosphorus to small stream systems.,
The sensitivity (or level of resolution) of
such methods must be able to assess the
exlsting sttuation, responsibly recommend
phosphorus limits to the dlscharger, and
rellably predict water quality improvements
resulting from speclfled phosphorus removal
recommendations. For & particular assess-
ment or allocetive method to succeed, It
must be empirically developed, tested and
defensible.

Currently a small stream, dissolved oxygen
model Is aveilable for use to allocate
certain westewater constituents dlischarged
to streams. These allocatlions are designed
to malintaln a specifiled dissolved oxygen
criterion for a designated stream use under
critical stream conditions (e.g. high
temperature, low=flow), Either dlrectly
through resplratory demand, or Indirectly
through channel modificetion, macrophyte
growth will Impact stream dissolved oxygen
(DO). Modi ficatlon of DO models or
development of similar mathematlical expres-
slons could establish a Iink between phos-
phorus, plant growth and the assocliated
Impacts on stream DO. This might allow
allocation of phosphorus directly through
the Impacts on primary production and In-
directly through this community's Impacts
on DO,

If the data support such, establishment of
phosphorus uptake (P-decay) characteristics
due to stream assimllation, much as BOD Is
now allocated, could be an Important con-
sideration In essigning phosphorus dis-
charge |limits. A second alternative for
controlling phosphorus dlscharges Is +to
deflne levels of acceptable or unacceptable
primary producer growth, based on community

response to phosphorus, sesthetics, or
physlcal changes. There Iis |ittle Infor-
mation avallable on the use of subjective
limits based on plant density or aesthetic
condl tlons.

The fleld progrem was designed then, to
establish a basis for phosphorus control
(water quallty objective or standard), a
methodology for applying standards
(assigning effluent |Imits) and evaluating
water quallty Impacts (monitoring require-
ments). In addition to providing a defen-
sible, sclentlfic basis for phosphorus con-
trol In small streams, the field study re-
sults should also assist in specifying
receiving system classifications or cate-
gorles, eassociated weter quality criterlia
and methods of applylng selected criterla.

FIELD STUDY DESIGN

Speciflc objectives of +he Phosphorus

Assessmont fleld study Included:
= Quantifylng the relationship between
phosphorus and plant biomass;

~ Recognizing the factors which modlfy the
response of stream plants to nutrients;

= Quantifying the Impacts of plant biomass
on stream systems;

- Determining a level of accepteble piant
blomass within a particular system; and

- Evaluating and recommending monitoring
strategies for use in small stream water
quality Investigations,

This study was conducted over a two year
perlod. Due to the uncertainty of control-
Ilng fectors In most small stream systems,
an approach to evaluate a veriety of fac-
tors In Intensely studled reaches was Iim-
plemented the first year. Study slites were
selected which represented a verlety of
stream types and physical conditions,
nutrient and flow regimes, and dominant
blotic community.



Inftially, 1t was also desirable to collect
data from systems not impacted by waste-
water dlischarges to document stream be-
havior in the absence of polnt sources.
These streams would then serve as bench-
mark, or reference data to compare with
strean behavior In reaches Impacted by
wastewater treatment plants., This would
also provide comparetive data on the Im-
portance of non-point vs. polnt source Im-
pacts In consldering the relative contri-
bution of a discharge to a particuler
situation In the presence of NPS Inputs,

Based on analysis of the first year's data,
the second year of data collection Included
a larger number of streams to further In-
vestigate relationships and answer specific
questions. In order to Isolate and deal
effectively and responsibly with the phos-
phorus question, & number of other concerns
needed to be resolved. These questions In-
cluded the contribution of sediment nutri-
ents to macrophyte nutrition In streams,
the influence of bottom substrate type In
macrophyte colonlzation and growth,
seasonal weather Influences, and physical
changes the primary producers themselves
Impose on the system,

There were no tested approaches (methodolo-
gles) avellable to evaluate the Impacts of
phosphorus on small stream water quallty,
The field studies, then, were also designed
to develop assessment methods that |) lden-
t1fy actual or potential "problem" condi-
tions; 2) estimate the potentlal for Im=-
provement or degredation; 3) by comparison
or modeling methods, recommend actions to
remedy or prevent water quallty deterlora-
tion due to phosphorus discharges; 4) pro-
Ject stream response to phosphorus reduc-
t+lon; and 5) develop the ablliity to predlict
changes 1n weter quallty based on changes
I n phosphorus concentrations.

METHODS

STUDY REACH SELECTION

Study reaches were selected which would
best depict the Impacts of nutrients on

primary producer communities. Criteria
used to select stream reaches were deslgned
to minimlze the effects of physical factors
on the growth of primary producer communli-
tles In small streams., The criteria used
to select the stream reaches were:

- Maximum reach depth 2-3 feet. Shallow
depth would decresse the potentlial for
iight limiting plant growth;

- Mean annual flow less than 60 cfs.
(small stream category);

- Maximum stream top width 60-70 feet
(small stream category);

- Streamn reach should be relatively un-
shaded and free of obstructions;

- Streamn reach length should be a minimum
of 300 feet to a maximum of 2,000 feet
(1981 stream reaches were less than 300
feet).

Based on these criterla and existing water
quality data 19 streem reaches were
selected In southeastern and southern
Wisconsin (see Appendix 1). Seven stream
reaches were intensive monitoring sites in
1981, four of which were expanded and moni-
tored In 1982, Tweive synoptic stream
reaches were selected and monitored in
1982, Sites were chosen which represented
a verlety of In-stream nutrient concen-
trations.

INTENSIVE STUDY REACHES

The major objective of monitoring the In-
tensive study reaches was to evaluate the
environmental factors Impacting primery
producer growth over the growing season.
Water chemistry, macrophytes, periphyton,
diel oxygen regime, substrate +type and
stream flow were monitored st the Intenslive
study reaches.

Water Chemistry

Water chemistry samples were collected
every two weeks from May through December



1981 and May through September 1982, Sam-
pling times corresponded with primery pro-
ductivity or dlel DO surveys. ODuring the
diel surveys, samples were collected Just
prior to dawn, and agsin in late afternoon
at the upstream and downstream |imits of
the reach., In 1982, samnples were collected
only at the downstream |Imit of the reach.

Chemlstry samples were collected one foot
below the water surface where possible,
preserved according to Wisconsin State Lab
of Hygiene (SLoH) and Standard Methods
(APHA, ot al. 1981) guldeitnes, iced and
shipped within 24 hours to SLoH for analy-
sls. Weter chemistry perameters are pre-
sented in Table |.

Table |

Weter Chemistry Analyses

Total Phosphorus (PTOT)

Ortho-phosphate (PO4P)

Total KJeldah| Nitrogen (TKN)

Nitrite—Nltrate Nitrogen (NO,+NOsN)

Ammonia Nitrogen (NHzN)

Turbidlity

Total Alkalinlty*

Hardness*

pH*

Blochemical Oxygen Demand (BODg)

Chemical Oxygen Demand* (COD)

Total Non=-Fi|trable Suspended Sollds

Total Volatlile Non=Fl Itreble
Suspended Sollds

* 981 analyses only,

SedIments

The purpose of sediment Interstitial water
and bulk sediment sampling in (98] and
spring 1982 was to characterize overall
sediment nutrients within an entire reach,
and to determine 1f differences In nutrient
concentrations occurred between arees
colonized and areas that were uncolonlzed
by aquatic macrophytes. Bl-weekly stream
mapping date were used to determine plant
cover and assoclated bottom materials.
Macrophyte and non-macrophyte sampling
sites were chosen based on these occur-

rences. In 1982, surveys were also con-
ducted on two streams that received waste-
water treatment plant effluent. These sur-
veys were designed to determine If nutri-
ents were accumuleting In the sediments and
Interstitial water &t points downstream
from the effluent outfalls.

Interstitial Water Analyses

Interstitial water (IiW) nutrient concentra-
tions within and outside of macrophyte beds
were determlined monthly in 1981 and once In
the spring during 1982, In September 1982,
t+he Bark River and White River were sampled
upstream and &t points downstream of the
treatment plent outfalls. Sand-gravel sub-
strates with visually similar composition
were sampled at each location on these two

rivers.

Samples were collected by vacuum from a
/2" (1.25 an) 1.d., 9" (22,5 om) long
well=point Iin the substrete and flltered
before contact with the atmosphere. Prior
to collecting each sample, the well-point,

suction Illnes, 0.45 um fllter and collec-
tion flask were rinsed with 50-100 mi 10%
HC! and twice with 50-100 ml distilled
water., Semple blanks were collected at
thls time,

The weli-point was Inserted into the sedl-
ment deeply enough to avold collecting the
overlylng stream water, yet within macro-
phyte rooting depth (ca. 6"). Slits for
collection of the pore water were located
In the terminal 2" (5 am) of the
wolil-point, Approximately 25-50 m| were
collected by vacuum and discarded as
rinse. Vacuum was reapplied to collect 50
ml of flitrate for the sample. Samples
were lced and sent to SLoH for dissolved
PO4P (totel dissoived P in 1982), NHsN
and NO,+NOJN determinations.

Bulk Sediment Analyses

Bulk sediment nutrlient concentrations with-
in and outside of macrophyte beds were also
determined at monthly intervals in 198l.
Cores collected In 1981 were from the pre-
dominant substrate In stream +transects,



those from 1982 were collected from organic

sedIment deposits. Simlilar to the Inter-
stitial water sampling, sedilment cores
(composites) were collected up and down-

siream of trestment plant outfalls on the
Bark River and White Rliver In 1982,

To minimlze verlablliity between Individual
col lections, sediment semples were col-
lected from several different ereas and
canposited from 2-4 cores taken from each
transect. Two composite samples were col-
lected, one representing bulk sediment
nutrient content within macrophyte ereas,
the other nutrients from macrophyte-free
areas. In the surveys conducted on the
Bark River and White River In 1982, samples
were composited from 5-10 cores collected
at each site from areas of sllit and orgenic
sediment deposition.

Cores were 3.8 cm (1.5") In dlameter and
from 5-I5 cm (2-6") In length, depending on
substrate type. Grab samples were col-
lected where substrate did not aliow
coring. Individual semples were mixed,
sub-samples lced and sent to SLoH to be
analyzed for TKN and PTOT,

Stream Mapplng

Physical and blological stream character-
Istics were mapped every two weeks along
establ Ished transects In each stream reach.
In 1981, stream reach lengths were selected
between 100-230 feet ond +transects were
ostablished at approximately 20 to 40 foot

Intervals., The reach lengths were expanded
In 1982 to 800-1600 feet with 10-20 tran-
sects establ Ished per reach, One

square-foot observation polnts were mapped
at one to three foot Intervals along each
transect. These methods are a modification
of & I|lne-transect method (e.g. Kullberg
1974, Wong and Clerk 1976, Wright et al.
1981). Depth, velocity, substrate type,
percent macrophyte and/or perlphyton
coverage, and specles abundance were
recorded at each observsation point,

Depth and velocity were measured using &
wading rod and Marsh-McBirneyR Model 201
current meter. Stream dlischarge measure-

ments were calculated from Incremental
depth and velocity measurements (Buchanon
and Samers 1969). In 1982, veloclty date
were collected at one transect for dis-

charge calculations.

Stream bottom type was recorded as percent
of the verious substrate slze classes.
Substrate was classifled by visually esti-
mating perticle sizes using USGS (1978)
guidelines (Table 2). A detritus class was
added for Incompletely decomposed organic
material. Substrate data for each obser-
vation point were summarized by calculating
& Substrate Index (Sl1), Weighting of the
various slze classes was conducted to pro-
vide a continuum of S| values. The Sl was
calculeted from the fol lowing equation:

SI = (S11.T) ¢ 2(NSAND) + 3(AGRAV) + 4(NRUBBLL) + S(NBOULDER)
e

Percent macrophyte coverage, periphyton
coverage and type (f1lamentous or
non-f||amentous) were estimated. Macro-

phyte speclies abundance was given a rating
corresponding to percent coverage (Table 3).

Macrophyte Harvesting

The objectives of the macrophyte harvesting
surveys were to:

- Provide macrophyte blomass estimates at
the time of dliel oxygen surveys;

- Estimate macrophyte blcmass accumulation
throughout the growlng season: and

- Determine maximum stable macrophyte blo-
mass (summer standing crop) and when It
occurred,

Macrophyte blomass samples were collected
monthly, within 7 days following the dlel
surveys, Three to flve sample quadrats
were selected within 10 ft. up or down-
stream of each stream transect using random
numbers tables; the first +two dligits
specified +the distance from the left
streambank, the third the distance up (even
number) or downstream (odd number) from the
transect. Quadrats were not selected with-



in three feet of the transect to avoid sam-
pling areas disturbed by the mapping acti-
vitles.

Table 2

Substrate Slze Classes
(based on USGS 1978 guidellines)

Class Size mm (in.)

Boulder (Large Cobble) 256 ( 10M)

Cobbie (Rubble)

Gravel 2 - 64 (0.1 - 2.5")
Sand 062 - 2 (.003 - .IM)
Silt .004 - ,062
Detrltus —————

Table 3

Macrophyte Specles Abundance Ratlng and
Corresponding Percent Coverage Estimete

Specles
Abundance Rating

80 - 100
60 - 80
40 -~ 60
20 - 40

1 - 20

- N W EsEwWwm

In 1981, » record was kept of all pre-
viously hervested coordinates and samples
were not collected within 2 f+. of a pre-
viously sempled location., After the first
harvests In 1982, transects were moved
siightly upstream or downstream of the
original transects to avold sempling pre-
viously harvested areas. Wright, et al.
(1981) noted, however, that disturbance by
mapping or harvesting did not result In
changes In macrophytes or substrate.

Survey flags were used to locate quadrats
in the stream. Quadrats were dellneated
using a one-square foot Surber sampler with
the random number coordinate at Its cen-
ter, Percent macrophyte cover, species
abundance ratings, water depth and veloclty
over the sampiing polnt were messured
before plant harvesting.

64 - 256 (2.5 - 10™)

Percent Coverage

Macrophytes rooted within the Surber frame
were harvested with roots, and vigorously
washed with stream water. Plents from each
quadrat were sorted Into dominant and other
specles, bagged and transported to the lab
on Ice. Samples were brlefly re-washed
with tapwater in the lab, placed in drled
pre-welghed pezper bags, and drled fo con-
stant welyht (24-48 hrs) et 65°C In a
forced-alr oven to determine sample dry
welght,

Tissue nutrlent anaslyses were conducted on
dried macrophyte semples collected at each
harvesting. Three to elght tissue samples
were prepared, Including one composite sam-
ple for each dominant species and/or three
composite samples. Composite tissue sam-
ples were thoroughly mixed, bagged and sent
to the University of Wisconsin Soil and
Plant Analysis Lab, Madison, for analy-
sls, Plant material was analyzed using
Inductively-coupled plesma spectroscopy for
N, P, K, Ca, Mg, S, Zn, B, Mn, Fe, Cu, Al
and Na.

Periphyton Harvestling

The primary objectives of the periphyton

harvest were to cheracterize community
growth at different nutrient concentra-
tions and compare this with macrophyte

growth characteristics and diel dissolved

oxygen regimes.

Periphyton were collected every two weeks
from glass-slide vamplers (perlphytometers)
and bricks. In 1981, most reaches
contained three perlphytometers and six
bricks. in 1982, 8as the reaches were
lengthened, four periphytometers and elght
bricks were harvested.

Bricks were scored into querters for sample
harvesting and pleced on the stream bottom
at perlphytometer placement sites. Areas
of esch brick quadrant were measured for
use In computing esreal blomass estimetes.
After the flrst harvest In 1981, exposure
perlods for the bricks were effectively
elight weeks. Eech sampling date, one quar-
ter of each brick was scrsped into indivl-
dual vials and Iced for ash-free welght



determinations, Veloclty over each brick
was measured every two weeks, on placement
and sampling dates.

locatlions In
macrophyte

In 1982, bricks were moved to
the stream to ensure minimal
shading. Exposure periods for bricks In
1982 were four weeks. Two brick quadrants
were sampled for tissue nutrient analyses,
and one quadrant each for chlorophyli and
ash-free weight analyses. In the fleld,
chlorophyl|l samples were washed directly
Into 50 ml centrifuge tubes with 90% ace-
tone, packed on dry lce and shipped to SLoH
for analysls. Tissue nutrient and ash-free
wolght samples were washed with distilled
water Into appropriste contalners. Tlssue

nutrient samples were enalyzed using In-
ductively-coupled plasma spectroscopy at
the UW Solls and Plent Analysis Lab,

Maedison. Ash-free weight was determined
according to Standard Methods (APHA, et al.
1981), Water depth and veloclity were
measured at col lection.

Periphytometers were exposed for two-week
perlods, the glass slides suspended 2.5 om
(I1") below the water surface. At the time
of placement end retrieval, velocity over
the sampler was measured and sampler con-
ditlons noted. Slides were removed,
dralned of excess moisture, placed In
fol I-wrapped contalners and frozen, Slilides
were selected for community composition,
chlorophyi!l, ash-free dry weight and nutri-
ent analyses.,

A study comparing glass-siide periphyton
parameters to those occurring on natural

substrates was conducted In 1981, Perl-
phytometers were treated similear to the
routine placements, In addition, natural

substrates (rocks) were sampled by placing
a plastic cylinder over the substrate, and
scraping the periphyton off using a stiff
bristle brush end a razor blade, The col-
lected material was handled In the same
manner as the perlphytometer and brick col-
lectlons for chlorophyl! and ash-free
welght enalyses,

Dlel Studies

The primary objective of the diel studies
was to Investigate relationships between
photosynthesis, respiration and plant blo-
mass. Dlel productivity studies were con-
ducted monthly &t each stream reach before
macrophytes were harvested. Dissolved oxy=
gen (DO) and temperature were measured at
the upper ond lower transects of each
reach. In 1981, measurements were made at
2-3 hour Intervals for 24-27 hrs. 00 and
temperature were contlinuously recorded In

1982. The DO and temperature data were
collected using Yellow Springs Instru-
mentR (ysh) dissolved oxygen meters

(Modeis 56, 57, 58). Meter callbration was
checked agalinst triplicate Winkler +itra-
tlons at 3-6 hour Intervals.

Light Intensity deta were collected using a
Blospherical Instrument'sR Quantum Scalar
Irradlance system, which measures Photo-
synthetically Active Radlation (PAR) In the
400-700 nm range., PAR data were collected
at 2-3 hour Intervals in 1981, end con-
tinvously recorded In 1982,

The light measurements represent In-
stantaneous rates, and were measured in
units of Quanta/sec * om™2, Light
readings were teaken submerged, approxi-
mately 15 cm from the stream bottom and at
the surface (dry reference sensor). [Note:
6 x 0l7 Q/sec + cm=2 = lu
Einsteln/sec * an~2; | Watt/em? = 4.6
uE/cm?; | Kiux = 18 uE/em?).

Water chemistry and suspended sollds sam-
ples were collected twice during the dilel
perlod; Just prior to sunrise and late
afternoon.

SYNOPTIC SURVEY REACHES

The primery objective of conducting the
synoptic surveys was +to evaluate the
reiationship between mean summer |n-stream
nutrient concentrations and maximum stable
summer macrophyte blomess. Twelve synoptic
stream reaches were selected using the same
criteria as were used for the Intensive



monltoring sites, with macrophytes bteing

the domlnant primary producers.

Water chemlistry collections were made at
+wo week Intervals for 6-8 weeks prior to
macrophyte harvesting to cheracterize the
mean summer In-stream nutrlient concen-
trations. The synoptic reaches were sampled
a minimum of three times with some reaches
being sempled & fourth time, Collection
methods and water chemistry paremeters were
the seme as those used at the Intenslve
study reaches In 1982, Samples were not
analyzed for BOD at the Synoptic Sites.

Stream mapping and macrophyte hervests were
conducted using the same methodologles Bas
were used at the Intensive monitoring
sites. Perliphyton harvests and dlel sur-
veys were not conducted at the synoptlic
monitoring sites.

Macrophyte harvests and stresm mapping were
conducted ot the time Judged to be meximum
stable biomass. A number of investigators
(e.g. Gerloff and Krombholz 1966, Calnes
1965, Stake 1968, Ball et al. 1973) have
recommended sample collection later in &
growlng season due to the stabllity of tis-
sue nutrient concentrstions. Prior to the
actual harvest, all slites were visited fre-
quently to Judge the best harvesting time.
The timing of the maximum macrophyte bio-
mass was estimeted from the deta coilected

at the Intensive monitoring sites In 198l
and fleld observations. This time perilod
was found generally to be mid to lete
August, Mecrophyte t+issue sampling and

analysls was Identical to methods used for
the Intensive monitoring sites.

Photosynthesis/Respiration Studles

in 1982, recirculating light and dark cham-
bers, and |ight bottie/derk bottle studies
were conducted at statlons on the Berk R,
to determine In slitu photosynthesis and
respiration rates. Light, DO and tempera-
ture were continuously recorded for the
duration of the experiments (usually 2-3
hours).

- 10 =

The reclireulating plexiglass chambers had &
volume of 80 |llters, and used a pump
capable of recirculating 90 liters/min. In
the fleld, the boxes were placed over &
mecrophyte bed and sealed to the substrate
using bentonite clay. The macrophytes were
hervested at the end of the testing to de-
termine the dry welght biomass. In all
cases, mecrophytes were dried and welghed
In the same manner as the regular harvests.
in

Macrophytes were also placed light and

dark BOD bottles and Incubated on the
stream bottom. Incubation times were
varied from 0.5 to 7.0 hours. As with the

enclosure studlies, |ight was continuously
recorded. Initial and final DO concentra-
tlons In the bottles were determined by
Winkler tltrations. Macrophytes were re-
moved from the bottles and dried at 65-70°C
to constant welght.

Periphyton were flltered from & known
volume of sample after the titration for
dissolved oxygen was completed. The fil-
ters were dried at 100°C for 24 hours, then
ashed at 500°C for 2 hours to provide dry
welight and ash-free weights.

STUDY REACH CHARACTERISTICS

Nineteen siream reaches were selected Yo
provide as wide a range of chemical condi-
tions as possible, Including reaches
recelving wastewater tfrestment plant
(POTW) effluent. To Illustrate the renge
of parameter values represented Iin the data
snalyses, mean values were ranked, from
lowest to highest. Occurrence of a perticu-
ler study resch within the renked hierarchy
was used to describe or group streams with
similar characteristics. This was done for
chemlical and physical psrameters. For many

parameters, dlvisions between groups was
besed on frequency dlistributions, in
others, dlvislons were used which rep-

resented speclfic parameter ranges.

For the purpose of the following rankings,
the 1981 data were treated as separate from
the 1982 data, glving 22 data sets for com-



parison (7 sets In 1981 plus 15 sets In
1982), Data from the reaches represent
mean growing season (June-August) vailues.

REACH CHEMICAL CHARACTERISTICS

Study reaches were ranked according to mean

growing season (June-August) stream totel
phosphorus (TOTP) concentrations, inorganic
nitrogen (NHy + NO, + NOsN) concen-
treations and +the N:P ratio. Although
various I n=stream levels have been
suggested as [|imiting concentrations +to
primery producers, study reaches were

grouped based on their distribution within
the ranked hlerarchy, Chemical character-

Table 4

Istics of the study reaches are presented
in Table 4,

Phosphorus
Study reaches, ranked by mean growing
season |n-stream total phosphorus concen-

trations, were sepearated Into three groups
representing "low" P (<0,05 mg/l TOTP),
"medlum”™ P (0.05-0.20 mg/| TOTP) and "high"
P (0.20-0.50 mg/l TOTP) groups (Table 5).
No streams recelving POTW effluent occurred
In the low P group, which represented 30%
of the study reaches. Flfty-six percent of
the study reaches occurred In the medium P
group, six of which (46§ of this group)

Summary of Stream Reach Chemical Characteristics, 1981-1982

POTW Group* Total P Inor. N Blomass

Reach Impacted 1981 1982 1981 1982 1981 1982 1981 1982
Sugar N 2 | .122 104 1.51  3.24 151.7 134.4
Ashippun-M N 2 2 .39 .095 1.05 1,05 151.7 125.7
Ashippun=N N 2 - 137 —— 1.08 -— 99,0 -—
Ashippun-§ N 2 - . 141 — 1.08 — 151.7 —
Kohlisvitle N 2 - .091 — l.14 ——— -— —
Bark-Wol f N 2 2 .022 ,021 .09 .1 45,2 25,6
Bark-Lurvey Y 2 2 .244 159 1.17 .74 249,.6 289.0
Bark-Masonlc Y - 2 - L1163 -— 72 -— 187.5
SYNOPTIC SITES
Bark-Wah1 N - 3 === ,033 - 1,95 -— 179.3
Mukwonago N - 3 -—- 013 — .03 — 57.8
Mi Iwaukee
- CampbelIsport Y - 3 - 493 — 56 -—— 448.5
- Eest Br, N -— 3 === ,040 — 33 —-— 72.5
Suppernong N - 3 - ,027 —— .83 —— 262,6
Pewaukee yee - 3 --= .140 —_— .48 - 213,8
Cedar N - 3 -== ,050 —— .71 — 161,0
Mt. Vernon N - 3 ---  ,050 -—= 4,28 —— 365.5
Black Earth Y - 3 —— . 107 —— 2,15 —_— 282.1
Fox-Portage Y - 3 -—-= .47 -— 62 -—- 146.9
*GROUP | = Intensive study site with primery producer harvest and mepping but without diel studles.

