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ABSTRACT

Measurements of primary production and phytoplankton
biomass were determined in 1975 and 1976 in the Big Eau
Pleine Reservoir, Wisconsin. The data was collected to
provide an information base of the phytoplankton dynamics
in the reservoir for the calibration of a computer model.
Primary production analysis was accomplished using the
carbon-14 and oxygen light and dark bottle techniques.
Phytoplankton biomass was measured by chlorophyll a analysis
and by the determination of phytoplankton volume.

The average rates of carbon-14 productivity for 1975
and 1976 were 1.3 and 2.8 g C/mz/day, respectively. The
estimated annual productivity was 300 g C/m2 in 1975 and
605 g C/m?2 in 1976. The average surface phytoplankton
volume measurements for the summer periods (June-September)
of 1975 and 1976 were 32.2 and 53.0 mm3/1, respectively.
Correspondingly, the mean chlorophyll a concentrations for
these periods were 53.2 and 103.0 ug/l, respectively.
Phytoplankton volume paralleled changes in chlorophyll