2 = Intensive study site with primary producer harvest and mapping, including diel studies.

3 = Synoptic survey, harvest and mepping.

*#This slte has received wastewater discharge from the City of Pewaukee up until the end of 1981,




were Impacted by POTWs. [(Thls group could
be further sub-divided Into medium=-low and
medium-high P ranges (0.05-0.12 and 0.12 -
0.20 mg/! TOTP respectively) with ebout 38%
of the group occurring in the lower phos-
phorus group. This group roughly corres-
ponds to most recommended levels of phos-
phorus necessary to control or siow eutro-
phication. All but one of the POTW-Im-
pacted reaches would occur in the medlum-
high range.] Two streams represented the
high P group, both impacted by POTWs,

NI #ogn

The dlistribution of streams along the
nitrogen gradlent determined the group rank

boundaries (Table 5). The groups repre-
sented "low" N (<1.00 mg/l 1norganic
nltrogen), "medlum” N (1.00-1.9 mg/l In-

organic nitrogen) and "high" N (>>2,00 mg/|
Inorganic nitrogen). Almost 50% of the
study reaches occurred In the low N group,
5 of which (458 of the group) were Iimpacted
by a POTW. Approximately 338 of the study
reaches occurred In the medium N range, 2

of which (258 of the group) -were impacted
by POTWs., Four study reaches occurred in
the "high N" range, only one of which

recelved POTW effluent.
N:P Ratlo

Grouping of reaches by N:P ratios followed
somewhat the ranking of streams by nttrogen
gradient (Table 5), those reaches with very
high nitrogen having +the highest N:P
ratios., The N:P ratlos ranged from approxi-
mately | to 86. Based on the ranked dis-
tribution of study reaches, reaches were
grouped at N:P retlios of <5, 5-20, and
>20:1,

Approximately 3983 of the reaches had N:P
ratlos of less than 5:I, the majority of
the group (67%) belng Impacted by POTWs.
Forty=four percent of the reaches occurred
in the middle ranking, two of which recelve
WWTP effluent, oend 17% In the high N:P
range, none of which recelive an effluent.
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REACH PHYSICAL CHARACTERISTICS

Stream physical characteristics may have a

signlficant Impact on plant growth. Sub-
strate composition, water depth and
velocity and other physical characteris-

tics can modlify plent response to nutri-
ents, In addlition to affecting dlel DO
changes. The study reaches represented a
variety of morphometric conditions. Reach

physical characteristics are presented In
Table 6. For comparison, all streams were
ranked by mean reach width, depth,

cross-sectional area, predominant substrate
and current velocity., For the most pert,
grouping of these parameters were deter-
mined by their frequency distributions
rather than established criteria.

The data from 198} reaches are not strictly
comparable to thelr 1982 data. With the
exception of Sugar Cr., all the 198l
reaches vere lengthened In 1982.

Depth

Mean reach depths for all sltes renged from
.15 m (0,50 f+) to .65 m (2,16 ft). Mean
reach depths for those reaches continued
from 1981 were generally higher than 1982
values. Of the 22 deta polnts, approxi-
mately 26§ were In the .15 =.2 m (0.50-0.75
ft) depth range, 6i% Iin the 0.30-0.45 m
(1.0-1.5 ft+) depth range, and 13§ In the
0.5-0.65m (1.65-2.15 ft) depth reange
(Table 6). Of those reaches in the shallow
range, one Is impacted by a POTW, Four of
the middle range (or 28%) and two of the
three In the deep range receive POTW
effluent,

Width and Cross—sectional Area

Mean reach widths ranged from 3 to 20 m
(10 - 67 f+) (Table 6). Approximately
one-half (48%) of the reaches were 8 m (25
ft) or less across. The other half were |5
m (50 ft) or less, with only two reaches
greater than 15 m across. Most of the
POTW=impacted streams were In the 8-I5m
(25-50 ft) range.



Ranklng mean cross-sectional areas sug-
gested almost equal dlvislon between the
nunber of streams 2.3 square meters (25
square feet) or less and the number of
streans 3-8 m2 (35-85 t12) (Table 6),
The range was ,5-8 m2 (5-85 f+2), As
with mean width, most of the POTW-impacted
reaches were in the larger group.

Mean Veloclfz

The majority of streams (83%) were within 8
mean reach veloclty range of 0.08-,20 m/sec
(0.25-0.65 ft/sec) (Table 6). All but one
of the POTW-impacted streams occurred In
this group. The range of velocities was
about .03-.3 m/sec (0,1-0.9 ft/sec).

Substrate

The majority of stream reach substrates
were composed of gravel and sand, The two
extremes, predominantly sllt substrate and
predominantly rubble substrate, were also
represented In the study reaches.

Reaches were ranked by Substrate Index, and
grouped by the S| values presented In Table
7. In this manner, approximately 30% of
the reaches were represented by silt-sand
substrates (Sl = 20-40), 528 In the
sand-grave |-rubble group (Sl = 40-60) and
133 In the rubble-cobble group. Reaches
recelving POTW effluent were present In
each group. The majority, however,
occurred In the sand-gravel-rubble group,
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Table 5

Breakdown of Stream Reaches By

Phosphorus and Nitrogen Characteristics

LOW P , LOW N

Bark=Wolf -~ 81
Bark Wolf - 82
Mukwonago R.
Cedar Cr,

Ml Iwaukee R.-East Br.

Scuppernong R.

LOW P, HIGH N
Bark-Wah |schlaeger
Mount Vernon Cr,

MID P , LOW N

Bark Lurvey - 82
Bark Masonic

Fox at Portage
Pewaukee R,

MID P, MID N
Ashlppun Main - 8l
Ashippun Maln - 82
Ashippun North
Ashlppun South
Sugar Cr. - 81
Kohisville R,

MID P , HIGH N

Black Earth Cr,
Suger Cr, - 82

HIGH P , LOW N

Ml Iwaukee Campbe |l |sport

HIGH P_, MID N

Bark Lurvey - 8i

(low

(mid

(high

(high

(low
(high

(low

(low

N:P)

N:P)

N:P)

N:P)

N:P)

N:P)
N:P)

N:P)

N:P)



Table 6

Summary of Stream Reaseh Physical Characteristics, 1981-1982

Length (m) Width (m) Depth (m) Velocity (m/sec) Si*
Re ach 1981 1982° 1981 1982. 1981 1982.. 1981 1982 1981 1982
Sugar 60 60 7 7 .22 35 .18 .24 53.6 52.2
Ashippun-M 40 23% 5 6 <34 3% .12 .27 34.0 37.0
Ashippun=N 26 - 4 - .19 —— .16 — 48,2 -——
Ashippun=$- 32 - 3 - .18 — .19 — 45,0 —
Kohisville 56 - 2 - .19 — .18 — 67.2 ——
Bark=-¥ol f 68 303 9 1 .29 .49 15 .16 44.4 46.8
Bark=-Lurvey 67 480 12 12 «36 .65 .12 o 45,2 50.0
Bark-Masonlc - 242 - 13 — 45 -— .14 — 47.4
SYNOPTIC SITES
Bark-wahli - 74 - 9 — «36 - .14 — 37.0
Mukwonago - 300 - 16 — 39 -— .22 —— 43.0
Mi Iwvaukee
- Campbelispart -— 211 - 9 — 34 — .08 — 84,2
- Eest Br., - 1} - 12 — 32 — .08 — 30.4
Suppernong - 9l - 5 —— «32 — .12 — 36.4
Pewaukee - 91 - 6 — 15 —— .04 — 54,4
Cedar - 86" -— 5 ——— .16 - .20 — 64,2
Mt. Vernon - 120 - 6 —_— 35 -— .16 —— 37.0
Black Earth - 112 - i - .43 —- .19 -— 24,6
Fox-Portage - 136 - 17 — .44 ——— .09 — 37.4
*Method ot calculation I text.
Table 7
Substrate Index Substrate Type and Value Ranges

Substrate Class S| Range

St 20 - 29

Samd=Si |+ 30 - 39

Sand=Gr avet 40 - 49

Rubbie 50 - 69

Bou ider 90 - 100
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STREAM PRIMARY PRODUCERS

MACROPHYTES
introduction

The primary obJective of the macrophyte
surveys was to determine If a significant
relationship exists between In-stream nu-
+rient concentrations and late summer bilo-
mass (summer standing crop). Although
several authors have suggested minimum nu-

trient concentrations which will stimulate
meximum macrophyte growth (e.g. Gerloff
1969; Mulligan and Baranowski 1969;

Pitcairns and Hawks 1973) little has been
done to develop a usable predictive re-
lationshlp defining growth using I|n-stream
nutrient concentrations. These relation-
ships have been quantifled for lake phyto-
plankton (Jones and Bachmann 1976; DIillon
and Rigler 1974; Hoyer and Jones 1983), but
not for macrophytes.

The Interim Technlical Report of the Phos-
phorus Assessment Study (Mace, et al. 1982)
reported that a significent relatlonship
did exlst between late summer blomass and
mean summer phosphorus concentrations et
seven study reaches In four southeastern
Wisconsin streams. The 1981 sampllings,
however, Involved too few data points to
develop a substantiated predictive model.
Sampiing In 1982 Inciuded the 1981 sltes
and 11 additional stream reaches repre-
senting a wider range of In-stream nutrlent
concentrations.

Results and Discussion

While correlation coefflclents are Indica-
tors of relationships, they are not neces-
sarlly Indlcators of cause and effect re-
|latlonships. least squares regression
equations were calculated for palred para-
meters having significant correlation co~
efflclients.

The strength of the regression models was
assessed using R-square values, mean reslid-
ual error and confidence I|imits (p=.05)
expressed as percent of +the predicted
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values. R-square Is the proportion of the
total vartance In the dependent variable
that may be attributed to the regression on
the Iindependent varlieble. Mean residual
error |s the absolute difference between
the observed and predicted values as a per-
centage of the predicted values. The con-
fldence Intervais (p=.05) for the predicted
values are glven as the dlfference between
the predicted value and the confldence
limit (p=.05) value expressed as & per-
centage of the predicted value.

These perameters describe how well a re-
gression model flits a particular data set.
These parameters do not test a model to
determine how well it will work as a man-
agement tool. An Independent data set Is
used to test empirical models and verlfy
thelr predictive capablilities.

Stream Type Determination

The stream reach mapping data suggested
that two baslc types of stream reaches were
surveyed., Criterla related to macrophyte
distribution and dominant substrate type
were used to classify the stream reaches as
Type | or Type Il. Stream reaches were
classifled as Type | 1f macrophyte popu-
latlons were relatively homogenousiy dis-
tributed and secondarily if the reach had
substrate dominated by sand, gravel or rub-
ble. Stream reaches were classifled as
Type |l 1f macrophyte distribution was
patchy and secondarily was limited to ereas
of siit and silt deposition. Based on
these criteria, Type | streams Included
all stream reaches except Mount Vernon
Creek, Black Earth Creek and Scuppernong
River which were classified as Type |l.

The mapping data were evaluated using fre-
quency analysis to assess edephic Impacts
on macrophyte occurrence, The frequency
analysis compared the domlnant bottom sub-
strate of each stream reach Type (I or |1)
and the substrate slze over which macro-
phytes were growing. Larger slze substrate

classes (S1>40) were dominant In Type |
strean reaches. Smaller size substrate
classes (S1<40) were dominant In Type |1

stream reaches (Table 8).



Table 8

Summary of Stream Reach Mapping Data

lPercent Percent 2Percen'r Percent
Stream Reach Number of Occurrence Occurrence Substrate Substrate
Type Reaches On SP>40 On SI<40 SI1>40 5S40
| 16 77 23 73 27
] 3 28 72 31 69

Iyalues calculated from observation points where macrophytes occurred.
2yajues calculated from all observation polints.

Macrophytes occurred at approximately the
same percentage of sample points (81%-83%)
In both Type | and Type || stream reaches
(Figure 1). The Iimportant difference be-
tween the stream Types, however, was that
In Type | streem reaches macrophytes occur-
red on sand, gravel and l|arger substrates
(SI>40) and In Type || stream reaches
macrophytes were found to occur on silt
dominated substrates (S1< 40).

All stream reaches were selected using
Identical criteria, designed to standardize
or minimize the physical Impacts exerted on
macrophyte growth. By limiting the physi-
cal Impacts on macrophyte growth the amount
of avallable nutrients would be the domi-
nant factor controlling macrophyte growth.

The data presented in Figure 2 Indicate
that both Type | and Type || streams are
capable of producing a high macrophyte blo-
mass but that Type || streams can produce
high macrophyte blomass at relatively low
| stream phosphorus concentrations.

I+ has been established that macrophytes
can absorb nutrients from elther the ambi-
ent water or from the sediment through
roots (Carignan and Kalff 1980; McRoy and
Barsdate 1970; McRoy, et al. 1972; Waisel
and Shapira 1971).

relationship
(1982) which

was
Indi=-

A predictive empirical
deve loped by Carignan
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Flgure |

Frequency of occurrence of macrophytes on

substrate sizes In Type | and Type ||

Stream Reaches

Type 1t

Type |

70 +

0 +

40 +

PERCENT OCCURRENCE

30 +

20 +

10

iy

SI > 40 SI < 40 81> 40

$1 < 40

SUBSTRATE

cates the probable source of macrophyte
nutrients. Carignan's (1982) model esti-
mates the percentage of plant tissue phos-
phorus taken up by the roots. This model
suggests that macrophytes obtain the nutri-
ents they require from the most plentiful
and readlily avallable source.



Flgure 2

Plot of late summer macrophyte stable blomass (gm/mz) agalnst the mean summer phosphate-

hosphorus conentration (PO, In mg/l).

Open circles are Type | stream data points and boxes

are Type || stream data polnts
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Vaux (1962, 1968) studled the Interchange Stream channels, especlalily those wlith
of Intragravel (interstitlial) water with larger bottom substrate slzes, usually con-
the overlying water in streams, He found tain alternating channel slopes due to geo-
this Interchange |s effected by stream bed morphlc factors, Irregular substrate slze

permeabl ity (substrate size), the depth of

the materlal, the configuration of the
stream bed surface and chennel slope.
I1f +the permeablliity changes (e.g. de~

creases) down—welling of surface water will

occur lmmedliately downstream of a low-per-
meablillty area. This occurs on small
(polnt measurements) as well as larger

scales. Examples of locallzed exchange
were |llustreted by the Interchange re-
sulting from placement of rocks on the
streambed (Vaux 1968).
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and distribution, shifting of substirates
and animal activities. Thls would result
In repld end extensive exchange of Intra-
gravel and overlying surface water through-
out a strean reach In larger substrate
areas. The |larger substrates In Type |
streams would then permlt Intragravel flow
as well as rapld Interchange between over-
lylng and interstitial weaters.

Based on the premlise that macrophyte growth
Is a function of nutrient avallablility, It
appears, then, that In those streams clas-



sifled as Type |, mecrophytes ere essen-
tially offered overlylng stream water as
the primery nutrlent source, elther through
shoot absorption or due to Intimate root
contact with percolating overlying water.
These data also suggest that macrophytes in
Type || reeches are utlilizing an alternate
outrient source. |t seems probable then,
that sediments can fulfil! a significant
portion of macrophyte phosphorus nutrition
in these streams which produce a large blo~
mass at low In-stream phosphete phosphorus
concentratlions.

Evaluation of the stream reach mazpping data
and the pore water/smblent wster relatlion-
ship Indiceted thet two distinct Types of
streams were surveyed. Type | stream
reaches were found to have substrate domi-
nated by lerger particle slzes (S| >40),
macrophytes were relatively homogenously
distributed and the ambient water Is the
probable primery nutrient source beling
utilized by the macrophytes. Type 11
stream reasches had small size domlnated
substrate (S1<40), mecrophyte occurrence
was often limlited to zones of silit or silt
deposition and the sediments are the prob-
able primary nutrient source.

Sediment Nutrients

The 1981 sediment data were analyzed to
determine If signiflcant relatlonships
existed between sediment nutrients and
strean macrophyte blomass. Multiple cor-
relation analyses Including pore wster and
bulk sediment phosphorus and nltrogen con—
centrations, macrophyte bliomass, macrophyte
percent coverage, macrophyte tlissue nitro-
gen and phasphorus, ond macrophyte t1ssue
nitrogen to phosphorus ratio were conducted.

The only sediment parameters to correlate
significantly with macrophyte biomass
meoasurements were Interstitial phosphorus
In non-mecrophyte areas with macrophyte
blomass per square meter (r = ,638, p =
.002) and mean reach percent coverage (r =
.836, p = ,0001), |In-stream PO4P concen-
trations also correlested with macrophyte
area and non-macrophyte area Iinterstitlial
phosphorus concentrations (r = ,798, p =

.0001; and r = ,859, p = ,000l respective-

ly). Reviewing the discussion of sediment
Interstitiel water and overlying water ex-
change (Vaux 1962, 1968) it Is probable

that this relationship Is responsible for

the correlation between In-stream phos-
phorus and Interstitial water phosphorus
concentrations,

in general, sediment nitrogen did not cor-
relate well with elther In-stream nitrogen
or plant blomass pearameters., Exceptions
were the correlations between stream in-
organlc nitrogen with macrophyte and
non-macrophyte area Interstitial
NO,-NO3N concentrations (r = ,959, p =
,000l; and r = 675, p = .0009 respective-
ly). The relationship between stream water
and interstitial water nutrlents again is a
probable cause for these correlations.

Sediment nutrient deta were also evaluated
to determine If there were signiflicant dif-
ferences between sediment nutrlent concen-
tretions in macrophyte-populeted areas and
non-macrophyte areas. The purpose of thls
analysis was to determine If macrophytes
were colonlzing areas that had higher con-
centrations of sediment phosphorus and
nitrogen or |f the macrophytes had an ob-
vious Impact on pore water nutrient concen-
tretions. If macrophytes were found o
colontze areas of higher nutrlent concen-
trations, this would have provided sup-
portive evidence that the sediments may
have been the dom}nant macrophyte
nutritlonal source.

Growing season (June-September) mean sedl-
ment nitrogen and phosphorus concentrations
were computed for each reach from monthly
samples collected In and out of macrophyte
ereas In 198l. Mean sediment phosphorus
and nitrogen concentrations within macro-
phyte (MSEDP and MSEDN) and out of macro-
phyte areas (NSEDP and NSEDN) were compared
using a t-test (significance level .05).
T-test values, sediment nltrogen and phos=-
phorus concentrations in and out of macro-
phytes are gliven In Table 9, No signifi-
cant differences In nutrient concentrations
within and outside of macrophyte beds
within each streamn were Indicated by the
enalyses.



Mean sediment Interstitlal water (IW)
nutrient concentrations within and outslde
of mecrophyte beds are glven In Table 10,
Correlations between interstitial weter and
bulk sediment parameters also showed no
clear relationships between these two sedl-
ment measurements.

The results of <the sediment nutrient
analysls provided no clear relationshlps
between bulk sediment nutrlents and stream
macrophytes, This suggests that In the
reaches studied macrophyte nutritional
needs are satisfied elther directiy through

Macrophyte Blomass and in-stream Nutrients

Based on the concepts of agricuiture and
horticulture, that plant growth is propor-
tional to the amount of nutrients avallable
for growth, It would be expected +that
macrophyte growth could be modeled most
accurately for stream reaches where the
primery nutrient source has been quanti-
fled. That is, the relationshlp between
macrophyte blomass and avallable nutrients
can be deflned best for Type | streams
where the amount of available nutrients has
been quantifled (l.e. eamblent water), and

shoot absorption or Indlrectly through not In Type || streams where the primary
water percolating through the substrate and nutrient source was not quantifled (l.e.
Into the root system. sediments).
Table 9
Bulk Sediment Nutrient Concentrations. All Concentrations are
Annual Means, Expressed In mgAg SedIment Dry Welght

Stream *MSEDP *NSEDP 1P(0,5) *MSEDN *NSEDN N(0.5)
Ashippun-Malnstem 565 487 0.58 3725 2225 1.63

Ashippun=North Branch 507 325 1.44 2825 1127 1.31

Ashippun-South Branch 452 332 lo 4 2200 1330 141

Bark-Lurvey 110 133 =0.71 356 246 0.72

Bark-vol f 185 157 0.64 1280 925 0.51

Sugar 572 374 1.17 2610 1556 0.89

* MSEDP and MSEDN represent phosphorus and nltrogen concentratlions within macrophyte areas.
NSEDP and NSEDN represent phosphorus and nltrogen concentrations outslide of macrophyte areas.

Table 10

Sediment Interstitial Water Nutrient Concentrations.

Al} Concentrations ere Expressed in mg/|

Stream MIWP N IWP MNH3 NNH3 MNO3 NNO3
Ashippun-Malnstem .003 .019 .500 .250 530 .760
Ashippun=-North Branch .049 024 «220 ,090 .760 .900
Ashippun-South Branch .012 . 180 <107 .065 .850 1.040
Bark-Lurvey .950 «250 075 075 . 380 1.020
Bark-Wol f 368 .027 017 017 .013 .660
Suger .026 .032 176 176 1.410 1.210
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A preliminary correletion eanalysis In-
cluding all streams (data in Tables || and
12) Indicated that significant relation
ships exlsted between late summer macro-
phyte blomass and mean summer (June-August)
In-stream nutrient concentrations. Total
phosphorus (TOTP) and phosphate-phosphorus
(PO4P) concentrations had correletion co-
efficlents of .642 (p=.003) and .686
(p=.001), respectively, with
blomass (SQMBIO). The natural log of
SQMBIO correlated significently with the
natural logs of TOTP (r=.633, p=.004) and
PO4P (r=,783, p=.0001). Total kjeldahl
nlitrogen (TKN) and Inorganic—nitrogen
(INORN) were Insigniflicantly correlated
with SQMBIO, (r=.219, p=.367 and r=,403,
p=.088, respectively). The logarithmic
transformation of INORN and SQMBIO, how-
ever, did correlate signiticantly (r=,689,
p=.001),

The macrophyte blomass/In-stream nutrient
concentretion relationshlp Improved when
only the Type | streams were included In
the correlation analysis. This analysis
was conducted under the premise that If the
two Types of streams (Type | and Type 1)
exist, the relationships between plant blo-
mass and In-stream nutrlents will Improve
when the streams were categorized. This
analysis Is also used as supportive evi-
dence for classlfying the streams as Type |
or Type |l. With Type |l stream reaches
deleted (Mount Vernon Creek, Black Earth
Creek and Scuppernong River), the correle-
t+lon between SQMBIO, TOTP and PO4P In-
creased to .889 (p=,0001) end .90}
(p=.0001), respectively. The. highest cor-
relation was found betwsen the logarithmic
t+ransformations of SQMBIO and PO4P (r=,907,
p=.0001), Although the correiation between
SQMBIO and total kjeldahl niltrogen improved
(r=,624, p=.01), the relationship between
SQMBIO and INORN did not.

The correlation analysis Indicated thet
significant relationships exlIsted between
In-stream phosphorus concentrations and
late summer blomass In Type | sireams,
Predictive equations were developed from
these relationships, by regressing TOTP,
PO4P and thelir logerithmic transformations
against macrophyte blomass. The most

macrophyte-
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statistically significant least squares
regresslon model (R-square=.823) was de-
veloped by regressing the nztural log of

the maximum summer biomass on the naturail
log of the mean summer PO4P concentration
(Figure 3). The equation describing this
relationship Is:

Model |
SQMBIO = 546.8 (P04P) 413
where: SQMBIO = Late summer blomass (grams
per square meter)
PO4P = Mean summer (June-August)

phosphate-phosphorus
(miliigrams per |lter)

The equation was developed from the data In
Tables |l and 12 with a PO4P concentration
range- of .002 to .430 milligrams per |lter
and macrophyte blomass from 25.6 to 448.5
grams per square meter. The mean residual
error for this regression Is 24.7 percent
and ranged from 1.8 to 87.0 percent of the
predicted values. The ninety-tive percent
confidence |imits for the predicted values
ranged from 53 to |14 percent of the pre-
dicted values. Thls equation appears to be
a good predictive tool for the assessment
of macrophyte communities in stream reaches
where macrophytes derive phosphorus from
the water.

Macrophyte Tissue And In-Stream Nutrients

It has been shown that macrophyte growth Is
dependent upon +issue phosphorus concentra-
t+ions (Gerioff and Krombholtz 1966; Wilson
1972). 1t the relatlonship between macro=
phyte tissue nutrients and In-stream nutri-
ent concentrations can be quantified, It
will provide supportive evidence that
macrophyte growth may be IImited by con-
troliing in-stream nutrient concentre-
tions, This relationship would only be
quantiflable for streams where the amount

and source of avallable nutrients (l.e.
Type | streams) has been determined.
Macrophyte tissue phosphorus (PHOS) and

(N} concentrastions were highly
with In-stream phosphorus and

nltrogen
corre | ated



Flgure 3

Regression |ine of late summer blomass (gm/mz) on mean summer phosphate-phosphorus
concentration (P04 In mg/1) for Type | streams

600
Model | 4
5004 SQMBIO = 546.8 PO4P
R2= 823
N=16

Macrophyte Biomass (gm/mz)
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nitrogen concentrations In Type | sireams. the natural log of the mean summer phos-

The highest correlations occurred between
the logerithmic transformations of tissue
phosphorus and PO4P (r=,959, p=,0001) and
TOTP (r=.930, p=.0001)., The correlation of
the natural logarithmic transformations of
tissue~nltrogen with Inorganic nitrogen was
.826 (p=.0001) end tissue nitrogen wlith
total kjeldahl nltrogen was .397 (p=.17).

The relatlionships between macrophyte tissue
nutrients and In-stream nutrients led to
the development of a predictlve equation.
This mode!l resulted from the least squares
regression of the natural log of the macro-
phyte tissue phosphorus concentration on

-2 =

phate-phosphorus concentration In Type |
stream reaches (Tables |l and 12), The
equation describing the relationship Is:

Model |1I
PHOS = 9.469 (PO4P)-310
PHOS = Mecrophyte tissue phosphorus

concentration (grams per
kilogramn)

where:

PO4P = instream phosphate-phosphorus
concentration (mililgrans per
liter)



Table 11

Mean Summer (June-August) Water Chemistry Parameter Valuea.
Given for Bach Parameter are the Mean Value (Mean), Standard Deviation (Std. Dev.), and Number of Samples (N).

Concentrations are Presented in Milligrams per Liter.

Stream Total Phosphate Total Kjeldahl Inorganic
Streanm Year Type Phosphorus mg/1 Phosphorus mg/1 Nitrogen mg/l Nitrogen mg/l

Mean Std.Dev. N Mean Std.Dev. N Mean Std.Dev. N Mean Std.Dev. N
Ashippun River 82 1 095 .026 7 T3z .o11 7 Too 2t 7 Tos —.728 7
Bark River-Lurvey 82 I .159 .053 ? .125 .055 7 .79 .02 7 .74 .27 7
Bark River-Masonic 82 1 .163 .061 5 .128 .064 5 .78 .11 5 .72 .34 5
Bark R.-Wallschlaeger 82 I .033 .012 3 .016 .006 3 .60 .20 J 1.95 .26 3
Bark River-Wolf 82 1 .021 .004 7 .003 .002 3 760 .10 k) .11 .05 3
Cedar Creek 82 I .050 .017 3 029 .012 2 .50 .10 3 7N .11 3
Fox River-Portage 82 I 147 025 3 .078 .018 3 1.10 .17 3 .62 .21 3
Milv. R.-Campbellsport 82 I .493 .186 3 430 .174 3 1.67 .31 3 .56 .24 3
Milv. R.-East Braach 82 1 .040 .020 3 .015 .007 3 .80 .20 3 .33 .07 3
Mukwonago River 82 1 .013 .006 .002 .000 3 .57 .06 3 .03 .01 3
Pewaukee River 82 I .140 .069 4 .074 .048 4 1.05 .30 4 .48 .19 4
Sugar Creek 82 1 .106 ,026 7 .041 .021 7 81 .26 ? 3.24 .80 7
As. hippun River 81 1 .139 .085 21 .050 .031 21 1.15 .3 .2 1.07 .28 21
Bark River-Lurvey 81 1 .244 .051 7 .24 .051 7 .83 .1 7 1.18 .38 7
Bark River-Wolf 81 1 .022 .004 7 .002 .000 7 69 .14 7 .09 .04 7
Sugar Creek 81 I 122 .024 6 .043 .008 6 .78 .09 6 1.51 .13 6
Black Earth Creek 82 II .107 .025 3 ,052 .011 k) 43 .15 3 2.15 .12 3
Mount Vernmon Creek 82 11 .050 .010 3 .037 .008 3 .20 .00 3 §.28 .12 3
Scuppernong River 82 I1 027 .012 3 .009 .004 3 .83 .45 k} .83 .05 3
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Table 12

Summer Macrophyte Biomass (Grams Per Square Meter) and Macrophyte Tissue Nutrient Concentrations (Grams per Kilogram).
Given are the Mean Value (Mean) , Standard Deviation (Std. Dev.), and Number of Samples (N).

Stream Maxioum Biomass Tissue Phosphorus Tiassue Nitrogen
Strean Year Type go/m2 gm/Kg gun/Kg
Mean Std.Dev. N Mean Std.Dev. N Mean Std.Dev. N

Ashippun River 82 1 125.7 147.7 &4 3.37 .18 5 29.22 2.69 5
Bark River-Lurvey 82 I 289.0 240.9 67 4.83 .45 ? 31.66 3.06
Bark River-Masonic 82 I 187.5 108.3 36 4.63 .87 5 32.08 1.66
Bark River-Wallschlaeger 82 I 179.3 212.3 36 2.75 .41 5 27.58 2.713
Bark River-Wolf 82 I 25.6 41.7 &4 1.42 .20 3 21.37 3.01
Cedar Creek 82 1 161.0 85.3 44 2.40 .22 4 24.57 2.77
Fox River-Portage 82 I 146.9 121.0 50 4.47 .41 6 26.88 1.65
Milvaukee River-Campbellsport 82 I 448.5 508.9 50 6.68 .25 3 30.93 2.03
Milvaukee River-East Branch 82 I 72.5 60.0 48 3.73 .92 5 26.12 2.79
Mukwonago River 82 I 57.8 58.3 35 1.13 .52 3 15.67 3.93
Pevaukee River 82 I 213.8 317.2 40 4.01 .31 4 23.80 1.78
Sugar Creek 82 I 134.4 130.6 24 4.10 .70 3 29.83 .97
Ashippun River 8L 1 98.9 4.5 26 3.81 .41 6 28.47 2.48
Bark River-Lurvey 81 I 249.8 253.1 34 5.41 .96 ? 27.03 1.85
Bark River-Wolf 81 I 45.9 86.5 30 1.38 .25 4 20.05 3.06
Sugar Creek 81 I 151.4 132.4 24 3.60 .24 4 25.92 1.03
Black Earth Creek 82 II 282.1 334.5 46 5.81 .96 6 26.17 2.75
Mount Vernon Creek 82 I1 365.5 503.8 44 5.48 .33 4 34.12 .64
Scuppernong River 82 II 262.6 252.8 48 2.44 .58 5 22.14 .58



This equation (Figure 4) has an R-square
value of .92| and a mesn residual errer of
9.5 percent of the predicted value. The
ninety-five percent confidence Intervals
for the predicted values range from 30 to
43 percent of the predicted.values.

Model |1 Indicates that macrophyte tIssue

phosphorus Is a function of the [n-stream-

phosphate-phosphorus concentretion in Type
| streans. Based on the concept that macro-

Figure 4

Regression line of the ma ‘e tissue

phyte grewth I|s dependent upon macrophyte
tissue nutrient concentrations, this model
provides supportive evidence that in Type |
streams macrophyte growth Is a function of
In-strean phosphate-phosphorus concentra-
tlons.

Macrophyte Blomass and Tissue Nutrients

Establishing an empirical relationship be-
tween late summer macrophyte bliomass and

horus concentration (gm/kg) on the mean summer

Ehosgha‘l‘e:ghosetnrus concentration (P04 in mg/|) for Type | streams
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macrophyte tissue nutrient concentrations
could provide a methodology to estimate
macrophyte blomass Independent of nutrient
source. This type of model would be of
significant wutlilty In streams where It
would be difficult to determine the sources
and amounts of nutrients avallable for mac-
rophyte growth,

Macrophyte tissue phosphorus and +tissue
nitrogen correlsted significantly with mac-
rophyte blomass, The correlation analysls
evaluating the relationships between macro-
phyte tissue phosphorus, macrophyte tissue

nitrogen, and plant biomass Included the
date from all streams surveyed (Table {2).
The correletion coefficlents ere .798
(p=.0001) end .634 (p=.004) for the log-

arithmic transformations of SQMBIO:PHOS and
SQMBIO:N relationships, respectively.

Based on these correlations, an equation
was developed to describe the relationship
between macrophyte tlIssue phosphorus con=-
centration at late summer bliomess and sum-
mer maximum blomass. All the data points
in Table 12 were included in this least
squares regression analysis, The equeation
describing thls relatlionship Is (Figure 5):

Model 11}
SQMBIO = 36.06 (PHOS)!- 16!
where: SQMBIO = Late summer macrophyte
blomass (grams per square
meter)
PHOS = Macrophyte tIssue

phosphorus concentration
(grams per kilogram dry
welight)

The R-squere for the model Is .637 and the
mean residual error Is 36.4 percent of the
predicted values. The mean nlinety-five
percent intervals for the predicted values
were 63,7 to 175.9 percent of the predicted
values. Thls model has the widest con~
fldence limits of the three equations de-
veloped by these analyses. A probable
cause for the wide confidence limits for
this model may be that macrophyte tlissue
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phosphorus concentrations rapidly decrease
in senescing macrophytes. |t has been de-
termined that from 20 to 50 percent of the
tissue phosphorus can be repldiy lost from
decaying macrophytes, and 65 to 85 percent
may be lost over longer perlods (Nichols
and Keeney 1973; Solskl 1962, In Wetzel).
It was noted in sampling that & few of the
macrophyte populations were in the process
of senescence st the time of harvest. This
model may have Improved substantielly If
all harvesting had been conducted before
any macrophyte populations began to
deterlorate.

A number of Investigators (e.g. Gerloff
1975, Gerloff & Krombholz 1966) have
suggested tissue nutrient concentrations at
which a particular nutrient becomes |imit-
Ing to growth. Gerloff (1975) has sug-
gested approximately .1% tissue phosphorus
as |Imiting. Schmidt and Adams (1981) have
reported P limitetion at about .3%8. The
tissue nutrient concentrations reported
here are somewhat sbove the .1 level, even
though significent reletionships are de-
scribed between water P, ftissue P, and
plant blomass. This may be due to dlf-
ferences in the tlissue nutrients of dif-
ferent parts of +the plant, Gerloff's
(1975) values sre taken from apical meri-
stem tissue whereas this study used whole
plants (including roots) for analysis.

Model Selectlion

The primery objective of t+his portion of
the study was to develop an empirical
relationship predicting mecrophyte blomass
(summer standing crop) In smell streams.
This objective was accomplished with the
development of Models | end lIl, The dif-
ferent varisbles used to derive these
models meke thelr applicablliity dependent
upon stream Type (Type | or Type 11),
Model | was developed from the relationshlp
between In-siream phosphate-phosphorus and
lete summer blomass. Model |11 Is derlived
from the relatlonship between macrophyte
tissue phosphorus and plant biomass, and Is
independent of nutrlent source (i.e. water
or sediment). Model | should be used when-
ever It Is applicable as it Is a much more



Figure 5

Regression Iine of sumfer macrophyte blomass (gm/mz) on the macrophyte tlssue phosphorus

concentration (gm/kg) for Type | and Type || streams
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accurate model than Is Model Ill., It Is Indicate +the most probable macrophyte
obvious that Model | will most accurately nutrient source. Macrophyte populations

predict macrophyte growth In Type | streams
(Figure 3) and Model 1Il (Figure 5) Is the
best aval lable method to evaluate blomass
In Type Il streams,

For Model | or Modeil |11 to become accepted
sfream management tools, a methodology must
be developed which determines the primary
nuirient source for stream macrophytes.
The best methodology for determining pri-
mary onutrient source would be to use the
mode| developed by Cerignan (1982), This
method though has not been evaluated for
streams and would require verlficestion be-
fore I+ could be widely used.

Fleld observations describing the distri-
bution of macrophytes could also be used to
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with a relatively homogeneous distribution
Iin a stream reach having a high percentage
of large size bottom substrates (S1>40) are
belleved to be Indicative of Type |
streams, Streams having macrophyte popu-
lations limited to zones of siit deposition
ere characteristic of Type || streams.

Tissue analysis Is based on the assumption
that nutrient concentrations In an organism
are representative of the amount of nutri-
ents avallable to the organism for growth,
The theory of tissue analysis has been dis-
cussed by soveral authors (Lundegardh 1951;

Ulrich 1952; Bould, et al. 1960; Smith
1962; Chapmen 1966). Based on these as-
sumptions, the resuilts of thls study may

provide a sultable alternative method for



determining the primary macrophyte nutrient
source. Model |1 indicates that macrophyte
tissue phosphorus concentration (PHOS) Is
dependent upon the In-stream mean summer
phosphate-phosphorus concentration (PO4P)
Iin Type | streams, This relationship
suggests that Model |l may be wused to
Identify the conditions where the amblient
water Is +the primary nutrient source.
Figure 6 Indicates that In Type |l streanms,
macrophytes can have high tissue phosphorus

at low stream PO4P, which suggests they are
obtaining tissue phosphorus from the sedl-
ments. |f macrophytes are using amblent
water as a primary nutrient source they
should belong to the relationship described
by Model |Ii, Stream data points lying near
or outside of the average upper confidence
limits of Model |l would be a strong indl-
cation that these streams do not belong to
this relationship and the ambient water Is
not the major source of tissue phosphorus.

Flgure 6

Regression line of Model |l Including the estimated upper ninety-flve percent conflidence limit.

Open circles are Type | stream dats points and boxes sre Type i 1-stream data polnts
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The above methodology can be used to 8eter-
mine If Mode! | or Model Ill would be the
best management tool to predict late summer
macrophyte blomass for a gliven stream
reach, If the date for a glven stream
reach, when plotted on Flgure 6, fall with-
in the upper confldence Interval estab-
lished for Model || and macrophyte dlistri-
butlon and substrate type ere characteris-
tic of Type | streams, then it would be
strong evidence that Model | would be the
best mode| avallable to predict macrophyte
blomass. |f the conditions for Model | are
not met, then Model |i! should be used to
predict mecrophyte blomass, as 1t was de-
veloped under the premise that biomass Is
predictable Independent of nutrient source
(i.e. water or sediment). The confidence
Intervals for Model l1l, however, are much
wider than those for Model | and the pre-
dicted values from this model would have 8
lesser degree of accuracy assoclated with
them.

Summary and Concluslions

Empirical reletionships were developed that
describe the responses of macrophyte com-
munities to a range of In-stream phosphorus
concentrations. The primary purpose for
quantifylng these relationships was to de-
velop a predictive tool to estimate late
summer macrophyte blomass In selected
stream reaches.

1+ was evident from the data analyslis that
macrophyte growth couid not be predicted
from in-stream nutrlent concentrations for
all stream reaches that were surveyed.
Streams were classifled by substrate type,
macrophyte dlistribution and apparent macro-
phyte nutrient source. Type 1 stream
reaches are character|zed by having
sand~grave l-rubble bottom substrate, shal-
low depth, and relatively homogenous macro-
phyte distribution. Macrophytes in Type |
streams are belleved to be utillizing the
amblient wster &8s thelr primary nutrient
source. Type Il stream reaches had
sl It=-sand substrate, shallow depth and mac-
rophyte occurrence was limited to zones of
st deposition. Bottom sedIments are
beileved to be the primary nutrient source
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In Type |l sireams. All streams recelved
iittle or no shade.

The results of the 1981 sediment surveys
suggest that Interstitial water nutrients

are closely related to the nutrient concen-
trations In the overlying water, This
relationship has been demonstrated by Vaux
(1962) for streams with large substrates.

The analyses of the 198! sediment and
Interstitial weter data Indlcated thet
there were .not signiflcant differences In
the phosphorus and nltrogen concentrations
In and out of areas colonlzed by macro-

phytes. This analysis suggests that for
Type | streams macrophytes are not
colonlzing areas of nutrient rich sub-
strate. These findlings are supportive of

the hypothesis that for Type | streams mac-
rophytes are utlilzing the amblent water as
the primary nutrient source.

it was apparent that macrophyte growth
responses oould be modeled best for
sltuations where the major nutrient source
was quantifled. Model | and Model Il were
developed with the data collected from the
Type | stream reaches. Model | is linear
regression equation that estimates mecro-
phyte bliomass from mean summer In-stream
phosphate-phosphorus concentrations. The
equation describing Model |1 was developed
by regressing the average mecrophyte tlissue
phosphorus concentration on the mean summer
I n=stream phosphate-phosphorus concen=
tretion., Model | and Model |1 fit+ the data
sots they were developed from very well,
with R-square values of .823 and .921,
respectively.

Model (Il Is a Ilnear regression equsation
developed to describe the relationship be-
tween macrophyte blomass and macrophyte
tissue phosphorus concentrstions. Data from
both Type | and Type || stream reaches were
used to calculate this model as this
relationshlp was considered to be un-
affected by the source of nutrlents that
the macrophytes were utlllizing., Model 111
does not fit the deta as well as Model | or
Mode! 11, |+ has an R-square value of ,638.



Model | and Model il are predictive
equations that estimate late summer blomass
in selected small stream reaches. Model ||
may be used along with stream resch mapplng
date to determine which model wlil provide
+he best estimate of macrophyte blomass,
Mode! | wiil provide the best blomass es-
timates for stream reaches classified as
Type | stream reaches. Modei lil can pro-
vide a methodology to estimate bliomass in
Type || stream reaches.

in order to provide useable management
tools, we wanted to derive emplirical models
which were at least as statistically slg-
nificant as models currently belng used by
lake managers. An analysis of the pre~
cislon of various lake phosphorus loading
models was conducted by Canfleld and
Bachmann (1981) using a data set of 704
lakes. Models evaluated were Canfleld and
Bachmann (1981), Larsen and Mercler (1976),
Jones and Bachmann (1976), Reckhow (1979),
Kirchner and Dillon (1975), Chapra (1975)
and Vol lenwelder (1975).

The most precise model evaluated In this
group was that of Canfleld end Bachmann
(1981) which had an R-square of .69,
average residual error of 38 percent and
confldence !imits (p=,05) of 31-288 per-
cent. The range of the average error for
the rest of the models was 42 to 63 percent
with confldence Iimits (p=.05) ranging from
15 to 599 percent. The precision of the
models developed from the preceding data
analyses compares favorably with lake
models currently being used.

Of the models developed from thlis study,
Model | may have the most signiflcant Im-
pact on the management of water quality In
small streams. This model has the pre-
dictlve capabliitles to estimate changes In
macrophyte blomass when mean summer
In-stream phosphate-phosphorus concen-
trations are changed. At thls point how-
ever, Model | as well as the other models
are untested and therefore thelr appli-
cation should be Ilimited to the stream
reaches that the models were developed
from, Before these models can become
accepted water gquallty management tools,
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they should be substantiated by epplying
them to Independent data sets. The test
data set must be collected using ldentical
criteria as were used to collect the data
set the models were developed from.

PERIPHYTON

Jntroduction

Research directed at defining perlphyton
response to stream enrichment has utillzed
a varlety of approaches and methods. These
Include plant plgment, gravimetric and en-
zyme analyses, cell counts, community
specles composition, and occurrence of In-
dicator specles. Employing many of these
types of analyses In routine water quallty
management activities Is usually not prac-
tical, due to time or budget constraints
and the complexlity of many of the analyses.

Periphyton analyses such as chlorophylli-a
and gravimetric (e.g. ash-free welght blio-
mass) estimates have been used in routine
monitoring programs. These analyses have
the advantage of being relatively Inexpen-
sive and commonly used, Collection and
analysis techniques have also been de-
veloped to the extent of providing rela-
tively uniform sample quallty assurance and
comperability of data, This Includes sam-
pling equipment (such as glass-siide sam-
plers), Incubation (exposure) times and
sample handling and preservation. Data
evaluation and Interpretation, however, Is
still dependent on the [Investigator's
skl 11, experlence and personal preferences.

The Influence of physical factors such as
light, temperature and water velocity on
the resulting blomass estimates Is, how-
ever, poorly documented. This could result
In Inaccurate or poor correlation with
growth nutrilents.

The purpose of the periphyton element In
the Phosphorus Assessment study was malnly
to characterize growth of periphyton com-
munities In streams and compare thls to
stream chemical and physical cheracteris-
tics. Speclfic objectives included:



- Augmenting macrophyte collections o
estimate stresm primary production (in-
cluding photosynthesis and respiretion
estimetes)(see diel section]; and

- Evaluating the abllity of sanpling
methodologies and coaventional pare-
.meters as tools to assess stream nutri-
ent ststus. This Included glass-slide
samplers as well, as samples collected
from brick substrates.

As wlth +he macrophyte date, correletion
matrices end least squeres regression
models were calculated to evaluate which
physical and chemical parameters corre | ated
best with the perlphyton dats. Regression
equations were only caiculsted for paired
parameters having signiflcant correlation
coefflcients.

The data used In the development of" the
periphyton models (brick collections) are
presented In Table I3.

Results and DIscussion

Periphyton Biomass and in-stream Nutrlents
Periphytameters

Monthly means were calculated from the 1981
and 1982 periphytometer data. - Periphyto-
meter chiorophyli-a concentrations cor-
related positively with In~stream phos-
phorus and nitrogen concentrations. These
relationships Improved with transformation
to thelr natural logs (Table 14). The!
natural log (In) of periphytometer chioro-
phyil-a was correlsted most strongly with
In TOTP (rs.,635, p=.0001, n=76) and’

Table I3 ‘

Brick Data Used to Calculate Models IV, V and VI |

M
PO‘P Values are In mg/l, Brick Chla In mg/m , and
Brick Tissue Phosphorus In mg/gm Dry Weight

T ssue~P (n)i

Stream Month PO4P Chl-a

Bark - Wolf 6 .003 20 .67 2
7 .002 13 .51 2
8 .002 13 .46 3 i
9 .002 i8 .39 2 |
10 .002 15 .28 i l

Bark - Lurvey 6 .095 33 .96 2
7 116 68 1.10 2
8 119 63 1.83 3
9 .202 9% 1.84 2 \
10 260 140 1.20 b

Bark - Masonlc 7 . 108 124 2,22 I
8 110 224 2.28 3
9 .208 146 2.56 2
10 237 400 1.50 I

Kohlsvlile 6 .040 54 1.06 2
7 045 60 1.37 2

Sugar 6 053 103 1.57 2
7 .050 62 1.65 2 ‘
8 .043 59 1.42 3
9 .031 55 i.44 |
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InPO4P  (r=,603, p=.000l, n=76). Perl-
phytometer in chlorophyll-a : In Inorganic
nitrogen and In total nitrogen correletion
coeffliclents were r=.485 (p=,000l, n=79)
and r=,337 (p=.003, n=76) respectively,

Periphytometer Ory Weights and Ash-free

Welights did not slignificently correlate
(p .05, n=76) with In-stream nutrient
values.

Bricks

Monthiy mean values were calculsted from
the 1981 and 1982 data. Chlorophyll-a and
nutrient deta were collected only In 1982,
In general, brick periphyton biomass esti-
mates exhlblted hligher correlation coeffl-
clents with In-stream nutrients than peri-
phytometer estimetes. As with the peri-
phytometer values, correlatlons Improved
with nature! log transformations, The
natural log of brick chiorophyli-a col-
lectlons with InTOTP and [InPO4P corre-
lates were r=.879 (p=,0001, n=21) and
r=,875 (p=.0001, n=21) respectively (Table
14), The natural logs of brick chlorophyil
correlated significantly

Table 14

Correlation Coefficlents for Monthiy Mean
Water Chemistry Values and Perlphyton
Biomass Estimates

InTOTP  1nPO4P 1nTKN IniNORN
| nPAFWT .453 .413 «273 413
I nPUCCHLA  .635 +603 343 479
| nBAFWT -.203 ~,060 -.405 .387
| nRBUCHLA .879 875 .036 .648

Periphytometer Values Included 1981-1982
Date and Brick Values Included 1982 Date

noted as:

(PAFWT),
(PUCCHLA),
end Brick

Per iphyton
Per |phytometer

Per | phytometer
Brick Ash-free Weight

Chlorophyl I=a (BUCHLA)

parameters are
Ash-free Welght
Chlorophy! |-a

(BAFWT),
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with In i1norganic nitrogen (r=,648, p=,004,
n=2]), but not with In total nitrogen
(r=,090),

Model Development - Perlphyton

Biomass and In-Stream Nutrients
The correlation analyses Indicated that »a
significant relstionship existed between
In-stream PO4P and periphyton chloro-
phyll-a concentrations. Between the perl-
phytometer and brick harvests, the brick
chlorophyll @8: PO4P relationships were
most significant. A least squares regres-
slon equation was then calculated for brick
chlorophyl-l-a and stream PO,P. The curve
representing this relatlonship Is presented
in Figure 7. The equation describing this
model Is:

MODEL IV
BRICK CHLOROPHYLL-A = 258.68(PO4P) « 493
where: BRICK CHLOROPHYLL-A is In mg/m2

PO4P = stream PO4P concentration

In mg/1
This model has an R-square of . 766
(p=.0001, n=20). Mean residual error |Is

36.24%, and ranged from ,60 to 214.40% of
the predicted values. The mean upper and
lower 95% confldence |imits are 267% and
37% respectively.

Periphyton Tissue Nutrlents and In-stream
Nutrients

Periphytometers

In general, periphytameter tlssue nutrients
were positively correleted with In-stream
phosphorus and poorly correlated with
In-stream nitrogen. Relationships Improved
when natural log transformations were made.

The best correlations occurred between
periphytometer tissue phosphorus with
inTOTP (r=.375, p=.0006, n=74) and [nPO4P

(r=,.352, p=.0008, n=74), Periphyton tissue
N was not significantly corretated with
elther in-stream nltrogen or phosphorus
values (Table 15),



Figure 7

Regression |ine of monthly mean brick periphyton chiorophyli-a (mg/mz) on monthly mean stream

PO,P concentrations (mg/l)
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The correlations between periphytometer
tissue nutrient concentrations (mg P/g
AFWT) and stream nuirient concentrations
are generally poorer than those derived
for bricks or macrophytes. One possible
explanation for +this result lles In the
methodology used to determine periphyto-
meter tissue nutr lent conceniration.
Ash-free weight (mg/sq meter) and "peri-
phyton nutrient content®™ (mg P/sq meter)
were determined from seperste silide
collections. Unless periphyton growth on
both of the sllides was very simllar, the
resultant tissue nutrient concentration (as

PO (mgy)
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mgP/g AFWT) would be Inaccurate. (Brick and
macrophyte tlssue nutrient concentrations
were determined by the UW Solls Lab as a
percentage of the actual sample dry welght).

Bricks

Tissue nutrlient concentrations from brick
periphyton were positively correlated wlith
nutrient concentrations. Cor-
relation coefficients were generally much
higher then those of corresponding perl-
phytometer data.



Table 15

Correlation Coefficlents for Monthiy Mean
Water Chemistry Values and Periphyton
Tissue Nutrlient Concentratlions

1nTOTP__InPO4P InTKN InINORN
I nPCAFW 375 352 .184 . 194
| nNCAFW «226 179 .092 -,0I9
InBRIKN .848 .868 . 130 . 738
InBRIKP .839 .864 «286 .819
Periphyton parameters are as noted:
Perlphytometer Tissue Phosphorus
Concentration (PCAFW) , Periphytometer
Tissue Nitrogen Concentration (NCAFW) ,

Brick Tissue Nitrogen Concentration (BRIKN)
and Brick Tissue Phosphorus Concentration
(BRIKP)

Tissue phosphorus and nitrogen had higher

correiation coefficlents with In-stream
phosphorus than Iin-stream nitrogen. Brick
tissue phosphorus correliated best with
InPO4P (r=.864, p=.0001, n=20), InTOTP
(r=,839, p=.0001, n=20) and InINORN
(r=.819, p=.0009, n=20), Similarly, Brick
tissue N correlated best wlth [nPO4P
(r=,868, p=.000!, n=20), InTOTP (r=,848,
p=.000l, n=20) and InINORN (r=.738, p=.0l,
=20),

Based on these correlates a least squares
regression equatlion was calcul ated
describing the relationships between brick
tissue phosphorus and In-stream PO4P con-
centrations (Figure 8), This equatlion is:

MDEL V
BRICK TISSUE PHOSPHORUS = 3,07(PO4P)+230

TISSUE PHOSPHORUS Is In mgP/g dry
welght

where:

PO4P = Instream PO4P concentrations In mg/|
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This model has an R-square of .747, Mean
residual error Is 26.76%, ranging from 6.25
to 53.27% of the predicted values. The mean
upper and lower 95% confldence |imits are
203.66 and 49.03% respectively.

Periphyton Blomass and Tissue Nutrlents

The correlation coefflcients of the perl-
phyton blomass: tissue nutrient concen-
tration parameters are listed in Table 6.
The correlation coefflclents derlived from
brick parameters were substantially higher
than those derived from perlphytometers.
The rather lerge negative correlations
between nutrient concentretions derlved
from periphytometer and brick ash-free
weights are anomolies. The negative cor-
relations could be due to shading of the
bricks by macrophytes or, as mentioned
above, Inaccurate approximation of the
periphyton nutrlent concentrations.

Table 16
Correlatlon Coefficients for Perlphyton

Nutrient Concentratlon and
Blomass Estimates

InPCAFW  INNCAFW  InBRIKP  InBRIKN
I nPAFWT «335 .258 234 . 109
InPUCCHLA .529 415 +637 «540
InBAFWT  -.869 =.930 JA13 531
InBUCHLA 793 652 .831 .826

Periphytometer data included 1981-1982,
Brick data Included 1982 only.

Periphyton parameters are noted as those In
Tables 14 & 15,

The best reasonabile (1.e. positive)
relationship between a tissue nutrient con-
centration and a blomass measurement was
between brick chlorophyll-a and brick
tissue phosphorus. The model calculated

for this relationship Is (Figure 9):



Figure 8

Regression |ine of monthly mean brick periphyton tlssue P on monthiy mean stream POsP
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Flgure 9

Regression line of monthly mean brick periphyton tissue phosphorus concentrations (mg/gm) on

monthly mean stream PO4P concentrations (mg/i)
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MODEL VI Other Aspects of Periphyton Growth and

BRICK CHL-A = 47,731 (BRICK TISs-P)!.-245

where: BRICK CHL-A |s In mg/m2
BRICK TISS~P Is In mgP/g dry welght

This model has an R-square value of 0.69I.
Mean residual error iIs 49.8%, and ranges
from 5.2% to 4068 of the predicted values.
The mean upper and lower 95§ conflidence
limits of the predicted value are 325% and
11.4% respectively.
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Moasurenent

The ratio of ash-free weight (AFW gm/m2) to
uncorrected chlorophyll-a (UCCHLA, mg/m2)
Is known as the Autotrophlc Index (Al),

Autotrophic Index values are generally In-
terpreted as indlcators of +the +trophic
level of periphyton communlties. High Al

values (> 200) are found in heterotroph-
dominated communities and lower values are
found where autotrophlc organisms are
dominant (APHA, et al. 1981),



The- periphytometer-derived Al values were

negetively correlated with the natural logs
of several nutrient parameters (e.g. |nPO4P
r==,55, p< .0l and I nINORN, r=-,48,
p<.0l). This Indlcates that perlphyton
communitles become more autotrophic as
nutrient levels Increase. The
brick-derived Al values were negatively
correlated with PTOT (r=-,46, p<.0l) and
PO4P (r=-.46, p<.0l), but were Insignifl-

cantly correlated with In stream nltrogen
concentrations (INORN, TOTN, and NH3N),

The brick-derived Al values were substan-
tlally larger than those derived from perl-
phytometers (Table 17). The reason for
this Is uncertain, but may be related to
colonization time (two weeks for the peri-
phytometers, four weeks for the bricks) or
other factors such as depth, veloclty or
substrate carrying capacity.

A study comparing the perlphyton on artifl-

clal and natural substrates was conducted
(Babros 1981). The study was carrled out
on the Kohisville River (periphyton-dom-

Inated stresm), and conciuded +that peri-
phytometers estimete chlorophyil-a accept-
ably, but underestimate the AFW of natural
substrates. The Al values for the natural
substrate sampies were much higher than any
found on perlphytometers. The mean of
three Al estimates (using pheophytin-cor=
rected chiorophylls) was 950. The use of
uncorrected chlorophyll values would de-
crease this valve to approximately 500,

which is stlil much higher than the cor-
responding periphytometer estimates of
125-228.

Table 17

Mean Values for Autotrophic Index Values,
as Estimated from the Bricks (BAl) and
Periphytometers (PAl) (The values given
are the means of all samples avaliable)

Site BAI PAI
Bark=wolft 388 261
Bark=turvey 231 85
Bark-Masonlc 123 59
Kohlsville 368 173
Sugar Creek 382 137
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Velocities were determined at periphyto-
meters when the slides were placed and
collected. Correlation ot ash-free weight
and chlorophyll values with veloclty (using
all available date) did not ylield signifi~
cant results. On two dates, however, the
periphytometers did show & negetive cor-
relation of ash-free welght with velocity.
R-squered values for the regression of
velocity against ash-free weight values
were 0.95 and 0.49, n = 6 In both cases.
Each of these regresslons used periphyto-
meters which were exposed to Identical
nutrient and |ight condltions.

Some concern has been expressed as to
whether or not amblent phosphate concen-

trations In small streams sere naturally
high enough to ‘"saturate" periphyton
growth. The posltive correlations of ortho

and total phosphate concentration with both
brick and periphytometer estimates of
chlorophyl|=-a would seem to Indicete other~-
wise, Other studies end measurements
designed to estimate a "ssturation level"”
otfer further evidence thet Increased phos-

phorus levels will lead to Increased perl-
phyton growth in small streams (Auer and
Canale 1982; Rosemarin 1982; Lehman, et al.
1976).

Summary

Horner and Welch (1981) have shown that
equations can be developed to predict
chiorophyll-a from tempereture, velocity
and phosphorus concentrations. A totsl of

six equations were developed, each of which
was only applicable to a particular sample
period and veloclity range. The coeffl-
clents of the parameters (temperature,
velocity and phosphorus concentration) ex-
hiblted substantiel differences between
colonization periods and velocity ranges.

Intensive studies designed to describe the
growth of a single species of algee
(Cladophors glomerulsta) Iin the |ittoral
reglon of the Great Lakes further demon-
strete the complexlity of periphyton growth
(Auer, et al., 1982).

The results of thls study and others (Auer,
et al. 1982; Horner &and Welch 1981)



strongly suggest +that Increased nutrient reseration, loading from tributeries and

levels, particularly phosphorus, will groundwater Inflow. Loadings from +tribu-
stimulate the growth of periphyton In small taries and groundwater Inflow were not
streams, The Increase In blomass will be obvious at the study sites, and were not
modifled by many other factors, Including considered in this study. The Instantaneous
temperature, |ight, velocity and Inherent contribution of reseration to stream DO
characteristics of the dominant speclies or content Is positive when the water Is
community (e.g. reslstance to sloughing). undersaturated and negative when the water
Because of the varlabliity of the Impor— Is oversaturated with respect to DO. The
tance of these factors, |1t does not sppear magnitude of the deficit or surfelt wlil
feasible to develop a "unlversal model” determine the magnitude of the Instan-
capable of eaccurately predicting areal taneous rate.

periphyton blomass In small streams. Slte

specific models, however, appear to be Figure 10 represents a simple path by which
reletively accurate and easlly obtalnable, the Impact of phosphorus on stream dis-

solved oxygen levels can be examined. The
substances which are 'dissolved In the water
DIEL DISSOLVED OXYGEN STUDIES are generally expressed as concentrations
(e.g., mg/i dissolved oxygen). The biomass
quantities are usually expressed as "welght

INTRODUCT ION per unit area" (e.g. grams of macrophyte

dry welight per square meter), The rates of
i1+ Is convenlent to divide the factors photosynthesls (P) and respiration (R) can
responsible for dlel stream dissolved oxy- be measured Iin Ilght and dark enclosures
gen (DO) fluctuations Into two general (bottles or boxes), or approximated from
categories; metabollc and physical. The dlel surveys. These rates can be expressed
metabolic category conslsts of pilant and as units of oxygen produced or consumed
animal metabolic activity. The net effects per unit blomass per unit time (grams oxy-
can be positive or negative (D0 production gen/kg dry welght/hr), For the measurement
or consumption) depending on time of day of photosynthesis, a light level must be
and blologlcali community composition. The deflined, The primary producer biomass
physlcal category Includes the effects of includes both macrophytes and periphyton,

Flgure 10

Path diagram of factors which regulate stream dissolved oxygen concentration.

Light,
Substrate
v P
Phosphorus & = Primary Producers —> Stream DO —> Afmospheric
Other Nutrients € K2 Oxygen
Death, R
grazing R
nutrient Detrital and Consumer Blomass
(e.g. bacteria, fungl, Invertebrates,
recycling fish, etc. and the organic matter

they consume)
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and the consumer biomass Includes a rather
diverse group of organisms, such as bac-
teria, Invertebrates and fish. The respi-
ration or photosynthesls rates per unit
blomass can be expected to vary for dlf-
ferent organisms, as well as with life
stage, |ight, temperature, etc.

Over the course of a dlel survey (about 24
hrs), much of thls veriation can be Ignored
if the community composition Is assumed to
remaln constant. Community respliration Is
t+he sum of all types of resplration, and
community photosynthesis is the sum of ail
types of photosynthesis, The measured rate
of change of stream dissolved oxygen Is due
to community photosynthesis and respiration
and therefore dlel curve analysis ylelds
community rates.

The other major
stream dissolved oxygen

process which Impacts
Is the reaeration

rate. K2 Is a constant which expresses the
proportion of a deficit which will be
satisfled per unit time. In order to

specify a rate (quantity per unit time) due
fo reseretion, this constant must be multi-
plled by a deficit (Cs-Co)., Cs represents
the saturation concentration of dissolved
oxygen, which is calculated from tempera-
ture data assuming normal atmospheric pres-
sure (760 mm Hg). Co Is the measured con-

centration of dissolved oxygen. When Cs >
Co, a deficlt exlsts, and the product
K2(Cs=Co) should be positive, Indicating

that oxygen is being galned by the stream.
when Co > Cs, the product K2(Cs-Co) should

be negative, Indiceting thet oxygen Is
belng lost to the atmosphere.

The most notable aspect of Figure 10 Is
that phosphorus only directly Impacts the

primary producers (macrophytes and peri-
phyton). This relationship has been ex-
plored In detall and has resulted In
varlous models (Canale and Auer 1982,
Dlilon and Rigler 1974, Jones and Bechmen
1976) as well as the phosphorus and macro-
phyte blomess model presented In this re-
port. Flgure 10 then represents a simple
path by which the Impact of phosphorus on
stream dissolved oxygen levels can be
examined.
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Primery producers are capable of removing
oxygen from the water as well as adding
It. Other factors, such as reseration and
non-photosynthetic organlsms, also
Influence stream dissolved oxygen content.
The relative Importence of each of these
factors 1s slte speciflc, but some
generalizations are possible.

Several authors have remarked that small
streams tend to be net consumers of dis-
solved oxygen (e.g. Hynes 1970, Vannote et
el. 1980). On a dally basis, respiration
tends to exceed production. This suggests
that respiration in small streams is not
strictly a function of primary producer
biomass, since a positive net production Is
requlired for the accumulation of plant bio~
mass. If the primary producer bliomass Is
getting larger (as demonstrated by growth
on perlphytometers and seasonal Increases
In the harvested macrophyte blomass) and
community respiration Is larger than com-
munity photosynthesls, a significant pert
of the community respliration must be due to
non-photosynthetic (consumer) organisms.
The relationship between phosphorus and
community resplration thus seems likely to
be neturally verisble due to differing
anounts of resplration attributable to con-
sumer organisms (invertebrates, fish, bac-
teria, etc.) which are not Ilkely to be
phosphorus limited.

Photosynthesls, since It Is only & functlon
of primary producers, would seem more |ike-
ly to correlete well with phosphorus. How-
ever, due to seasonal changes in photosyn-
thetic efficiency, veriable amounts of blo-
mass, self shading, daylength and communlity
composition, this relationshlp is likely to
be difficult to define.

Reaseration, the third major factor respon-
sible for stream dissolved oxygen fluc-
tuations, has no direct relationship with
phosphorus, The only possible Impect re-
sults from ponding of the stream due to
macrophyte growth. Ponding (Increased
depth and decreased veloclty) could be ex-
pected to decrease the reseration rate.



If the quentitles and rates In Figure 10
can be approximated from fleld studles and
modeiing efforts, a good approximation of
stream dlssolved oxygen content should be
possible.

METHODS OF ESTIMATING P, R, AND K2

Box Studles

Light and dark box studles were conducted
on the Bark Rlver In late July and early
August. The average values of net photo-
synthesis (Pnet) and respiration (R) for
three days are presented In Table 8., The
tight values (photosynthetically active
radlatlion [PAR, 400-700 nM])) for the In-
cubatlon perlods were around 60-91 x 1015
quan‘ra/sec/cmz, well in excess of the
ntyplcal® 1lght seturation levels of
25-30 x 1019 quan*t'a/sec/cm2 reported by
Westlake (1966). The Prnet values are far
below +the 10 gO2/kgDW/hr! reported by
Westlake (1966), Self shading could
account for at least part of the differ-
ence. The plant denslties under the boxes
were at or above Westlekes' calculated
plant densities for optimum daily net pro-
duction. Other possible explanations in-
clude internal storage of oxygen, decreased
productivity due to senescence, bubble for-
mation and possibly leakage of the boxes.

The dark box estimates of resplration were
Iin better agreement with Westlakes' esti-
mate of 1.5 g02/kgDW/hour, The values from
the box studies were slightly higher, which
Is not surprising since the boxes would
also Include sediment oxygen demand (SOD),
as well as periphyton and invertebrate res-
piration. For example, on 29 July, the DO
concentration In the box decreased |.18
mg/l In the flrst hour. Volume of the box
was 80 llters, so total consumption of DO
was 80 x 1,18 = 94,4 mg 02 in one hour,
The macrophyte biomass enclosed in the box
was 51.94 gDW, Stralght divislion
(94.4/51,94) glves 1.82 mg02/gDW/hr, | f
the "true rate" was |.5 mg02/gDW/hr, the
consumption due to macrophytes would be 1.5
x 51.94 = 77.91 mg02. This leaves 16.49
mg02 (94,4 - 77.91) unaccounted for. |f
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this remainder |s entirely attributed to
SOD, the SOD rate would be 16.49/0.28 m2
= ,059 g02/m2/hr, which Is within the
range of .0125 =-.125 g02/m2/hr reported
by Edberg and Hofsten (1973). The results
also seem comparable to those of Owens and
Edwards (1962),

Table 18

Box Study Summary

NET
DATE PHOTOSYNTHESIS  RESPIRAT ION
29 JuLY, 82 3.00 1.82
2.68 1.51
10 AUGUST, 82 3.25 1.76
12 AUGUST, 82 2.31 2.42

Pnet and R values in g02/kgDW/hour.

"Dally totals" of P and R from the box
studles can be calculated 1f photosynthesis
Is presumed directly proportional to light
and respiration Is assumed constant. At
4 go2/kg DW/hr (@ 80 x 1019  Quenta/sec/
cmz), an average day In July (3 x 102!
Q/sec/cm?) would give a gross production

value of 42 g02/kg DW/day. Resplration
would be 1.5 g/kgDW/hour, or 36 g02/kg
DW/day. Net production then, would be

asbout 6 gO2/kg DW/day. On a very overcast
July dey, total light couid be as low as
I x 102! Q/sec/cm?, reducing gross
photosynthesis to 14 gO2/kg DW/day, and
Pnet would be -22 g02/kg DW/day.

Each blomass sample harvested In the box
studles was aiso analyzed for nutrient con-
tent. Nutrient levels were low, and typl-
cal of the Bark River-Woif Road site. One
box study was conducted at the Masonlic Home
site, but it falled to show a substantliaily
higher net photosynthesis rate.

Bottle Studlies

Bottle studlies were conducted as another
method of approximating productivity. The
results are |llsted Table 19, Net and gross
productivities from the bottle studlies are



Bottle Study Results.

Table 19

In_g02/kg Dry Welght/hr

Dﬂe Site Pnet 5
28 July BM 20.0
15,7
15 Aug B 10.3
1.0
7.3
1.5
15 Aug BL 11.2
2,7
9.6
2,3
20 Aug 0.47
0.62
0.86
1 Sept BM 1.3
1.7
3 Sept BL 2.3
8.1
2.4

Replicates Specles
3 Pofﬂgfon SPpe.
3 Heteranthere dubla
9 Vallisnerla americana
4 n "
6 Heteranthera dubla
2 . ] 1]
5 _V_._ amer lcana
2 ” L]
8 H. dubla
2 v
5 Myriophylium spp.
5 H, duble
5 Pofanogefon Spp.
12 Y. americana
12 H, dubla
4 ll._dubla
4 "eplphytes" (periphyton dislodged
from macrophytes)
4 H. dubia and epiphytes

substantial ly higher than those of the box
studles. Respiration values are approxi-
mately the same.

There are at least three possible exple-
natlons for the discrepency between the box
and bottle Pnet estimetes. The first Iis
that the bottles Included primerily leaf
and/or stem tissue, whereas the boxes con-
tained entire plants In situ. Some whole
plants were included in the bottle studles,
but due to Individual bottle variabliilty,
smal|l sampler numbers and obviously artifl-
clal conditlons, no conclusions are war-
ranted. The second possible explanation
Is Imternal storsge of oxygen (Wetzel
1975). Thls. effect could be pronounced In
Intect plants, such as In the boxes. Leaf
and stem fragments In the bottles could be
expected to store less oxygen. The third
explanation Is thet self shading could be
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more Important In the boxes than the bot-
tles. Fleld observations pertaining to the
box studies do not support the seif shading
hypothesis, but further, more carefully
constructed experiments would be needed
before self shading could be dlscounted.

On August 15, with one exception, pleants
from the high nutrlent (Lurvey) site showed
signiflcently higher (statistically) mete~
bollc rates than plants teken from the low
nutrient (Wolf Road) site, The Heteranthera
dubla Pnet values were signiflicantly higher
(t=test, p < .05 for the high nutrient
plants. Respiration rates were also sig-
nlficantly higher at the high nutrlent site
(t=test, p < .00l, all values), Due to the
small numbers of each specles Involved,
speclies speciflc respiration retes were not
tested.



Eplphytlic algse were present on essentlially
all of the macrophytes, but were particu-
larly dense on those from the high nutrient
(Lurvey) site. Gentle rinsing removes most
of the (loose) eplphytes, but some (tight)
Inevitably remain, Cattaneo and Kalff
(1980) studled the relative productivity
of eplphytic algese ("loose"” and "tight")
and mecrophytes In lakes. They concliuded
that the relative production depended on
season and nutrient leveis. Eplphyte pro-
ductlon was found to exceed macrophyte pro-
ductlon during spring and fall In meso-
trophlc portions of the lske, but exceeded
macrophyte production all year In the
eutrophlc portlons of the lake. Thls sug~-
gests that periphyton can signiflcantly
affect community photosyntheslis and res-
plration terms, desplte thelr relatively
small blomass, and that high nutrient con-
centrations may enlarge the contribution of
periphyton to total community rates.

The dark bottle experiments of August 20
showed much lower respliration reates than

Figure |1i

the other dark bottle studies. This s
undoubtedly due fo the low initial DO con-
centration (4,85 mg/l), and the fact that
the ending cancentrations averaged 0.62
mg/l. Owens and Maris (1964) used a serles
of short Incubations to demonstrate that
the respiration rate varied with the dis-
solved oxygen concentration (Figure I1).

McDonnell and Weeter (i1971) also found a
decrease In resplration wlth decreasing DO
leveis. Unllke Owens and Marls, however,
the relastlionship they found was Ilnear
(R= o<+ B [DO)), where R = Resplration
(mg02/gDW/hr), and o~ and B are constants.

Summary of Box and Bottie Study Results

Both the box &and bottle studles Indlicate
that macrophyte resplration should be about
1.5 g02/kg OW/hr., Thls Is In good agree-
ment with the Ilterature estimates of
Westlake (1966) and Owens and Meris
(1964). The box-derived estimates of
photosynthesls seemed lower, and the bottle

The effect of oxygen concentration on plant respiration rates (from Owens and Maris 1964).
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than the estimate given
10 g02/kg DW/hr at

estimates higher,
by Westlake (1966) of
| ight saturatlion.

The box study estimates were not numerous
enough to statistically test for dif-
fetences In productivity between low-nutri-
ent and high-nutrient conditlons, Bottie
studlies Indicated higher net photosynthetic
retes for Heteranthera dubla under high
nutrient conditlions. Respiratlon rates,
overall, were higher for plants grown under
high nutrient concentrations.

DIEL CURVE ANALYSIS

Thls study also used two modeling approaches

to estimate communlty photosynthesis, com—-

munity respiration and reseration. These
are referred to &8s single-station and
double-station analyses. When the DO con-
centration at a single station |s monltored
over the course of a day, the results of
dlel changes in the magnitude of both meta-
bollc and physical factors 1s observable.
Analysls of the dlel curve for a given
station can glve estimates of photosyn=
thesls, respliration and reaseration which
represent upstream averages. The area for
which these averages apply Is not cleerly
defined In the I|lterature, and will be
deait with In a later discussion. A single
station method Is currently used for stream
modeling of WONR wasteload allocation sur-
veys.

The double-station method analyzes the
change In DO between two stations to derlve
ostimates for P, R, and K2, The values for
photosynthesls, respiration and reserstion
which result from double-station analysis
are applicable to +he area Dbetween
stetions, but may or may not be represen-
tative of the stream as a whole. Both the
single-statlon and double-station methods
were used to analyze the data In an attempt
to approximate the Impact of phosphorus on
stream dlssolved oxygen levels,

Modeling Assumptions and Parameters

A few assumptions wlll be made to simpllfy
the modellng process. These are as follows:
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- Photosynthesls Is directly proportionai

to light Intensity. Some constent (P)
when muitiplied by light Intensity (o)
should equal the reate of gross photo-
synthesls.,

- The resplration rate (R) and reaseration
coefficlent (K2) sre constant throughout
the day, l.e. that DO fluctuations are
not so wide that they significantly in-
fluence R and that temperature does not
change enough to significantly Influence
elther R or K2 for a glven reach.

- The area which Is responsible for DO
variatlon at a single-station sample
point Is homogeneous, and all areas con-
tribute equally, or the area between the
two double-station sample polnts Is
homogeneous, and causes a I|lpear re-
sponse In the DO concentration of a mass
of water as it moves through the reach.

For modeling purposes, the major terms re-
sponsible for stream dissolved oxygen fluc-
tuations (ADO/At) can be characterized as:

® GROSS COMMUNITY PHOTOSYNTHESIS (o¢ P),
due to both macrophytes and periphyton.

® COMMUNITY RESPIRATION (R), due to all
forms of bacterta, fungi, aigae, macro-
phytes, Invertebrates, etc., as well as
chemical oxygen demend (COD) (anything
which removes oxygen from the water),

® REAERATION, wusually represented as
K2(Cs=Co), in which K2 1Is a physical

constant which Indicates a proportion of
the deficlt (Cs=Co) which Is satisfled
per unit time. Cs represents the satu-
retion concentration of dissolved oxy=-
gen, which Is calculated from tempera-
fure data assuming normal atmospheric
pressure (760 mm Hg). Co Is the mes-
sured concentration of dlssolved oxygen.

The sum of these three rates (P, R and
K2(Cs=Co)] should account for the rate at
which the stream concentration of dissolved
oxygen Is changing, aDOAt. These terms
can be combined to approximate a differen—
tlal equation:



AD0O/AtT =X P + R + K2 (Cs=Co)

I+ should be noted that the resulting
AD0/at remains constent only as long as all
terms (¢, P, R, and K2(Cs-Co)]) remain con-
stent. If the AD0/At term |s expressed In
terms of the defliclit (A(Cs-Co)/At) and the
differential equation 1s Integrated, the
result Is: '

- (c,-C), X2 + [OF + RI/K 1 1-e AT

(C'-C‘_,)t + At

This last equation was derived under the
assumption that the sum (o¢P+R) remalns
constant, and this must be considered when
applylng the resuit. The differential form
of the equation was used In the double-
station analyses, and the Integrated form
was used In the single-station analyses.

If all of the foregolng assumptions and
restrictions sare satisfied, the dlfferen-
tial and Integrated equations should return
the same coefficients.

A few simple observations can help clarify
these equations, and hopefully represent a
simple set of guidelines which define the
behavior of dlel curves.

First, the ADO/&t term wlill be poslitive
only when the sum of &P, R and K2(Cs-Co)
Is positive. In a strictly mathematical
sense, all of these terms are Independent,
and any one of the terms could be the major
factor determining the magnitude and slign
of the AD0/ at term. More reallistically,
however, we expect P, K2, Cs and Co to be
positive, and R to be negative. Over the
course of a day, the ok P term shouid Iin-
crease with rising light (e%) levels, and
when the Increase 1Is sufficlent, the
aD0/At term wiil become positive, which
means that the DO concentration wlil rise,
Towards evening, when the product &P Is
becoming smaller, the ADO/ &t term falls
through zero (the hlighest DO concentration
for the day Is reeched at this point), and
then becomes negative which means that the
DO concentration Is falling, As the DO
concentration falls below seturation, the
deficit (Cs-Co) begins to Increase, which
Increases the product K2(Cs-Co). Since R
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Is assumed constant and negatlve, and
K,(Cs-Co) is positive and becoming
larger, the two wil| balance each other and
the system will be at "equillbrium" (i.e.
800/ At wlill become zero). If a dlel
curve attains Its minimum DO concentration
(maximum deflclt) prior to dawn (ADO/ At =
0, and o€ = 0, sooXP = 0) we can write:

AD0/ At = KP + R + K2(Cs-Co)

0 = 0 + R + K2(Cs=Co)
(A) -R = K2(Cs-Co)
(8) -R/K2 = (Cs-Co)

Equation (A) Indicates that respliration and
reseration are equal. The simple re-
arrangement In equation (B) deflnes the
maximum deficit +thet will be achleved.
Thlis ™maximum deflicit" represents an
equilibrium concentration of DO, The defi-
cit (Cs=Co) can Increase (l.e. Co can de-
crease) only if R becomes larger or K,
becomes smaller.

Equillibrium will be atteined only If the
deficlt becomes large enough., The amount
of time which must elepse before (Cs-Co)

becomes large enough Is not obvious from
the differential equation. Through exami-
nation of the Integrated equation, however,
we can gain some Insight into how long this
time period is llkely to be.

According to the Integrated equation, as
the time varlable (Aat) lIncreases, the im-
portance of the Incoming deficit (Cs-Co)

decreases, and the calculated deficit at
time "t+at" approaches +the quotient
"(xXP + R)/K2", Thus, after sunset, the

deficlt approeches "R/K2" (because «P =
0). The speed at which the equillbrium
level is approached |s dependent solely on
the magnitude of the K2 term. This Is
demonstrated in Table 22. As an example,
1f wo specify a K2 value, and allow the 90
percent level to represent a reasonable
approximation of the maximum deficlt, then
wo can calculate the amount of time neces-
sary for the maximum deficlt (in this case,
90 percent of the maximum deficit) to be
achieved (Table 20).



Table 20

Time Required to Satisfy
90 Percent of the Deficlt

Ko Time Required (hours)

55.2
27.6
1.0
5.5
3.7

VMO WM N =

At this point, *wo observations deserve

emphasis:

l. The speed at which the maximum deficit
Is approached |s determined solely by K2,

2, The absolute magnitude of +the maximum
deficit depends on the R/K2 ratio.

Flgure 12

Single and Double Stetion Analyses:
Dl fferences In Methodology and Purpose

The major difference between the single and
double-statlon methods 1s best |llustrated
by their different Interpretations of the
ADO/ At term of the differential
equation. The single-station method uses
the slope of & single diel curve as an
estimator of AD0O/at. The double-station
method uses the change In the D0 concen-
tration of a mass of water as |t flows from
one station to another, divided by the time
of travel (TOT) between stations (Figure
12). In case "A"™ (Fig. 12) the double-
station value for ADO/at would be -0.5
mg/1/hr. The slingle-station vealues would
be 0.64 and 0,57 mg/I/hr for the upsiream
and downstream stations, respectively. In
case "B", the single and double-station
values are essentially equal.

Comparison of single and double-station diel dissolved oxygen methods and purpose
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The goal of double-station analysis Is to
produce a set of coefficlents which wilil
accurately predict the DO concentration at
a downstream statlon, [f the upstream DO
concentration Is glven, and the tempersture
and light conditions which prevall for the
duration of the tIme of +travel between
stations are known. The values of P, R and
K2 from double-station calculations are a
function of processes within the srea be-
twoen the stations, and may or may not be
characteristic of the stream as a whole.
If the double-station coefficlents are used
to generate a single curve (in the same
manner that single-station coeffliclents are
used to generate a single curve), the re-
sultant curve may differ from both the up-
stream and downstreeam curves from which the
double-station estimates were derived. The
double-station coefficlents will accurately
predict the downstream curve only 1f the
upstream curve 1is given., |If the upstream
and downstream curves are Ildentlcal, the
curve and coeffliclents produced by
double-station analysls will be Identical
to the resuits of +the single-station
analysis.

If a very good fit |Is obtained In
single-station analysis, the coefficlents
(P, R, and K2) will reproduce the curve
which was obtalned for that station. The
end result of single-station analysis Is &
set of coefficlents which allows prediction
of a DO concentration at any time for a
particular station.

Stream Areas Represented by Dle! Analyses

Within a homogeneous reach, the area Im-
medlately upstream of the sample polnt will
have a greater Impact on the dissolved oxy-
gen fluctuetions at the sample point than
an equlivalent area farther upstream. The
relative Importance of each area, according
to the Integrated equation, Is determined
by the magnltude of the K2 value for each
upstream area. The lerger the K2 value,
the smalier the area represented by the
single-station method, and the larger the
difference between the effect of two up-
stream areas.
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Dl agrammatically...

FLOW

v

Area 2 | Area |
A B C

C = single-station sample polnt
A, B, C = double-station sampling polints
For the purposes of this discussion;

1. Area | will have a greater Impact than
Area 2 at point C,

The magnitude of thls difference Is
dependent on the K2 value of the entire
reach (A = C). A larger K2 value willi
result In a greater difference between
the relative contributions of Area |
and Area 2 at point C.

The above discussion assumes that Areas |
and 2 are similar, |If there Is a great
discrepancy between conditions (e.g. blo-
mass, K2, etc.), and the time of travel
between the polnts Is short (again relative
fo the K2 value), the single-station
calculations could be more representative
of Area 2 than of Area |. The exact con-
tributions of each area are dependent on

the product (Ky x TOT). If no
differences exist between areas (l.e. the
diet curves at each point A, B, and C are

identical) the calculated rates could be
correctly epplied to both areas and the
single-stetion and double-station analyses
would be expected to produce the same co-
efficlents (P, R, and K2),

Since the double-station method calculates
P, R and K2 values for the area between
sample points, the correlation of measured
plant biomass (from harvesting and mapping
procedures) Is potentially straight-forward,

The difference between +the single and
doubie-station techniques becomes Important
when we +try to model what will happen fo
the diel curve at point "C" If a sewage

treatment plant discharges at polint "8",
The only way to predict what will happen to
the diel curve at point "C" 1is by



quantifying the Impsct of each area. In
order to spply coefficients obtalned from

single~station analysis  then, it is
necessary to know what area the
coefflclents were derlived from, This
concept also has a bearing on the cholce of
sampling tocatlons (distance or time

between sample points) and the questlon of
“"how far downstream” the Impact of the
discharge will reach.

Limit of Reach Length for the Double Station

Mothod

The double-statlon differential method, as
presented sbove, makes certaln assumptlons
which limlt the length of the reach (or the
amount of +travel +time between sample
points) to which the method can be ap-
piled. The primary assumption Is thet none
of the measured parameters (ADO/&+T, ok or
(Cs=Co)) chemges signlflicantly during the
+ime Interval over which a&D0/A4t s
measured, or that the varistlon is such
that epproximation by an average value is
Justifisble. For example, It photosynthesls
Is directly proportional to Iight Inten-
sity, end the light Intensity verles from
10 to 20 to 30 over a two hour time In-

terval (the "20" value occurring after
exactly one hour has elapsed) the total
amount of oxygen produced should be
correctly predicted by using a single
average value of "20" over a two hour
period.

tf the Integrated equation Is used, 8 dif-
ferent set of restrictions on travel time
Is appropriate. The Iintegrated equation
removes the requirement that AD0/ 4t re-
malns constant, but the requirements re-
garding constency of o(, P, R and K2 re-
maln. |f the Integrated equation I|s used
in the double-station technique, the time
of travel and stream character within the
reach must remaln short enough to assure
constancy of these terms,

Maximum Attalnable Dissolved Oxygen Deficit

According to both the Iintegrated and dlf-
ferentlal equations, the maximum attainable
defliclt Is R/K2. |f the length of the night
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is muitipited by an approximated K2 value,
we can use the Integrated equation to cal-
culate what proportion of the difference
between the observed deficit at sunset
(Cs=Co) and the calculated maximum attain-
able deficit at sunrise (R/K2) wlli be
satistled. The actual concentration of DO,
of course, depends on the stream
temperature and the magnitude .of the
deficlt ot sunset. |f night-length is 12
hours, and K2 is greater than 5, more than
90f% of the meximum attalnable deflclt will
be satistied.

The concept of a "half-life" for a deflcit
Is pertinent at this point., For those
famlliar with the fundamental decay equa-
tion, K, Is a decay constant, and Is the
only factor that controls the rate at which
the maximum deflcit |s approached. Atter
the elapse of one half-life (K x t =
.693), 50% of the maximum deficit has been
schleved, affer two half-lives Ky xt =
1.386), 75% of the maximum deflcit has been
achleved, after three half-lives, 87.5% of
+he maximum deflclit has been achlieved, etc.

Examples which illustrate the Importance of
K2 in controlling the rate at which the
maxImum deficit Is epproached follow.

Case I:

If, for example, the DO deficit at sunset
(Cs=Colg,, Is 2 mg/l, R/K2= 4, the length
of night Is 12 hours and K2 1s 5/day, then

the deflclt after 12 hours (l.e. the
deficlt at sunrise (Cs-Colg.) <cen be
coalculated as follows:
~K it K0t

(Cs=00) g = (Cs=Colgg + R/Ky (1-e )=

=2 (,08) + 4 (,92)

= ,16 + 3,68

= 3,84 mg/l or 96% of R/K;
Case 2:
1f +the Initlal DO was 2 mg/! higher

(deflclt ot sunset = 0), (Cs=Co)g, would
be 0(.08) + 4(.92) = 3,67 (92§ of R/Kj).



Case 3:

|f the R/K2 ratio was 5, (all other para-
meters as In the Initlal case) (Cs-Co)g.
2(,08) + 5(.,92) = .16 + 4,6 = 4,76 mg/|
(95% of R/Kp).

|f the temperature at sunrise was 20°C, Cs
would be 9.07 mg/l, and of +the above
examples, only the third would result In a
violation of the 5 mg/| criteria. It Is
clear from these examples that "R/K2" Is
very Important In determining the maximum
deficit, and that according to the model,
where K2 Is large enough (l.e. Ky > 5),
R/K2 essentially specifies the maximum
deflclt, regardless of the concentration at
sunset,

Increase
normal

in temperature will
level, Cs,

Since a drop
the saturation oxygen

nighttime cooling will Increase the rate at

which the maximum deficit R/K2 Is
approached. Once a deficit of R/K2 s
reached, any further drop In stream tem-
perature will cause the dissolved oxygen

level, Co, to rise as the stream malntains

the equilibrium deficit of R/K2, This Is
Illustrated In Figure 13 which shows the
diel curves for 18 August 1981 In the
Kohlsville River, Due to a very high re-
seration rate (I5/day), the equllibrium
level Is reached almost Immediately after
sunset, The DO concentration rises

throughout the night because reaseration and
respiration maintaln their "equilibrium"
(l.e. (Cs=Co)= R/K2 ), and temperature de-
creases cause the saturation concentration
to rise. (A decrease of 3°C will Increase
Cs approximately 0.5 mg/l. |f this change
Is "added" to the above examples (case | -
case 3), all of them would have reached

Flgure 13

Attalnment of equilibrium DO deficit (R/K2) and the effects of

changlng DO saturation In the Kohlsville River (August 18 1981).
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"equilibrium®, There Is some question as
to when (l.e. under -what conditlons) ‘this
"adding™ trestment Is valld, however.

MACROPHYTES AND REAERAT ION

A potential for change In K2 because of
Increased macrophyte growth must also be
dealt with. Increases In macrophyte den-
sity wlll cause an incresse In the drag
felt by the water as I+ fiows over the
stream bed. Such an increase In drag wili
cause greater depths (i.e. ponding) of
water for equal flow when weeds are pre-
sent. Mathematically this can be expressed
in the Manning fiow formula as an Increase
In the roughness coefficlent, "n",

The Manning formula Is...
Q = 1.486/n x A x (R?/3) x (5172

By dividing both sides by cross-sectional
area (A), we can obtain...

V = 1.486/n x (R2/3) x (s1/2)

where... Q = discharge, In cublc feet per

second (cfs)

A = cross sectlonal aree, In
squeare feet

R = hydraullc redlus (A/vwetted
per Imeter)

S = slope of the water surface

n = Mannings "roughness co~
efficient”

V = mean veloclty (t+ime-of fravel)

in the first equation, we can see that If Q
Is held constant, and *a" is Increased, the
product [A x (R¥3) x (51/2)] nmust also
Increase. At least part of this Increase
could be expected-to-treansiate Into an In-
crease In depth,

Similarly, iIn the second equation, an In-
crease In "n" would result In @& pro-
portional decrease In mean velocity If "R"
and "S" remain relatively constant.

Table 2! gives values of Mannings' "n" for
various substrate types (from Corbett
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1945). 1+ Is Iimportant to note that the
highest values are assoclated with "very
weedy reaches".

Table 22 shows vaiues of stream dlscharge
(Q), mean velocity (V), mean depth (D), and
macrophyte blomass for the Lurvey site
(Impaected) and the Ashlppun site (non-im-
pacted) for the months of June, July and
August.

The mean veloclty and mean depth change
substantially at +the Lurvey site (Im-
pacted), but not the Ashippun site., If
changes in mesn veloclty and depth due to
macrophyte blomass: "n" relatlonships are
to be quantiflied, factors such as condition
(shape?) of the stream bank, character of
the streem bed, and siope of the channei
would also have to be teken Into account.

In the present example, however, we can
epproximate the effect of ponding due to
macrophytes by examining a few equations
which were developed to predict K2 from
mean depth (D) and velocity (V). The fol-
lowing three equations ranked highest among
those equations which used mean depth and
veloclty +to predict K2 (Grant eond
Skavroneck 1980), All three equations
predict K2/day at 25°C.

Padden-Gloyna (1971)*
Ky = 7.73 (v+703) x (p=1.054)

Bansal (1973)*
Ky = 5.26 (V+6) x (D=!+4)

Negulescu-Rojanski (1969)*
Ky = 12,29 (V/D)85

*from Grant & Skavroneck, (980

Table 23 shows the K, values calculated
from the above equstions for esch month and
esch stream. The decrease In Ky from
July to August at the Lurvey site Is ap-
perently due to macrophyte growth.

Values of Mannings' "n" taken from tables
sre not exact, and the Impact of weed
growth upon mean depth and veloclity would
be even less exect. The verlous equations



Table 21

Approximate Values of Manning's Roughness Coefficlent, "n" (from Corbett 1945).

Channel Conditlions

Channel Description Perfect Good Failr Poor
l. Clean, straight bank, full stege, no rifts 0.025 0.030 0.035 0.040

or deep pools
2, Same as (1), but with some weeds and stones 0.030 0.033 0.035 0.040
3. Winding, some pools and shoals, clean 0.035 0,040 0.045 0.050
4, Seme as (3), lower stages, more Iineffective siopes 0.040 0.045 0.050 0.055

and sectlons
5. Seame as (3), some weeds and stones 0,033 0.035 0.040 0.045
6. Same as (4), stony sections 0.045 0.050 0.055 0.060
7. Sluggish river reaches, rather weedy or with very 0.050 0.060 0.070 0.080

deep pools
8. Very weedy reaches 0.075 0. 100 0.125 0.150

Table 22
Discharge (Q In cfs), Velocity (V In ft/sec), Depth (D In ft) and Macrophyte
Biomass (In gm/mz DWT) for POTW-Impacted (Lurvey) and Non-Impacted (Ashippun) Sites
Lurvey Ashlppun
Q v D Blomass Q v D Blomass
June, 1982 36 1.2 1.2 75 16.5 .86 (Y} 30
July, 1982 28 .7l 1.3 15t 1.7 .72 .2 109
August, 1982 29 .38 2,03 289 11.2 .72 1.3 125
Table 23

K2 Velues (/day) for June-August at POTW-Impacted (Lurvey) and Non-Impacted (Ashippun) Sites

Q Blomass Padden Bensal Negulescu-
(cts) (gm/m2) Gloyna Rojanskli

LURVEY
June, 1982 36 75 7.25 4.54 12.29
July, 1982 28 151 4,61 2,97 7.34
August, 1982 29 289 1.86 1.09 2.95
ASHIPPUN
June, 1982 16 30 6.28 4,20 9.97
July, 1982 12 109 5.06 3.35 7.96
August, 1982 ] 125 4.65 2,99 7.43
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which predict K2 from mean depth and
veloclty do not show good agreement In many

Instences. All of this seems to Indicate
that an attempt to model this process at
this time would be frustrating. Although @

study specifically designed to relate K,
and blomass at a given location could yleld
quantitetive results, the results would be
appllicable only to the study site, and
prove no more useful than the examples pre-
sented above. From the present study, the
only concluslon to be drawn Is that for a
given stream, a large Increase in blomass
could lead o a substantial decrease in K2,

The change In depth could also be expected
to lead to a decrease In the rates of res-
plration and photosynthesls (mg/lI/hr). It
the depth doubles, the volume of water over
a square meter would also be expected to
double. This would lead to a sharp decrease
In the volumetric (mg02/1/hr) metaboilc
rates ascribable to the biomass on the
square meter,

The decrease In respiration and the dec-
rease In reserstion In thls scenario could
be off-setting. The actual Increase In
R/K2 predicted by assuming that all R Is
allocatable on an areal basls (no signifi-
cant BOD or plankton populations), and the
change In reseration Is entirely due to the
change In depth, varles for the equation
used to predict K2, For the Padden-Gloyna
equation, the "new" R/K; would be four
percent higher (new R = .5 times old R, and
new K2 = old K2 times 271-034), similar
calculations with the Bansal equation would
indicate a 32% Increase. Decreases In mean
veloclty would be certain to accompany In-
creases In depth, so these estimetes must
be consldered conservative.

DEVIATIONS FROM MODEL ING ASSUMPT IONS

There are cases where K2 doesn't seem l|arge
enough to expialn the apparent attainment
of equllibrium. Among examples are cases
where the K2 approximated from +the dlel
datas 1s significantly larger than the K2
predi by verlious equations. One possi-
ble explanation for thls situation lles in
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the fallure of +the assumption that
respirastion remalns constant over the
course of the day. In all likelihood, res=
piretion wiil at some point become |imited
by the aval lebility of oxygen, or even (po-
tentially) be proportional to oxygen
avallabllilty throughout the day (see

Box/Bottle study section).

The question of how much the resplration
rate can vary Is at least partially an-
swered by the dark bottle experiments. In
the range of 5 to 9 mg/l DO, & value of 1.5
mg 02/g9 DW/hr seems valid. Below 5 mg/l,
the rate eoppears lower. Since we are con-
cerned with keeping the DO levels above 5
mg/| In the stream, It seems prudent to
choose the value spplicable to DO levels
above 5 mg/l.

The varlation of respiration with tempera-

+ure has been explored In some detall
(Lassiter 1975, Canale et al. 1982), The
general reletlionship has been expressed
8Se.s
To-T)
Rz =R x @
Where... Ry = respiration at T2°C
Ry = respiration at TI°C
@ = a constant which Is
speclfic for a speclfied
process (In this case
resplration) over a glven
temperature range.
1f 0 Is assumed to be 1.07, a three degree

drop In temperature would lead to a nilne-
teen percent decrease In the R value. This
would lead to a nlneteen percent decrease
in the R/K2 ratio.

For those who prefer to use Q;0, & Q)
of "2,0" corresponds o 8 = 1.07) where

(T2 -Tpsi0
R2 =R x Q)

The temperature varlation ooefficient (6
or Ql0) Is not constant for all organisms
or metabollc rates (P or R). Different
organisms may have optimum rates at dit-
ferent tYemperatures. For this reason,



"community R", the term which |Is actually
approximeted in diel surveys, Is llkely to
vary less than a specles specific § would
predict (Odum 1973, McDonnell 1982),

If the R-value from the diel curve analysis
Is an "average" for a perlod where a sub-
stantial amount of time is spent In the
5=-10 mg/| DO range, the use of 1.5 g O2/kg
DW/hr rate seems reasonable. |f the average
night-time D0 Is substantlally below 5
mg/1, the application of a lower rate would
be defensible. The ultimate solution of
course, would be to alter the dlel eque-
tions so that they would produce tempera-
ture and DO sensitive coefficients, Con-
struction and validation of such a model,
however, would be a major project,

The reseration coefficlent K2 Is presumed
constant as well, but has been shown to
vary with temperature eccording to the
equation:

K2(250c) = KZ(T) |.024(25-T)
According to the equation, a temperature

decrease of 3°C (e.g. 23°C to 20°C) would
lead to a seven percent decrease In the K2

value, as follows:

K2¢25°) = 5

K2¢230) = (5) 1,024(-2) = 4,77
K2¢20) = (5) 1,024("3) = 4,44

% change = .33/4.77 = ,07 x 1008 = 7%

Thls would cause a slight (+7%) Increase In
the R/K2 ratio. In the night perlod, the
decrease In R/K2 caused by decreased respi-
ration and the Increase In R/K2 caused by
decreased K2 are thus opposed and poten-
t+lally compensatory. The decrease In R/K2
due to decreased resplration Is likely to
be more Important., (See Box/Bottle Study
section,)

FURTHER CONSIDERAT IONS IMPORTANT TO THE
MODEL ING PROCESS

The question of whether or not respiration
and/or K2 remaln constant with decreasing
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temperature and DO levels does not serious-
ly alter the discusslon regarding R/K2 and
the maximum deflicit for at least two
reasons. Flirst, a change In the blomass
shouid provide an incremental change 1in
respiraetion, and second, the respiration
rate which results from the diel curve
analysis Is llkely to be an "average" for
the site, 1.e. It will over-estimate the R
value applicable to the perlod during which
DO Is lowest, and because of this be more
typical of higher DO levels. Thus, al-
though the magnltude of projected changes
Is not |Ilkely to be predicted with absolute
accurecy, there Is a good degree of cer-
tainty that changes within a certaln range
will occur,

The area (or time of travel) downstream of
8 polnt source to which the modeling pro-
cess should be applied Is another con-
sideration. Attempts to document a "phos-
phorus decay curve"™ In this study met with
Iimited success. A decrease In phosphorus
concentration over the study area was ob-
vious on some days, and lacking on others.

When attempting to specify a reglion of Im-
pact, an Important distinction must be made
between +he +true decay observed for
non-conservative pollutants, and the de-
crease In concentration ("decay") observed
for nutrients such as phosphorus. CBOD may
be consldered & non-conservative pollu-
tant. It Is oxidized to water and carbon
dioxide, and lost from the system. Phos-
phorus may show an Initial "decay"™ due to
uptake by plants and physical adsorption,
but It is not elimineted from the system.
it may be released at the end of +the
growing season, re-dissolved through
grazing, resuspended during storm flows,
etc. While the present study does not
rigorously define the area Impacted, It
does suggest that the erea Is well in
excess of several stream miles.

The actual srea Included In a model of diei
oxygen curves should include the area which
Is Impacted, which must be declded on a
case-by-case basls. |f phosphorus levels at
the lower end of +the modeled area
approeched those encountered upstream of
the source, the model could be considered

to have accounted for most of the Impact.



This will not always be practical, but
should be a deslired goal. |f no decay Is
obvious, or other sources or factors
(tributaries, Impoundments, etc.) become
Important enough to mask the Impact, the
modeled area will have to be defined and
Judged on the basis of preliminary studies.

The Impact of BOD and the Impact of phos-
phorus are separate entities. BOD may be
respansible for depleted oxygen levels at
one point, and phosphorus at another. A
goad example of this occurs on the White

oxygen depletion due to macrophytes Is
obvious at the last station (Figure 14).
RESULTS AND IMPLICATIONS OF DIEL ANALYSES
The results of +the double-station and

single-station analyses are supportive of
the dissolved oxygen model and the
assumptions under which It was developed.
Plots of R/K2 versus the maximum deficit
(Flgures 15 and 16) show good agreement
with theoretical considerations. It should

River below the Lake Geneva POTW. The BQD be pointed out that the values returned
sag occurs within the modeled area, but from the dlel curve analyses are "first
Figure |4
|l lustration of BOD oxygen "sag" and "sag" attributable to
plant growth in the White River
- SEPTEMBER 3—-4,1980
= 1
|
14 ’
13 \ !
|
12 i
;‘ 11 ;
LT
=
w 9 !
<)
g |
x 8
o
m) P4
]
5 6 ;
= i
7
) 5 I
= !
; |
o ‘
2
" 4
10 14 18 22 26 30 34
TIME OF DAY (hrs.mins)
o = STATION 1 o= 2 o=3 s = 4 x =5 V=6 =7

- 49 -



Double Station R/K5 Ratio (mg/l)

9 94
°
8 8-
[
o {1 1 slope)
71 (1 1 slope) 7
£
o
6 £
o
]
@
5 o~
o x
«
c
4 -} e
8
(7]
Q
3- o oo ©
oo &
o o
24 (]
[
|-|
)
] v v . Y v Y 0 T T v T T
0 ] 2 3 4 5 H 2 0 ] 2 3 4 5 6 7 8
Maximum Deficit {mg/1) Maximum Deficit (mg/1)
Flgure 15 Figure 16

Theoretical maximum deflcit (R/K2) and observed Theoretical maximum deficit (R/K2) and observed

maximum deficlt for the double-station method. maxImum deficit for the single-stetlon method,




spproximations”. In a true modeling set-
t+ing, the coefficlents are subject to
adjustment In validation and veri ficatien
procedures. Such adjusiments would be
expected to Improve the relationship be-
tween R/K2 and the maximum deficlt,

1f the estimates of respiration from diel
curve analysls and the respliration expected
on the basis of 1.5 g 02/kg OW/hr are
compered (Flgures 17 and 18), it Is obvious
that the dlel estimates are much higher.
This suggests that other tactors (BOD, SOD,
| nvertebrates, periphyton, etc.) are Im-
portant when calculating the total
community respiration estimate.

Graphs of gross photosynthesls versus blo-
mass are presented In Flgures 19 and 20.
Double-station estimates are generally much
higher than single-station estimates. The
1982 double-station estimates, which were
derived from larger reaches wlth longer
travel times, are generally lower than the
1981 estimates when corrected for volume
(Figure 20). The statistical fits of the
1982 data sets were also Iimproved. The
1982 double-station data and both year's
single-station data are below the estimates
of photosynthesls derived from Westleke's
(1966) biomass approximations. The
photosynthesis approximations from the box
studies are In better agreement with the
dlel estimates, but the scetter of the dlel
estimates still precludes serious modeling
effort.

Table 24

Dlel Modeilng Coeftflicients for
Single and Double-Statlon Analyses

SINGLE STATION (INTEGRAL) COEFF ICIENTS

Data K2 P R
Set (1/day) (mg/l/day) (mg/\/day)

| 1.040.5 10.9 13.3
7 0.940.8 9.2 13.3
9 0.8+0.7 7.0 1.3
13 1.4%1.0 10.7 19.5
16 2.2+1.5 19.4 29.7
18 3.9¥2.5 1.3 10.3
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Table 24 (con't)

DOUBLE .STATION INTEGRAL COEFF ICIENTS

Datea K2
Set (1/day)
| 2.6+0.4
2 2.840.3
300 27
a 5.7
5  9.343.8
6 *%
1 3.2
8  2.6+0.5
9 1.7+0.8
10 3.740.7
I 6.3+1.3
12 7.6+l
13 4.3+1.0
14 0.6+1.2
15  6.3+1.0
16 5.9+2.9
7 n.2s2.7
18 7.3

P
(mg/1/day)

9.9
6.7
8.2
12.0
19.4
*%
6.9
8.5
7.5
10.3
13.3
12.2
10.7
8.8
12.4
15.7
13.9
10.7

R
(mg/ 1/day)

14.9
17.8
16.5
24.4
35.9

&
20.6
17.0
10.8
7.1
24.7
26.7
19.5
10.1
23,9
22,1
24,1
20.8

DOUBLE STATION DIFFERENTIAL COEFF ICIENTS

Data K2 P R
Set  (I/day) (mg/i/dey)  (mg/i/day)
| 2.740.5 10.6 15.0
2 2.8+0.3 9.4 17.9
3 27%.2 10.2 16.5
4 4,840.7 1.2 21.3
5 6.0+.1 13.0 2.1
6  6.5+2.4 12.7 22.7
1 3.240.4 8.3 21.0
8 2.130.4 8.7 14.5
9 1.5%0.7 9.6 10.6
10 3.440.7 10.7 16.8
i 5.4+1.0 13.9 22.7
12 6.240.7 12.6 23.2
13 41310 .4 19.4
14 4.8%1.2 15.0 21.9
15  5.740.7 13.9 22.5
16 4.4%1.7 16.4 21,1
17 5.7+1.0 14.4 22.0
18 6.6+1.4 1.3 21.3

—
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Double Station Aresl Respirstion (omozlmzlduy)
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Double-station areal photosynthesis estimates
from dlel and plant blomass data.
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Single-statlon areal photosynthesis estimates
from dle! and plant blomass data.




Comparison of Double and Single Stetion Date

A demonstration wasteload altocation survey
was conducted on the Bark River on 30
August-2 September, 1982. The Intent was to
gather data which would allow comparison
of the single and double-station tech-
nlques, and hopefully corroborate some of
the assumptions of the model.

Seven dlel stations were established on the
Bark River, downstream of the Dela-Hart
POTW outfall. The locations of +these

stations, Iin miles downstream of the out-
fall, were 0.0, 0.3, 0.6, 0.85, I.15, 1,42
and 1,75, Dissolved oxygen (DO) was
monitored at all statlons for about 48
hours. Light was monitored at the 0.85
mile station. Temperature was monitored at
the 0.3, 1.15, .42 and 1.75 mile
statlons. The last three stations (1,15,
1.42 and |.75) were sampled for dissolved

oxygen and temperature at two to three hour

i ntervals. All other data were con-
tinuously recorded. An interpolation
routine (AISPIN/AISPEV, avallable at the

Madlson Academic Computing Center) was used
to generate "contlnuous" data for the last
three stations.

Three separate analyses of the data set
were performed (Table 24):

I, The single-station analysls was per=-
formed on each of the seven dlel
curves, using the Integrated equation.

2. Double-station analysls was performed
on all possible pairs of diel curves
(0.0-0.3, 0.0-0.6, 0.0-0.85, etc.),
using the differential equation.

3. Double-station analysis was repeated,

using the Integrated equation.

The resultant coefficlents, and the "fit"
of the Individual determinations, can be
used to test some of the assumptions of
dlel curve analysls, and answer some
questions which pertaln to the choice of a
modeling method. The following section
shal | examine the following questions:
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® What upstream area does the single-
station analysis represent?
®* Do the dlfferential and Integrated

equations return the same coefficlents
when "short" reaches ere analyzed?

® How long must & reach be before the
dl fferential equstion falls, and when
is It necessary to employ the

Integrated equation?
How does Increasing reach length Iimpact
the accuracy of the double-station

technique?

Area Represented By Slngrle Station

Coefflclients

The relative positions of the DO stations
for a wasteload allocation survey on the
Bark R. (In mlles downstream of the out-
fall), the coefficlents returned by the
single and double-station analyses, and the
time of travel between stations are shown
In Table 25. The P, R and K2 values are
arranged to correspond with the area or
position from which they were derived. The
double-station values Ilisted between the
0.0 and 0.3 mlle stations were derived for
the reach between these two points.
Single-station values are adjacent to the
station from which they were derived, and
represent averages applicable to some area
upstrean of the station for which they were
derlved.

As might be expected, the double-station
and single-stetion values do not seem to
closely agree. The determination of P, R
and K2 for longer reaches (e.g. the 0.0 to
0.85 or 0.0 to 1.15 reeches) falled to
yleld sufficlent data with which to deter-
mine and validate the erea represented by
the single-station analyses.

If we assume an "average K2" for the 0.0 to
1.85 mile reach of 2/day, and use the ob-
served travel time of 7.2 hours (0.30
days), we can see that the Incoming deficlt
at the 0.0 mlle station still has & sub-
stantlal Impact on the deficit that arrives
(7.2 hours later) at the 1.85 mlle station.



Fable 25

Single and Double-Station Coefficlents
for the Bark Rlver Wasteload
Al location Survey

Single-Station Stream Doub le=Statlon
K2 P R Miles Ky P R
(T0T In
hours)
1.8 11.3 14,5 0.0

(1.65) 2,7 10.6 15.0
t.6 10,0 14,8 0.3

(1.27) 3.2 8.3 21,0
1.8 7.2 12.9 0.6

(1.10) I.5 9.6 10.6
2,7 8.6 12,7 0.85

(l1.16) 4,1 .4 19.4
2,7 7.7 11.4 1.15

(1.07) 4.4 16.4 21.1
4.5 9.2 15.4 1.42

(0.97) 6.6 11,3 21,3
4.8 11,1 17.4 1.85

The calcutations are as follows:

(Cs - o), gg = (€5 - Golg o ™22 & (lacP & R )01 - 22T

=t - Colg g €0 B o ((tP s R) )L - €0 6)

* (€5 - Cslg o (.55) * (&P + R),,)(.45)

P and R values are Iin mg02/liter/day.

values In t/day.

K2

If we assume a larger K2 value (4/day), the
I mportance of the Incoming doficit
diminishes, but Is stiil significant.

(Cs - Ca)y gg = (Cs - Calg g (.30) & ((«P + R),q)( 70)

From this perspective It would appear thet
the area represented by ‘the 1.85 mile
single-station analysls Is In excess of
1.85 mlles. These calculations sre simi-
lar to assuming that an "average P, R and
K2" can be unliformly applled to the area
upstream of the 0.0 mlle station and would
produce an "average (Cs-Co) ", and that
another set of "averege P, R and K2" values
uniformly epplles to the 0.0~1.85 reach,
and should produce an "average (Cs-Co)",
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This Is a "steady-state™ viewpoint. Under
these conditions, iittle or no vertation In
D0 occurs over time at a given station.
Under these conditions, the time of travel
(or distance) which must elapse before the
"new" P, R and K2 values eare fully ex-
pressaed Is primarily a function of the new
K2 value. In reality, the incoming deficit
1s not constant, and In this Instence fluc-
tuates around "0". It Is clear thet the
magnitude of both the incoming deficit and
the ((eXP + R)/K2) term wlll be important.
When the Incoming deficlit Is large, Its
Impact may mask the effects of the area
Immediately upstream. If +the Incoming
deficlt Is small (£|?), however, It Is
Ilkely to have a small (relative to the
Impact of the ((e(P + R)/K2) term) Impact
on the deficit at a downstream stetion.

The term (&P + R)/K2) 1Is also presumed
constent In thls discussion. Like (Cs=Co),
however, the value of this term could be
expected to fluctuate sround zero, and
exert a veriable Impact upon actual deficit.

In a real stream, natural veriations In the
magnitude of P, R or K2 can be expected to
play equally important roles, and complli-
cate matters even more,

Comparison of Mean Single and Double

Station Values for the Entlre Survey Area

The single and double-station technliques
generated two seperate estimates of the
coofficlents which are cheracteristic of
the study reach, A t-test can be used to
determine whether <the "average" single-
station estimate for each of the coefficl-

ents Is signlficantly different from the
"average"” double-station estimate. The
probablilitles that the "true means" are
equivalent are 0.42, 0.11 and 0,09 for K2,
P end R respectively. Only the six
double-station reaches shown in Table 26

were included In this test.

Casual Inspectlon of Table 25 seems to in-
dicate that both estimates of K2 Increase
In the downstream dlirectlon (with the ex-
ception of the 0.6-0.85 mlle double-station
estimate), but there are no apparent
patterns In the varletions of P or R.



Table 26

Mean Modeling Coefflcients and their Standard Deviations for the Entlre Survey Area

Single-Statlon Values

Double-Station Values

Coefficlent K2 P R K2 P R
Mean . 2.83 9.3 14,2 3.75 1.3 8.1
Standard Deviatlion 1.30 1.6 2.0 1.74 2.8 4,4
Number of Samples 7 7 7 6 6 6

The above date and dlscussion suggest that
the area represented by the single-station

method is smalier than the area (time of
travel) required to reduce the Incoming
deflcit to a smatl quantity., (f a study of

this nature was conducted where the resere-
tion rate was higher, a better deflnition
of the area represented by the single-
station method might be possible. A com-
puter simulation of the effects of changling
values of P, R and K2 would also be useful.

Double Statlon Coefficlents and "Average
Double Station Coefflclients"

Flgures 21 through 23 represent the com-
parison of calculeted coefficlents and co-
efficlents determined by averaging the co-
efficlents returned for the shortest
reaches. This exercise was carried out to
demonstrate the fallure of the "double
station differential®™ method when reach
length, or the product "K2TOT" becomes too
large. The plots demonstrate that as TOT
Increases, the estimates of R and K2 fall
further from the theoretical 1:1 Ilne which
would be expected If no fallure occurred.
The estimates of P seem relatively un-
affected by reach length. R ond K2 co-
efficlents returned from the longest
reaches are much higher than would be ex-
pected from +the averages of +the short
reaches, Even the shortest "averages",
l.e. those returned from the average of two
one hour reaches, lle above the I:1 line
that would be expected |f only random
errors In the determinations were the
cause, This suggests that a systematic
error Is Involved, and that the error in-
creases with Increasing reach length.
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A slightly anomatous point Is that the
"statistical fI¥+" of the determinations
generally Improves with Increases in travel
time. The above dliagrams and tigures In-
dicate that coefficlents derived from the

long travel times are incorrect. This sug-
gests that "statistical fIt" (e.g. large
r-square values and smal | conf ldence

limits) ts not necessarily a good Indicator
of "correctness".

Infegrafed and Dl fferential Coefficlients for
the Double Station Technlque

The Integrated equation was used to cal-
culate a second set of double-station co-
efficients for the WLA date set. The re-
sultant coefficlents ere compared with
those returned by the differential equation
in Flgures 24 through 26. A t-test was
performed to test whether or not the two
methods (differential end Integrated) re-
turned mean values for P, R, end K2 which

were signiflcantly dlfferent. The mean
values, thelr standard deviastions &and the
probabl lity that +the mean values are
statistically equal are presented in
Table 27, (A value less than 0,05 s
common ly Interpreted to Indicate

statistical Inequality.)

The results of these tests Indlicated that
the "whole-reach™ mean values returned by
the two asanalytical methods (differential
and Integral) were not significantly dif-
ferent at the five percent level.

A palred t-test was ealso performed to
determine whether the reach-by reach dif-
ferences between analytical methods were
signlflcant, The results Indicated that P,
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Flgure 2i

Aversge dlfferentisl photosynthesis coefficlents versus

measured dlfferentlial photosynthesis coeffliclents
{gm 0/m%/day). The line drawn represents a “perfect"
relationship (slope = |, Intercept = 0),
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Figure 22

Average dlfferential K2 versus measured differential
K2 coefficlents (gm 0,/m</day-1). The |lne drawn
represents a "perfect" relatlionship.

Note: Symbols represent different travel times:
0 = 2-3 hours, + = 3-4 hours, ©= 4.5 hours, 8= 6 hours, x = 7.2 hours
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Figure 23

Average differential respiration versus measured
differential respiration coefficlents (gm 0,/m</day).
The line represents a "perfect" relatlionship.

Note:
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DIFFERENTIAL RESPIRATION COEFFICIENTS

Flgure 24

Comparison of dlfferentlal and Integrated
double-statlon coefficlents for resplration (gm Oz/mzlday).
The |ine represents & "perfect" relatlionshlip.

Symbols represent different travel times:

Q= 2-3 hours, + = 3-4 hours, © = 4.5 hours, &= 6 hours, x = 7.2 hours
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Figure 25

Comparison of differential and Integrated double-station

coefficients for photosynthesls (gm 0,/m</day).
The line represents a "perfect” relatlonshlp.

Note: Symbot!s represent different travel times:
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Figure 26

Comparison of differential and |ntegrated

double-station coefficlents for reseration (i/day),

The |lne represents a "perfect" reletionship.

@ = 2-3 hours, + = 3-4 hours, ©= 4.5 hours, A= 6 hours, x = 7.2 hours




Taeble 27

Comparison of Mean Double-Station Coefficlents

Double-Station Coefficlents

Coefficient Integrated Di fferentlal
Mean S.D. N Mean S.D. N Py, =)
P (mg/l/day) 10.59 2.69 15 11.85 2.28 18 0.39
R (mg/1/day) 20.06 4,38 15 19.75 3.72 18 0.83
K2 (mg/i/day) 4,67 2.02 15 4,37 1.62 18 0.65
R and K2 estimates fram the dlfferential with  theoretical conslderations., The

method were slignificantly dlfferent from
the Integral estimates of P, R and K2
(p=.0013, ,0010 and ,0273 respectively),

Regression analyses were performed to
further characterize the relationship be-

tween the differential and Integral co-
efflclents. Integrated coefficlents are
designated by the prefix "I" and dlf-

ferential coefficients by the prefix "D",
The equations which resulted are presented
below. The values In parantheses are the
standard devietlons of the coefficlents,

IP = 1.11(DP) = 2,14 n=15
(0,100 (+1.19)
IR = 1.10(DR) = 1.07 n=I5

(0.10)  (+2.02)

IK2 = 1.24(DK3) = 0,41 n=15

(+0.07) (_+_0.29)
I1f the dlfferential and Integral results
are truly equivalent, the slope (coeffi-

clent of the differential term) should not
be signiflicantly different from "1.0". The
slopes of the lines relating the two esti-
mates of P and R are not significantly (_-:_2
standard deviations) different from "|.,0",
The slope relating IK2 and DK2 appears sig-
nificantly different from "1,0",

DISCUSSION

The results of the single-station: double-
station comparison are In gensral agreement
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single-station and double-station coeffi-
clents are comparable when reach length
(study area) Is large enough, despite rela-
tively poor agreement for short reaches.
The P, R, and K2 values which result from
the last single-station sample point also
appear close to the average double-statlion
values. Despite these findings, It s
still difficult to define the area repre-
sented by the single-station analysis. The
same experimental design, executed where
reseration Is higher or reach length Is
longer (and more DO statlions are Iinvolved)
could reveal the controlling factors. For
the present, we can only cite "“general
agreement" between methods, for long (K2 x
TOT >.9) reaches.

results of the "differential™ :

differential” comperison were
The differentlal equation falled to
return "average cocefflclents" (for R and
K2) for long reaches, as expected, The
fect that the differential estimates of P
for the longest reaches were not apprecia-
bly dlfferent from the expected average
values indicates thet linear processes can
be accurately determined In very long
reaches. The fallure for K2 (and therefore
R) 1Is possibly related to Inappropriate
determination of the "average deficit" +to
be applied over the time of travel. The
results suggest that time of travel for the
double-stetion dlfferential method be
limited to one to two hours, It Is un-
certaln as to whether the time limit should
be shorter Iin streams where reseration Is
higher,

The
"average
mixed.



The Integrated and dlifferential comparison
showed unexpectedly good agreement between
the two methods. The results were simllar
to the "dlfferentlial™ : "average differen-
tl1al® comparison, with best agreement
occurring between differential and Iintegral
estimates of P. The estimates of R and K2
from the long reaches seemed to substan-

tially overestimate the true (as Indicated
from welghted averages of short reaches)
values. The Integral equation, as Imple~

mented, did not allevliate problems assocl-
ated with long travel times. The reason
for this Is unclear, Further Investigation
In this area Is warranted.

SUMMARY OF DIEL STUDIES

There are many possible reasons for the
scattered dlel estimates of P, R and K2,
Inaccuracy of deta collectlion technlques
could be a major source of error. The
double~station technique suffers more from
slight Inaccuracles In DO measurement than
does the single-station technlique. Season—
al changes In the photosynthetic efficiency
of the plants, self-shading, and the pres-
ence or absence of periphyton as other
photosynthetic agents could all lead to the
observed results,

In addition, it appesrs that the assump-
tions upon which the model Is based are
sometimes violated. Flgures 27 and 28 show

several examples where Ilght and photo-
synthesls are @apparentty not |lnearly
related. These grephs are from the

double-statlon analysis, and represent the
change in DO across a reach, corrected for
reaseration, at different I[light levels, It
Is worth noting that the curves "flatten
out" around 30x10!7 Q/cm2/sec, which Is
neer the range of 25-30x10!3 Q/cm2/sec
quoted In the Ilterature as being a
"typical |light saturstion level®™. This
mon-ilnearity may or may not lead to an
error In the estimate of "P" and "R". (In
most cases It does not appear to be a
serlious error.) It Is an Inaccuracy In the
technlique, and deserves attention.

remalns constant
in

The assumption that "R"™
throughout the night Is probably also
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according to the bottle and box
studles. Further studles would be needed
to deflne the magnitude of the error, and
If Indeed It would be possible to correct
thls error on a routine basis.

error,

Finally, each of these dlel surveys covered
approximately twenty-four hours. Day to
day varistlons In |light levels are |lkely
to add veriability to the determinations of

IIPII .

From the results of the simulated wasteload
study, it appeers that continuousiy re-
corded data (light, temperature and DO)
collected over a perlod of about 48 hours
provided the best (in a statlstical sense)
data.

The cholce of the modeling method used to
determine the K2 and R value for a given
stream s compliceted by the fact that the
exact relation between single and double-
station coefficlients has not been adequate-
ly explored. I+ Is clear, however, that
the resuits of the two methods wiil differ
in most cases, and that they do so because
of thelr different determinations of the
APO/At term,

I+ seems prudent to conduct waste-loads
with a design conducive to double-statlion
analyslis wherever possible. The small
amount of extra effort end expense wiil
provide additional (and possibly better)
dota. |f problems are encountered with the
double-station analysis, the data ere still
avallable for singie-station analyses.

If the dlifferentlal double-station method
Is used, care must be taken to choose
stations which are relatively close, wlth
less than two hours travel time between
them. Travel times shorter than two hours
may be advisable where K2 Is expected to
exceed 5/day. (Further resesrch Is needed
to determine more exact time of travel re-
strictions.) When travel time Iis less than
one half hour, very accurate determinations
of the ADO/At term ere necessary. Poor
resolution of the ADO/At term may make
analysis very difficuit and prone to In-
accuracy.



P+R mg02/1/time of travel

P+R mg02/1/time of travel

Figures 27 and 28

Examples from the Ashippun and Bark rivers demonstrating non-|inearity of
the relatlionship between |ight and photosynthesis (epparent |ight saturation).
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The Integrated double-station method, as
implemented In thls study, remains re-
stricted by the assumption that sum
(eP+R)/K2) remalns constant, I+ thus

seems reasonable to restrict the travel
t+ime to less than two hours In thls method.

POTENT IAL METHOD OF ALLOCATING PHOSPHORUS

The foregoing deata and discusslion suggest &
simple way In which phosphorus may be In-
corporated Into the wasteload allocation
process. Fleld surveys or existent data can
provide estimates of reseration and respi-
ration. |f a change In the amount of phos-
phorus which will be discharged Is estl-
mated, and the upstream phosphorus concen-
tration Is known, the macrophyte blomass
can be estimated from the models presented

eariler In this paper. The change Iin blo-
mass projected by the model (l.e. "Blomass
predicted at present phosphorus level”

minus "Biomass predicted et the new (pro-
Jected) phosphorus levei™) can be used to
ostimate a change In the respiration rate.

Experiments presented elsewhere In this
paper, as well as In the I|iterature, sug-
gest that macrophytes respire at the rate
of 1.5 g 02/kg DW/hr, which Is equivalent
to 36 g 02/kg Dw/day. |If the biomass is
proJected to Increase by 100 g/m2, this
would Incresse the areal respiration rate
by 3.6 g 02/m2/day, which can be translated
into a mg/i/day estimate by muitiplying by
average depth and dividing by the number of
Iiters present over a square meter area at
a depth of one foot (If the average depth
was one foot, 3.6 g 02/2/day x | f+ x |
m2/304.8 | = 11.8 mg 02/1/day). The new
respiration rate, the "measured respiration
rate + projected change", can be divided by
the "estimated or measured K2 rate" to
ostimate what the new maximum deflcit wiil
be If K2 is greater than 5/day. If K2 Is
less than 5/day, the projected change can
be added to the resplration term Iin the
mode| to estimate the maximum deficit.

The advantage of the "R/K2" methodology
tles In 1Its ablllty to predict the maxi-
mum deflcit regardless of daytime DO fluc-

- 63 -

tuatlions. Application of the Integrated
model should yleld approximately the same
result, yet Is much more cumbersome.

In streans where K2 exceeds 5/day, the
equliibrium concept will also allow the
Impact of non-point sources to be quanti-
fled, 1f an Increasse In phosphorus or sedl-
ment oxygen demand can be |Iinked to
non-polint sources. Difficulties Inherent In
projecting a new photosynthesis rate meke
application of the Integrated model diffi-
cult in sltuations where K2 Is less than
5/day.

This procedure would augment the present
BOD allocation process. In  conjunction
with CBOD and NBOD, some level of phos-
phorus with attendant Increases In plant
blomass and respiration would result In
violatlon of the 5 mg/l criteria.

CONCLUSIONS

The dissolved oxygen concentration of small
streams has been modeled as a function of
+hree basic terms: P, R, and K2,

Under high reseration conditions
(K2 >5/day), the meximum deficit Is essen-
tlally speciflied by the quotient R/K2, and
phosphorus Induced 1increases 1in biomass
(see Macrophyte section) cen be expected to
increase the maximum deficlt (decreesse the
minimum DO level).

Under lower reseration conditions
(K2< 5/day), the result of Increasing blo-
mass Is less clear, but should stiil be
modelable through the present "BOD allo-
cetlon process”. |If the modeled area In-
cludes less than twelve hours of travel
time, then analysis of +the nlght time
changes can give the "expected deficlt at

sunrise"” (the 1Incoming deficit at sunset
lupstream of discharge] would be expected
1o remaln unchanged). Where more than 12
hours of travel time are Included In the
modeled area, some approximation of the
deflcit &t sunset |Is necessary. This

espproximation would have to be done on &
site speclfic basls.



The allocation of phosphorus under these
guidelines Is very simllar to, yet separate
from the present BOD allocation pro-
cedures. Some Increase In phosphorus
levels could be expected to result In vio-
lation of the 5 mg/l stream DO standard,
even |f BOD levels are reduced to
negligibly small quantities.



SUMMARY AND CONCLUSIONS

The purpose ot the Phosphorus and High-Flow
Assessment study wes to define methods of
dealling wlith phosphorus In setting appro-
priate water quality goals or standards.
The overall study Initially evaluated the
feasibllity of both point and non-polnt
source control of phosphorus. The flelid
study reported here addressed the nutrlient
control objective, and was almed at de-
fining low=flow or sustalned stream phos-
phorus contributlons rather than high=-flow,
or event-related phosphorus loadings.

In additlon to Investigating the Iimpacts of
phosphorus In small stream systems, the
fleld study also evaluates methods of docu-
menting phosphorus Impacts In stresams and
recommends monltoring strategles.

Stream and sediment nutrients were compared
to rooted plent and attached aigase growth
Iin selected southeastern Wlisconsin stream
reaches in 1981 and 1982, The Impacts of
In-stream nutrlients and plant growth on
stresm dlel dissolved oxygen (DO) charac-
teristics were also Investigated. These
reaches provided a veriety of physical and
blological characteristics as well as »
wide renge of water and sediment nutrient
conditlons, Streams recelving wastewater
treatment plent effluents were also In-
cluded In the study.

STREAM MACROPHYTES

Based on frequency of occurrence of macro-
phytes on speciflc substrate types, sedi-
ment Interstitial water/stream phosphorus
concentration rstlos and macrophyte tissue
nutrient concentration data,. the study
reaches were categorized Into two groups,
Type | and Type |l. Verious Investigators
have reported rapld exchange between sedi-
ment pore water and overlying stream water

In larger substrate slzes. Macrophytes In
Type | streams, characterized as growing
over |arger substrate slizes, ere suspected

of obtalning growth nutriemts from the
overlying water. Signlificant relatlionshlps
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were described between stream phopsphorus
concentrations and macrophyte blomass In
Type | streams. Based on these relation-
ships, & predictive equation was developed
which predicts maximum summer blomass from
mean summer (June-August) PO4P concen-
trations (Model 1),

In these stream types, the model predicting
maximum plant blomass from In-stream PO4P
Is most applicable and may provide & good
predictive tool for assessing phosphorus
impacts in streams. Macrophytes In Type |1
streams, occurlng over primarlly slit sub-
strates, are suspected of deriving growth
nutrients from the sediments.

Macrophyte tissue nutrlients were also sig-
nificantly related to In-stream nutrient
concentrations., A predictive equation was
developed which descrlbes macrophyte t+issue
phosphorus concentrations as a functlion of
mean summer In-stream PO4P concentrations
(Mode! 11). As with the mecrophyte blo-
mass/stream PO4P model, +tissue nutrient
concentrations of macrophytes In those
stream reaches lIdentifled as Type I1l, were
higher than that which could be obtained
from the ambient water alone. These Type
Il streems (where sediments are suspected
of being the primary nutrlent source) were
clearty ldentlfied as not belonging to the

the Type | stream reletlonship. This model
(Model 1) indicates that +the maximum
tissue phosphorus concentration Iis depen-

dent on the In-stream mean summer PO4P con-
centration In Type | streams.

A third equation (Model 111) was developed
to describe the relationship between macro-
phyte tissue phosphorus concentration and
maximum stable summer plant blomass. This
model Is scmewhat sensitive to timing of
the hervesting as tissue nuirlents are
rapldly lost from senescing plaents.

The three least squares regression models
presented may provide an alternative method
for determining the primary macrophyte
nutritive source, and specify the proper
model to eassess stresm macrophyte pro-
duction and phosphorus Inputs in different
stream Types. This provides & basic tool



with which to determine existing levels of
macrophyte blomass and project changes In
stream macrophyte populations due to
changing phosphorus Inputs, It Is sug-
gested, however that the results and the
macrophyte models be further tested to Im-

prove +their applicablility to a larger
number of sltuations.
The macrophyte mapping and harvesting

methods developed and refined during the
study appear to adequately describe stream
macrophyte communitles. These methods are
similar to those employed In present Waste-
load Allocation Surveys. Based on the re-
sults of this study, a monitoring protocol
with recommendations for Its wuse In
P-assessment surveys I|s appended to the
study report,

STREAM PERIPHYTON

Stream periphyton were harvested from
glass-sllde samplers and bricks, exposed
for two and four weeks, respectively. The

two~week exposure of glass-slide periphyto-
meters was employed to test what is usually
consldered an optimum or "standard" ex-
posure period. The longer brick exposure
periods were designed to approximate o
naturally occurring periphyton population's
response to nutrients.

Chlorophyll-a was positively correlated
with In-stream phosphorus and Inorganic
nitrogen concentrations. Brick chlorophyll,
however, was most strongly related to
In-stream PO4P., Brick values were also
more strongly correleted with stream
nutrients  than per I phytometer values.
Based on these relationships, a least
squares regression model was calculated
describing +the Brick chlorophyll and
in-stream PO4P relationshlp (Model V).
Ash-free welight blomass measurements did

not appeer dlirectly related to stream
nutrient concentrations.

Periphyton +tissue nutrients were also
highly correlated with I n=stream
nutrients. Similer to the chlorophyll-a:

In~stream PO4P relatlonship, brick collec-
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tlons were more strongly correlated wlth
nutrients than glass-slide collections. A
least squares regression model was calcu-
lated describing brick periphyton tissue
nutrients as a function of in-stream PO4P

(Mode! V).

Although perlphytometer chlorophyll did
correlate with In-stream phosphorus,
In-stream sampling variability and the In-
fluence of physlical factors (e.g. current
velocity, shadlng, temperature) precluded

serlous modeiing effort,

Brick periphyton chlorophyll was also cor-
related with tissue phosphorus and a model
calculated to express this relationship
(Model Vi), The periphyton results suggest
that bricks, placed for four-week exposure
perlods, more closely reflect nutrlient Im-
pacts than glass-slide collections exposed
for two weeks. The correlations of brick

nutrients with water nutrient concen-
trations, simllar to macrophyte tlssue and
Iin-stream nutrients suggest that brick
periphyton collections, representing a

naturally occurring periphytic community,
support the marophyte study results.

SEDIMENT
Sediment Interstitial water nutrlents and
bulk sediment nutrient samples were

collected within macrophyte-populeted areas
and outside of macrophyte areas.

Macrophyte blomass was positively corre-
lated with sediment Interstitlial PO4P. No
correlation was apperent between (nter-
stitiel nitrogen and macrophyte para-
meters. Sediment Interstitial PO4P was
also correlated with in-stream PO4P concen-
trations, Inorganic nitrogens less so.
Statistical T-tests showed no significant
dlfferences between nutrients In macrophyte
beds and concentrations outside of these
areas within stream reaches. Bulk sedlIment
nutrient content was aiso not clearly re-
lated to Interstitial nutrient concen-
trations.

These results substantiete the relation-
ships described by the stream macrophyte



results, suggesting that macrophyte
nutritional needs In Type | streams are
satisfled primerily through shoot absorp-
tion or indlrectly through stream water
exchange through the substrate.

DIEL STUDIES

Single-statlion and double-station dlel dls~
solved oxygen analyses were conducted
monthly in 1981 and 1982, The purpose of
the modeling was to determine photosyn-
theslis, respiration and reseration values
for the date each stream was monitored. ﬂ_
sltu light and dark bottte and box studies
were also conducted to Independently
measure photosynthesls and resplration.

Estimates of photosynthesls from the
modeling resuits generally agreed with In
situ measurements. Light saturation was
also demonstrated In many of the dlel
curves, Measured respiration rates from
both the bottle and box studies show good
agreement with values reported Iin the
literature. Modelling estimates of respira-
tion, however, were usually higher than
could be accounted for by measured plant
biomass alone. This Is attributed to other
forms of blologlical respiration and sedi-
ment oxygen demand,

Results from the study and +theoretical
developments Indlicate that by Incressing
primary producer populations, phosphorus In
streams will Impact photosynthesis,
respiration and reaeration capacity. Plant
growth In streams will resuit In incremen-
tal Increases In community photosynthesis
(oxygen production) and respliration (oxygen
consumption) and decressed stream re~
seration., The effect which substantial
macrophyte growth can have on stream re~
aeration capabitlity Is potentially severe.
This Is due to ponding of stream waster by

macrophytes, decressing surface area +to
volume ratlos, &and Increasing channel
roughness.

Using the macrophyte blomass/PO4P model
presented In +this report, the maximum
stream dlssolved oxygen (DO) deficit
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(minimun night-time DO) at sunrise appears
modelable as a function of stream PO4P,
This should be workable as long as the area
modeled has a time of travel which Is less
than the night length., If time of travel
Is greater than night length, the "deficit
at sunset™ must be specifiled.

Stream reseration will ealso Influence the
abliity to specify or predict the
night-time maximum DO deficit. Where re-

seration is low (less than 5/day) the small
stream wasteload modeling process can be
used to proJect the DO deficit at sunrise,
Where reeseration Is high (grester than
5/day), the small stream model predicts the
deficit will equal respiration divided by
the reseration rate (R/K2), Plots of R/K2
against the maximum observed deficit showed
that the predicted equitibrium deficit
level (R/K2) 1s commonly achlieved.

SITE-SPECIFIC PHOSPHORUS ALLOCATIONS
The overall results of the Phosphorus
Assessment fleld studies Indicate & need
for phosphorus control In small stream sys-
tems. Inabillty to define phosphorus as a
pollutant in a traditional sense has
hindered establishment of phosphorus water
quality standerds In Wisconsin, Relation=
ships between stream phosphorus, macrophyte
biomass and stream DO characteristics
appear to provide a method to approach
phosphorus control.

The resuits of +the primery producer and
diel studies suggest that phosphorus could
be allocated to streams, on & site-specific
basis. This would be done In a manner
similar to current methods of allocating
Blochemical Oxygen Demand (BOD). Given the
macrophyte/phosphorus relationships
developed In this study, It appears pos-
sible, at least In streams where plants
obtaln phosphorus from the weter, to pro-
Ject changes In mecrophyte biomass based on
projected changes In In-stream PO4P concen~
trations.

tf minimum night=time dissolved oxygen can
be described by R/K2, then the additional



respiratory oxygen demand of the projected
Increase due to macrophyte blomass can be
added as an additlional form of 80D, In
addition, theory predicts thet reaeration
(K2) will also decrease as macrophytes be-
come more abundant In the channet. This
effect would serve to drive the minimum
night-time DO concentration even farther
downward,

Other areas of key concern, attributable to
phosphorus, Include stream pondling, aiter-
atlon of channel characteristics, changes
in the ablillty of streams to malntain
"healthy" nighttime dissolved oxygen con-
centrations, alteration of natural stream
habitat and production of undesirable
aesthetic condlitions due to macrophyte
growth. Other agencles In the United
States have adopted phosphorus standards
based on the above concerns. Appropriate
criteria were generally epplled through
water use classifications (US EPA 1980),
In addition to the above Incorporation of
"Macrophyte BOD" Into the current WDNR
Wasteload Allocation process, considering
these other concepts In deveiopment of
phosphorus control strategles for Wisconsin
I's recommended.
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APPENDIX |

STUDY REACH DESCRIPTIONS

INTENSIVE SURVEY REACHES
SUGAR CREEK, WALWORTH CO., T4N-RI7E, SI5

Suger Creek (SC), a medlum-gradient stream, drains predominently egricuiturel and muck-farmed
land. The headwaters are ditched with extensive agricultural tlle dralnage. Suger Creek Is the
most heavily nonpoint source Impacted stream in the study.

The erea upstream of the study reach Is predominantly wetiands and fresh-meadow, providing a
good buffer along the streem length. Other than overhanging terrestrial grasses and brush,
there |s virtually no shading of the reach., Increased turbldity during summer low-flow was
attributed to rough fish activity.

The Sugar Creek study area was about 60 m (195 f+) Iin length with an average width of 6.7 m (22
ft). Sample transects were numbered consecutively from downstream to upstream with approxi-
mately || m (40 f+) between transects. The mean Instream depth of this reach was 0.2 m (0.8
ft+), with a mean annual flow of 15.4 cfs. Substrate was predominantly sand and gravel with silt
overlay once macrophytes became stablished. Ouring the growing season (June-September), sub-
merged macrophytes were restricted to the shallower water and gravel/rubble substrate of the
left side of the channel.

ASHIPPUN RIVER, WAUKESHA CO., TBN-RI7E-532

The Ashippun River Is a low-gradlent stream draining agricultural land. There Is |ittie shadling
of this section of the stream, with good buffer along the length Immedlately above the study
area. Cattle pasturing adjacent to the river In the upper watershed asppeared the most common
nonpolnt source problem, This reach Is also heavily Impacted by agricultural NPS poliution.
The watershed area Is roughly one~half the size of Sugar Creek's.

The Ashippun study area Is divided into three reaches, dellneated by an old berm which at one
time served & mill (Ashippun-Mainstem), and a small Island which divides the downstream flow
into the North and South Branch reaches. The water serving the reaches Is essentlally of the
same quallity.

Ashippun-Malnstem

The mainsteam reach (AM) In 1981 was spproximately 40 m (130 f+) long with an average width of
5m (17 ft), and divided into 5 transects, 9 m (30 ft) apart. Submersed macrophyte growth was
restricted to the deeper, center channel from June-September. Emergent vegetation (Sparganium
eurycarpum) occurred along the right bank. In 1982, mean depth of this reech was 0.4 m (1.2 ft+)
with a mean annual flow of 15.5 cfs. Bottom materlals were predominantly sand and gravel except
In the area assoclated with the Sparganium, which Is a thick slit bed. There is little direct
shading of the reach.

This reach was lengthened Iin 1982 for a total reach length of 235 m (780 ft), with a mean width

of 6 m (20 f+). Mean depth of the Ashippun reach In 1982 was .5 m (1,3 ft). Predominant sub-
strate was sand and gravel,
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Ashlppun=North Branch

The Ashippun-North Branch reach (AN) was approximately 26 m (87 ft+) long and everaged 4 m (i3
f+) wide. Submersed macrophyte growth occurred throughout the reach in June-September, 1981,
Substrate in this reach was primarily rubble/grevel with little silt. This ares recelved shade
from bank wllilows for a brief period in the morning. This reach averaged 0.2 m (0.7 ft) in
depth with a2 mean annual flow of 9.3 cfs, or 608 of the Mainsteam flow. This reach was dis-
continued In 1982,

Ashippun=South Branch

The South Branch reech (AS) was roughly 32m (104 ft+) long and 3 m (IO ff) wide. Bottam
materials varled from sand and gravel to gravel and rubble. Macrophytes occurred primarily In
the gravel and rubble substrate. Mean depth of this reach was 0.2 m (0.6 f+) with a mean annual
flow of 6.0 cfs, with represents 40% of the Malnsteam discharge.

Both the North and South Branch reaches were divided into 4 transects, separated by 9m and Il m
(30 and 35 f+) respectively.

KOHLSVILLE RIVER, WASHINGTON CO., TI2N-RIBE-S35

The Kohlsville River (KR) is a high gradlent low order stream. The study reach was located at
CTH "D", upstream of the impoundment at Kohlsville. For most of Its length above this point,
Kohlsville River Is shallow, |Imiting the fishery to forage fish. The water upstream of the
study reach Is predominantly agricultural, mostly in hay and graln crop production. The
Kohisville study reach is one of the smallest watersheds of the study.

The Kohlsville study reach was 56 m (185 ft) long and averaged 2 m (7.5 f+) In width. The reach
is generally shallow, with rubble and gravel substrate. Mean depth during the 1981 study perlod
was 0,2 m (0,7 ft) with 2 mean annual flow of 4.2 cfs., The reach was dlvided Into 9 transects,
approximately 6 m (20 ft+) apart. Periphyton and mosses are the dominant primary producers,
sometimes growing in a thick, felt-like mat on the larger substrate classes; no macrophytes were
observed.

This reach |s shaded In the early morning by an Osk lot. The area Immediately upstream of the
study area, however, |s almost totally shaded.

This reach was discontinued In 1982,
BARK RIVER, WAUKESHA OO,

There were two study reaches on the Bark River In 1981 and three In 1982, one upstream and two
downstream of the Dela-Hart POTW outfall.,

Bark-Wolf, TIN=R|7E-526

This study reach (BW), upstream of the Dele-Hart POTW outfall, Is roughly I.| km (0.7 mi) down-
stream of Crooked Lake. Land use upstreem and adjacent to this study site Is primarily agri-
cultural, however there is also a large percentage of recreational/open space iand. Becsuse of
the short distance between the study resch and the Crooked Lake outlet, there Is very l|ittle
land ares contributing directly to the stream at this point, and there Is a good buffer area
along the stream,
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Substrate within the Bark-Wolf reach Is predominantly sand and gravel. There Is |it+tle macro-
phyte growth In the study area and for a distance up and downstream. There are, however, areas
upstream ot the reach which support moderate periphyton and macrophyte growth.

In 1981, the Bark-Wolf study reach was 68 m (226 ft) long and averaged 9 m (30 f+) In width.
Mean depth over the 1981 study perlod was 0.4 m (1.3 ft) with & mean annual flow of 26.0 cfs.
Bark-Wolf had the lowest nutrient concentrations of ail the study sites, reflecting the In-
fluence of the upstream |ake.

This reach was lengthened to about 300 m (1000 ft+) in 1982.
Bark-Lurvey, TIN-R|7E-S35

The Bark-Lurvey study reach (BL) is located 1.4 km (0.85 mi) downstream of the Dela-Hart out-
fall. The Dela~Hert treatment plant, which went on-line in August 1980, has a design capacity
of 2.2 mgd and summer effluent Iimits of 10 mg/l for BODs end suspended sollds, 2 mg/|
ammonla, 6 mg/l DO and pH of 7.6; there are no phosphorus |imlts. Incorporated into the treat-
ment process are rotating blologlcal contractors (blo-discs), sand flitration and cascade-type
final effluent aeration. Low ammonla concentrations, high NO,-NOsN and PO4P concentrations
are discharged. Mean discharge at the outfall was estimated at 2 cfs In 1981 and 1.6 cfs In
1982,

As with Bark-Wolf, a very small watershed ares contributes to the Bark between the upstream
(Wolf) and the Bark-Lurvey reaches, agriculture being the dominant land use. The sectlon of
stream below the outfall is charaecterized by numerous gravel riffles and runs, There Is little
shading of this erea and there is a good buffer along the stream length.

In 1981, the Bark-Lurvey study reach itself was 67 m (220 ft) long with an average width of 12 m
(40 ft), There were 12 transects, separated by 6 m (20 f+). Mean reach depth during the 198|
study period was 0.4 m (1.3 ft). The mean annual flow was 28.4 cfs. ODuring the growing season
(June-September), reach depth Increased without a corresponding increasing In flow due to the
ponding effect of macrophytes.

A farm bridge splits the reach Into two sectlons. The downstream section Is characterlized by
shallow water depth and predominantly rubble/gravel substrate; the upstream portion by deeper
water and gravel/sand substrate. The entire reach is dominated by submerged macrophytes, with
emergent vegetation (Sparganium eurycerpum) along the right bank., The study reach Is mostly
unshaded.

This reach length was expanded to about 480 m (1600 ft) In 1982,

Bark-Masonic, T6N-R!7E-S3,

This study reach, 3 km (1.85 mi) downstream of the Dela-Hart POTW outfall (1.6 km or | mi below
the Lurvey site) was added in 1982. Predomlinantiy agriculture and residential land drain to the
reach between this and the Lurvey site. The reach was added to Bark-Wolf and Bark-Lurvey as

permanent statlons on the Bark Rlver,

Substrate within the Bark-Masonic reach Is predominantly sand and gravel. There Is Ilittle
direct shading of this reach, Adjacent land supports Tamarack and shrub growth,

The Masonic reach Is about 242 m (B0OO ft) long with an average width of 13 m (44 ft), Nine
transects were established for mapping and macrophyte harvesting.

-7 -



SYNOPTIC SURVEY REACHES
Bark-Wahlschlseger, TBN-RIBE-S523.

This slite, loceted upsiresm of Nagawicka Lake, Is approximately 74 m (245 ft+) long with a mean
width of 9 m (30 f1). Mean depth at the time of harvesting was .4 m (1.2 ft). Substrate was
predominantly sand and gravel. There Is little direct shading of this reach.

Land use upstresm and adjacent to the site Is predominantly wetlands and low—density reslden-
+ial. This reach Is not impacted by & POTW dlscharge.

Mukwonago River, TSN-R|I8E-S25.

This site Is -approximately | km (0.5 ml) downstream of the Lower Phantom Lake dam. The reach
sampled was approximately 300 m (1,000 ft) long with & mean width of 16 m (53 ft)., Substrate
was pradominantly gravel. Mean depth at the August I, 1982 macrophyte hervest was .4 m (1.3
f+).

This reach Is similar to the Bark-Wolf reach both in water chemistry and physical characteris-
tics. There is no direct shading of the reach. Adjacent land use Is primarlly open space/sedge
meadow.

Mi Iweaukee River — Maln Branch, TI3N-RISE-Si8.

The Milwaukee Rlver-Main Branch reach was sempled September 2, 1982, approximstely | km (.8 mi)
downstresm of the Campbelisport POTW discharge. The sample reach was 2il m (695 ft+) long with
ten transects selected for macrophyte harvests. At the time of the survey, mean reach width was
9m (31 f+) and mean depth was .3 m (I.1 ft). Land.use-adjecent to the reach was predominantly
meadow/open space with |1ttle direct shading of the reach.

Present WPDES permit effluent limits are 30 mg/I for BODs5 and suspended sollds.
Mi iwaukee Rlver - East Branch, TI2N-RISE-S2.

The study site of the East -Branch of the Mllwaukee River Is spproximstely 91 m (300 ft) long
with a mean width of 122m (38 ft), Twelve transects within this reach.were selected for mapplng
and macrophyte harvesting. The reach was sempled on August 16, 1982, At that time, mean depth
was .3 m (1.1 f4). Substrate was predominantly gravel and sand with siit along the banks.

Land use adjacent to the sampling site Is sedge-meadow. There Is a milt=-pond approximately 3 km
(.9 mi) upstresm at New Fane.

White River, T2N-RIBE-SI7.

The White River reach Is located approximately 2.6 km (1.6 ml) downsiream of the clty of Lake
Geneva POTW. Present WPDES inferim permit limits are 45 mg/l B0Dg and suspended solids and
1.0 mg/l totel phosphorus. The existing POTW has trouble megeting the phosphorus |imit. Dam
manipulation and seiches In Leke Geneve, which frequently cause weter to flow over the splliiway,
cause fluctuations in stream depth and velocity.

Macrophytes were hervested August 25, 1982, At this t+ime, mean depth-was .5:m (1.7 ft). Reach

fength was 288 m (950 f+) with a meen width of 9m (31 ft). Substrate In the reach was pre-
dominantiy grevel and sand.
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Land use above the site Is primarily grass meadow floodplaln. The stream Is general ly unshaded,
however portions of the reach sampled recelve shade durlng part of the day.

Scuppernong River, TS5N-RI7E~SI9,

This site was approximately 91 m (300 ft) long, with a mean width of 5 m (|7 f+). Mean depth at
the time of harvesting was .3 m (I.] ft) with sand and gravel substrate. Harvesting was con-
ducted September 7, 1982.

Land use upstream and adjacent to the study reach Is predominantiy agriculture. Portions of the
upper watershed are extensively ditched.

Pewaukee Rlver, TIN-RI9E-S26.

This reach Is approximately 6.5 km (4 mi) downstream of Pewaukee Lake and the City of Pewaukee.
Land use edjacent to the reech Is primarily agriculture and low-density residential. The City
of Pewaukee, however, contributes substantial storm dralnage to the river during wet weather.
The Pewaukee POTW, which wend off-line In October, 1981, also discharged to the Pewaukee Rlver.

The study reach was approximately 91 m (300 ft) long with & mean width of 6 m (19 f+). Ten
transects were selected for mapping and macrophyte harvesting, August 24, 1982. Mean depth at
the time of harvest was .2m (.5 ft). Substrate was predominantly gravel with sand.

Cedar Creek, TION-RISE-SI3.

The Cedar Creek reach was located approximgtely 6.5 km (4 ml) downstream of Little Cedar Lake.
This reach was 86 m (290 f+) long with a mean width of 5 m (16 ft). Mapping and harvesting were
conducted at Il transects within the reach on September 8, 1982, At that time, mean depth was
.2m (,5 ft). Substrate was predominantiy gravel with rubble.

Land use adjacent to the reach is primarily agriculture with some wetlands contributlion.
Mt. Vernon Creek, TSN-R7E-S2,

Mount Vernon Creek Is a groundwater-fed stream, supporting an excellent trout fishery, The
study reach was 120 m (400 ft) long with a mean width of 6 m (18 ft). Substrate was pre-
daminantly gravel with sand, Macrophyte harvests and stream mapping were conducted
September 10, 1982. At the time of harvest, mean reach depth was .4 m (1.2 ft). Eleven tran-
sects within the reach were sampled.

Land use upstream and adjacent to the reach was predominantly agriculture and pasture.
Black Earth Creek, T8N-R6E-S36.

Black Earth Creek Is a groundwater-fed stream which also supports an excellent trout flishery.
The Black Earth study reach was approximately 112 m (370 f1) long with a mean width of Il m (37
ft). Sitream mapping and macrophyte harvesting were conducted at ten transects within the reach
on September 10, 1982, At thet time mean depth of the reach was .4 m (1.4 ft).

Black Earth Creek recelves effluent from the Cross Plalns POTW, approximately Il km (7 mi{) up-
stream of the study reach. Present permit |imits are 30 mg/l BOD and suspended sollds and
2/7 mg/1 eammonia (summer/winter), Land use adjacent to and upstream of the reach was primarily
pasture and wetlands.
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Fox River (Upper Fox), TI2N-RoE-S4,

The Fox River study reach was sampled approximately | km (.6 mi) downstream of the Portage POTW
discharge. The reach was 136 m (450 f+) long with a meen width of 17 m (57 ft). Mapping and
macrophyte harvesting wes conducted at ten transects within this reach. The Fox River study
reach was sampled August 26, 1982. At that time, mean reach depth was .5 m (1,5 ft).
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APPENDIX 2

STREAM REACH SPECIES LIST

A specles list Is presented for each stream reach at the time maximum blomass was harvested,
Specles are glven In order of percent occurrence. Percent occurrence was calculated from the
mapping date which was collected at the time of harvesting. The velue given for percent
occurrence Is the number of times & specles occurred dlvided by the total number of sample
points mapped in & reach. Mean relative abundance Is glven for each specles. Species abundance
retings were assigned to each species for each occurrence of a glven species according to the
criteria In Table 4, Mean relative abundance Is the mean of the specles sbundance ratings for
each specles.

Emergent specles were not Included In the harvesting surveys., For thls reason, some spec les may
occur on the speclies |ist but which were not harvested.

Ashippun River

August 1981

Percent Relative

Occurrence Abundance
Potamogeton pectinatus 28,17 1.63
Saglttaria rigida 16.3 1.62
P. zosteriformis 14.0 1.80
P. amplifollus 10.1 1.56
Sparganlum eurycarpum 7.9 1.7
Ceratophy | lum demersum 3.9 1.00
Lemna minor 1.7 1.00
August 1982
S. riglds 40.7 2,73
S. eurycarpum 14,8 1.88
P. zosteriformis 8.3 1.89
P. amplifollus 6.5 1.71
L. minor 1.9 2.00
P. pectinatus 0.9 2,00
Heteranthera dubla 0.9 2,00
C. demersum 0.9 1.00
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August

H. dubla

L. minor

Valilsneria americana
P. nodosus

C. demersum
Nymphaes sp.

P. pectinstus
Anacheris canadensls
Myriophyllum sp.
Scirpus sp.

P. crispus

August 1982

H, dubla

V. americana

P. nodosus

P. pectinatus
C. demersum

L. minor

S. eurycarpum
Myriophyltum sp.
Scirpus sp.

A. canadensis
P. zosteriformis
P. crispus

August 1981

Potamogeton sp.
C. demersum

P. pectinatus
Myrliophylium sp,
V. smericana

H, dubla

P. zoster!formis
Scirpus sp.

Bark River=Lurvey Farms

Percent
Occurrence

64.9
43.2
40.5
20.7
20.7
9.9
7.2
5.4
4.5
3.6
0.9
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Bark River-Wolf Road

Percent
Occurrence

24.6
18.8
17.4
15.9
14.5
13.0

4.3

2.9

Relative
Abundance

1.82
.85
2,10
1.17

3.17
2.97
i.41
1.36
1.80
2.80
I.25
1.25
1,66
1.00
1.00
2.00

Relatlve
Abundance

1.00
t31
1.08
1.09
1.10
1.00
1.00
1.00



Ausust 1982

P. pectlinatus
Myrilophyllum sp.
V. americana
Potamogeton sp.
H. dubla

NaJes flexills
C. demersum

August 198l

P. americanus
S. rigida

August 1982

P. smericanus
S. rigida

August 1982

P, zosteriformis
A. canadensis
Ranunculus sp.
P. pectinatus

L. minor
Scirpus sp.

P. crispus

Bark River-wolf Road (con't)

Percent
Occurrence

34.8
28,0
26.1
24.8
6.2
3.1
1.2

Sugar Creek

Percent
Occurrence

58.1
9.3

Black Earth Creek

Percent
Occurrence
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Relatlve
Abundance

1.43
1ol
1.10
1.43
3.40
1.00
1,00

Relative
Abundance

2.90
2.38

3.8l
3.15

Relatlve
Abundance

2,86
2.70
1.83
1,57
2.80
1,00
1.00



August 1982

C. demersum

P. zosteriformis
P. pectinatus
S. eurycarpum

L. minor
Sagltterie -sp.
Nymphaea sp.

September 1982

P. pect!nstus

August 19B2

H. dubia
Potemogeton sp.

V. americana
L. minor

Myriophyllum sp.
Zizanla aquatica

C. demersum

September 1982

P. pectinatus
C. demersum
L. minor

S. rigida

A. canadensls

P. zoster|formis

Bark River-Walschlaeger Road

Percemnt
Occurrence

45.7
39.4
26.8
7.1
6.3
3.9
3.1

Cedar Creek

Percent
Occurrence

92.2

Fox River

Ocnun_m

6.4
3.6
28.1
5.2
2.6
1.3
0.7

‘M1 lwaukee Rlver-Campbel |sport

Percent
Occurrence
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Relstive

Abundance

3.21
1.90
1.29
1.67
1.88
2.00
1.50

Relative
Abundance

2,58

Relative
Abundance

2.92
1.99
2.63
1.25
2.25
t.00
1,00

Relative
Abundance

4,52
3.00
2,60
1.00
1.00

1.00



August 1982

S. rigida

P. pectinatus
Potamogeton sp.
H, dubla

S. eurycerpum
Iris sp.

C. demersum

September 1982

Ranunculus sp.
A. canadensls

M| Iwaukee Rlver-East Branch

Percent

Occurrence

5
30.

N

5
4
2,
|
0

Mount Vernon Creek

Percent

Occurrence

Hypericum ellipticum forma aquaticum

Zannichellla palustris

August 1982

Najas flexlilis
P. pectinatus

V. americana
Myriophy!llum sp.
Chera

H, dubla
Potamogeton sp.
A. canadensis
Scirpus sp.

P. zosterformis

55.5
24.5
17.3
16.4

Mukwonago River

Percent

Occurrence
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49.0
48.5
40.2
24.5
22.5
I1.8
8.3
2,9
2.0
1.0

Relative
Abundance

2,90
1.54
1.79
1.29
2,25
1,50
1.00

Relative
Abundance

3.75
3.48
1.68
2.72

Relatlve
Abundance



August 1982

P. pectlnatus
L. minor
Myriophyllum sp.
P. crispus

C. demersum

September 1982

S. eurycarpum
A. canadensis
S. rigida
Potamogeton sp.
Z, aquatica

P, emplifollus

Pewaukee Rlver

Percent

Occurrence

93.2
26.5
5.4
3.4
0.7

Scuppernong River

Percent

Occurrence

33.6
32,7
27.4
24,8
5.3
5.3
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Relative
Abundance

3.95
t.36
2,38
3.60
1.00

Relative
Abundance

2.40
3.70
1.84
2.57
1.67
1.00



APPENDIX 3

METHODS FOR EVALUATING MACROPHYTE POPULATIONS IN SMALL STREAM SYSTEMS -
APPLICATION OF PHARTS METHODS TO ROUTINE WATER QUALITY INVESTIGATIONS.

INTRODUCT ION

The PHARTS data analyses have Indicated that maximum stable summer macrophyte biomass can be
accurately predicted In Southeastern Wilsconsin streams. Two llinear regression models were
developed which predict summer macrophyte blomass. These models are based on macrophyte percent
coverage estimates and mean summer phosphorus concentrations within streams. Further
development and testing of these models for use In other parts of the state requires additional
dats over a wider range of stream types and conditlons.

Collecting data to use In the model Involves a |imited amount of fleld work. To use both
models, stream reach macrophyte biomass, percent of the streambed with macrophyte cover and mean
growing season In-stream phosphorus and nltrogen concentration data need to be collected.
Mapping provides the percent coverage estimates for the reach and harvesting provides
quantitative plent blomass data to compare with the percent mecrophyte coverage and water
chemistry data. Substrate class and distribution within the stream reach Is used to evaluate
macrophyte substrate preference and thelr potential to supply macrophyte nutrients. This work
Is conducted over a relatively short stream reach.

There are, then, two separate elements of macrophyte assessment: mepping and harvesting. The
harvesting element Is desligned +to provide corroborative data for model development and
refinement. The mapping element provides the data to use In the model. It Is probable that
mapping will be the only element routinely conducted.

Criteria for selecting stream reaches as well &8s sample collection requirements and the
macrophyte mapping and harvesting methodologles are dlscussed.
SITE SELECTION

The following criteria should be followed In selection of a stream reach which will provide the
best obtalnable data:

- Reasonably unlform distribution of macrophytes and substrate type within the reach;

- Maximum reach depth of 2-3 ft+. The stream must be workable with waders, Greater depth wlli |
also Increase the potential for Ilight-iimited growth which wlil obscure eany
macrophyte/nutrient relationships;

- Annual mean flow of less than 60 cfs;

- Maximum stream top width of 60-70 ft;

- Stream should be relatively unshaded and free of constructions (e.g. trees, boulders, pools,
logs);

Stream reach length should be a minimum of 300 f+ and meximum of 2,000 ft.
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METHODS

Stream macrophyte community assessment Involves conducting a three-part survey; water chemlstry
collections, macrophyte mapping, and macrophyte hervesting. Mapping oend harvesting ere
conducted as close to the time of maximum biomass as possibie. Typically, this is In late
August or early September In the SE District. Equipment required to conduct the surveys
Includes; wading rod; flow meter, tag-line(s), Surber bottom sampler, survey flags or plins,
mapping and harvesting fleld data forms (attached), plastic bags, random number tables, and
plastic wash tubs with {/4 inch mesh bottoms.

Stream mapping procedures are similar to those used In collecting top-width and stream
cross-sectlon data for wasteload allocation surveys. The primary difference is In more accurate
descriptions of substrate types and macrophyte percent coverage. A sample reach Is selected
which [s representative of the portlon of stream to be cheracterized. Transects within the
reach are established, equidistant 1f possible, for mapping and plant harvesting.

The following summarize mapping and harvesting procedures.
Macrophyte Mapping Procedures

Macrophyte and stream channel mapping Is conducted at each resch transect prior to selecting
harvest quadrats and plant removal. Collection of these data provide percent macrophyte cover
and substrate composition of the stream channel. Procedures are simllar to stream cross-section
or flow measurements (without velocity) and involve the foliowing:

1} Ten to fifteen transects within the reach should be selected with a minimum of 30 feet
between each transect., Distance between transects should be unlform, measured paraliel to the
thalweg., Transects are placed perpendicular to the direction of stream flow. Transects should
not be iocated near major obstructions In the stream (e.g. trees, boulders, deep poois and logs).

2) Ten to twenty observation points should be teken along each transect with a maximum of three
feet between each point, The observation polints are one square~foot quadrets. Transect widths
Include openweter aress and do not Include 2ones of emergent bank vegetation (e.g. cattails,
bulrush, burreed).

3) The observations recorded at each quadret (observation point) are; the distance of that
polnt from the left streambank, depth at that polnt, estimates of the percent composition of
each bottom type (substrate type), percent of quadrat covered by macrophyte and percent of each
specles present. It Is convenlent to "Imagine"™ & one square~foot area around the observation
point to estimate the percent macrophyte cover (or percent open area) and substrate types. It's
also convenlent and quicker to use macrophyte species codes rather than writing the full specles
nare, and the number rating corresponding to a glven percent coverage (Attachment 1), Data
forms are provided for recording this Informetion., These data will provide the estimated
macrophyte percent coverage values to be used in the model.

Macrophyte Harvesting Procedures

Macrophyte harvesting Is accomplished by re-establishing or using the original mapping
transects. Transects should be marked when mapped so that the harvesting will be conducted at

the same locatlon as the mapping., It Is usually more efficlent to have two taspes and two crews,
one mapping and the other harvesting. This Is not always necessary. A minimum of 40-50 samples

should be collected per reach, with a minimum of 3-4 samples per transect.
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1) A random number table Is used to select the sample quadrats within each zone or along the
transect. The sample quadrats should be selected no closer than three feet from the tag-line to
avold asreas disturbed by mapping activities. The maximum distance from the tape should be 20
feet or 1/2 the distance to the next transect, whichever is the least.

2) A 2-4 digit random number Is used to pick each sample quadrat with the transect. The flrst
one or two digits (depending on total trensect width) Is the dlistance from the left stream
bank. The third and/or fourth digit(s) Is the distance up- or downstream of the transect. |If
the digit Is even, the quadrat is placed that distance upstream of the transect. |If +the digit
Is odd, the quadrat Is placed downstreem of the transect. Different random numbers or a
different column of numbers ere used for each transect. |If macrophyte growth occurs In distinct
zones within the stream channel, sample locations should be weighted by the size and occurrence
of the zones.

3) A Surber sampler (one square-foot) Is placed on the stream bed with the random number
coordinate at Its center. Percent macrophyte coverage of plants rooted In the quadrat, specles
abundance, depth and water velocity should be recorded at each quadrat prior to plant
harvesting. All plants originating within the frame are harvested with the roots. A small hand
garden cultlvator works best to get the roots. The harvested plants ere dumped Into plastic
washtubs (with the screen mesh bottom) and thoroughly washed with stream water. The sample Is
sorted In the fleld to remove stones, sticks, fish and Invertebrates. The sorted and rinsed
sample Is placed In a plastic bag, labeled with the transect and sample number. Semples are
transported to the lab on Ice and refrigerated (do not freeze) until processed.

4) In the lab, samples are separated by specles, placed In numbered, pre-welghed 20# paper bags
and dried at 60 degrees C to constant weight in a forced-alr oven. Drying approximately 5-10
grams (dry) of plant material (about one handful) per bag should take 24 hrs. Larger portions
In each bag will lengthen the drying time.

Water Sampling

Mean growing sesson phosphorus and nitrogen concentrations provide the best data for predicting
summer macrophyte biomass, The obJect of the collectlion 1s to characterize the nutrient
concentrations occurring over the greater part of the season. Ideally, grab samples should be
collected every three weeks from mid-May through the end of August. Grab samples should also be
collected st near-normal flow (not necessarily Q7-10 or Q7-2). This best represents the
conditions that plants have experienced during the growing season. For this reason, high-flow
samples, If collected, are generally not Included in calculation of the mean growing season
stream chemistries.
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APPENDIX 4

DIEL DATA COLLECTION AND ANALYSIS METHODS

A varlety of methods have been developed to approximate the die! fluctuations of dlssolved oxy=
gen in streams, lskes and rivers. These have generally been developed In response to a speclfic
need, and the usefulness and applicabllity of each of these methods Is a direct function of the
needs of the investigator. In the present study, two specific goals required conslderation.
First, an attempt to determine streem photosynthesis and respiration rates, and relate these to
measured plant blomass quantlties, and second, to determine whether or not plant blomass could
be expected to significantly impact streeam dissolved oxygen (DO) concentrations, especlelly the
minimum concentration,

Since the double station method provides estimetes of photosynthesls, respiration and reaeration
for & defined area (the area between stations), It was thought to be the best tool for obtaining
photosynthesis and respiration estimates, which could then be compared with areal blomass
estimates from harvest data.

Assumptions necessary to the modelling process restrict the length of the reach which Is
modelable through the double station technique. Travel times of one half to two hours gave good
results where K2 ranged from |.0-6.0/day. Natural varistions In the model parameters tends to
hinder attempts to correlate double and single station estimates of photosyntheslis, respiration
and reaeration.

The single station method determines coefficlents which are "upstream averages" for an area
which is determined by the "average upstream” reseration rate (K2). The larger the value of K2,
the smaller the area represented by single station analyslis. The coefficlents which result from
single statlon analysls should reproduce the curve observed for the site from which the co-
efficlents were derived. The single station method may be preferable where the goal Is pre-
diction of dissolved oxygen at a given time and place.

Two different equations were used In the present study. The differential equation (1) was
originally proposed by Odum (1956). The Integrated equation (11) was advanced In pert by Blaln
and McDonnell (1967) and Independently derived In 2 form thet Included photosynthesis by WONR
staff. Elther equation Is suitable for single or double station analysls.

l.  ADO/At =ocP + R + Ky (Cs=Co)
1. (Cs=Coly 4+ o+ = (Cs=Co)4e K28t 4 (P + R)/K2I(I - K241

The major difference between the single and double station methods lies In thelr determination
of the ADO/At term ot the differential equation, or the (Cs-Co) terms of the Iintegrated
equation. In the single station method, the date Is teken from a single diel curve. ADO/At
Is the slope of the diel curve at a glven time. The (Cs-Co) terms are the deficit at the
specifled times (™" or " + At"),

The double statlon technique requires that two diel curves be obtalned, one for an upstream
station and one for & downstream statlon. It also requires that the time of travel between
stations 1Is known. In the double statlion method, ADO/At+ Iis the difference between the
upstream DO concentration at time "t" and the downstream concentration and time "t + time of
travel (TOT)", divided by the time of travel.
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Values for |ight and temperature are necessary for both equations and both methods. Either can
be approximated, but it is best If both are measured. The temperature data Is used to calculate
what the "saturation concentration™ of DO Is. Several equations are avalisble for this pur-
pose. One which Is commonly used |s as follows (J. Sanit. Eng. Div., Am. Soc. Clv, Eng., 1960):

Cs = 14,652 - ,41022(°C) + .007991(°C)2 - 0.000077774(°C)>

The concentration which results Is that which would occur If the atmospheric pressure Is 760
mmHg. Variations In atmospheric pressure ere assumed to cause only negligible variations In the
saturation concentration.

Light should be measured In @ way that closely epproximates the light levels which the plants
experience. The best technique appears to be measuring |ight -below the water surface, at a
depth that Is simliar to the mean depth of the stream. Although this Is not an exact measure-
ment, I+ does eliminate problems assoclated with surface reflectance, partislly compensates for
attenuation of light with depth and shading due to bank vegetation or the horizon. Where plants
have grown enough to reach the surface, this method probably underestimates the amount of |ight
the plants actually recelve. |t should be reallzed that the maln purpose of this measurement is
to provide a means by which photosynthesis can be proportioned.

An example Is presented below to help clarify these statements, and show how these measurements
are used to calculate double stetion P, R, and K2 coefficlents. In the example, DO and tempera=-
ture were continuously recorded at the upstream stetion, DO was continuously recorded at the
downstream station, and |lght was continuously recorded at a polnt near the downstream station.
A dye study revealed that the time of travel between stations was 18 minutes. The upstresm DO
and temperature data were read off the stripchart at one hour intervals. Then the downstream DO
data were read off the downstream stripchart at times which corresponded to "upstream times +
18 minutes”. Tempersture was assumed to be constant within the reach. Light for esch sample
period (8:00-8:18, 9:00-9:18, etc) was also read from a strip chart. Upstream DO readlngs could
be taken at more frequent Intervais If more sample polnts were desired.

Upstream Station Downstream Statlion

T IME Do TEMPERATURE LIGHT TIME 00 (mg/1)
(mg/1) (°c) Q/sq cm/sec x 1019)
0400 5.56 22.6 00.0 0418 5.70
0500 5.58 22.4 00.0 0518 5.70
0600 5.57 22,2 00.0 0618 5.70
0700 5.59 22.1 02,0 0718 5.85
0800 5.80 22.1 13.0 0818 6.10
0900 6.12 22, 11.0 0918 6.55
1000 6.32 22.4 20.0 1018 6.78
1100 6.70 22.8 42.0 e .20
1200 6.82 23.1 45.0 1218 7.40
1300 7.03 23.5 38.0 1318 7.55
1400 7.04 23.8 19.0 1418 7.40

Some preliminary calculatlons are necessary before the data is In a form that Is amenable to
analyslis. Specifically, we need to determine 4 DO/At and (Cs-Co) for each sample Interval.
For the double station method, A D0O/4t Is simply the difference between the upstream and
downstreem values. (If the single station method was used, & rough approximation of ADO/At
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could be obtained by subtracting consecutlive readings In the upstream or downstream columns.
The t+ value would then be the time Interval between readings.) For the period 0400-0418, the
double station ADO/At Is 5.70 - 5.56 = 0,14 mg/i. The time component Is not included at this
polnt, The next step Is to calculate (Cs-Co). Cs Is calculated from the temperature date and
the equation presented earlier. At 22,6°C, Cs would be 8.31 mg/l. To determine the "average
deficlt" for the period, we need to average the upstream and downstream DO values before
determining the deficit., For the 0400-0418 interval, the average Co value Is 5.63 mg/l, and the
average deflcit (Cs-Co) Is 8.31-5.63 or 2.68 mg/i. The light value for the period Is 0.0, If
this process is repeated for each sample interval, we end up with three columns: A D0/At,
(Cs=Co) and light (eX),

If ADO/At Is specified as the Independent varlable, and (Cs-Co) and light (e<) are speciflied
as dependent variables, a muitiple regression may be performed on the data set. The
coefficlents which sre returned from the regression analysis are "P" (the coefficlent of the
light (eX) term), K2 (the coefficient of the (Cs=Co) term) and "R" (the intercept, or
constant). Since no time correctlon was made to the A DO/A+ term, all coefficlents are In
units of "per time of travel". To convert the R and K2 terms to units of "per dey", simply
multiply by the number of time of travel units which occur In a twenty four hour period. (For
the 18 minute time of travel specifled, the coefficlents would be multipiled by 80.0.) The
photosynthesis term is In units of "mg/l/unit 1ight/TOT", As a rew coefficlent it specifies the
number of mg/l that would be produced at a light Intensity of 1.0 for the specifled time of
travel. To convert this to & per day rate, the coefficlent should be multipllied by the total
quantity of light received In a day, and divided by the quantity of llight recelved durlng the
time of travel at a light Intensity of "I.0". The total quantity of light recelved In a day can
be determined graphically (the area under a light curve), or through mathematical subroutines.
An example of converting the raw coeffliclent to & value proportionate to light follows,

X (mg/1)/(1.0 x 10!3 quanta/sq cm/sec)/18 minutes

h)
n

X (mg/1)/1080 x 1015 quanta/sq cm
Where "X" is the coefficlent of the iight variable (from the regression analysls)

If this value Is multiplied by the total quantity of llght/sq cm recelved In a day, the product
would represent the amount of oxygen produced in a day. (An average July day would be about 3 x
102 quanta/sq cm/day at the water surface.) If other light units are used, the approprlate
alterations must be made to these calculations.

To convert from "mg/I/day"™ to mg/sq meter/day estimates, the mg/l/day estimates were multiplied
by the average number of llters per square meter (304.8 |iters/sq meter/l foot depth x average
reach depth In feet),

Single stetion analysis could proceed In a similar manner, except that the ADO/A+ term would
be taken from & single curve. The At would be the time between DO readings on a single curve.
Calculation of per day and per unit area coefficients could proceed In a similar manner.

If the integreted equation Is used, the Initial and filnal deficits must be used In & nonlinear

regression routine. ([(Blaln and McDonnell (1967) used the night-time data to calculate R and K2,
and then caiculated P from the daytime dete.] P, R and K2 values can be simllarty determined

from the nonlinear regression coefficlents.

If recorded data is not available, a method of aspproximating Intermedlate data points may be
necessary. "Approximation and Interpolation" subroutines are avallable through the Madison
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Acedemic Computing Center (MACC). The particuler routines used In this study were cublc poly-
nantal spline Iinterpolations (AISPIN/AISPEY),

Regression routines usually provide an estimate of the "goodness of fit" of the data to the pro-
posed equatton and resultant coefficients (e.g. r-squared, F-tests, t-ratios of coefficlents,
etc.) The behavior of the data and the assumptions Inherent In the model should be examined

bafore the results ere accepted. An example of a slitustion where statistical fit does not
properiy Indicate erroneous results is presented Iin the "Differential vs Average Dlfferential

Coefficient" discussion,

Violations of the assumptions of the model are common (see "Deviations from Assumptions™ sec-
tion). The-effect of these violations may or may not be severe, but they should be examined- on
a case by case basls, .and dealt with If necessery. Plots of AD0/At [corrected for reaerstion
by subtracting K2(Cs=Co)) versus |ight are useful In confirming the Ilneerity of the
| Ight:photosynthesls relationship. Similerly, plots of & DO/At (corrected for reseration,
again) during the night time hours cen be used to confirm the constancy of respiration. These
two simple checks can add +o the information to be galned from dlel curve analysis.

- 02 -



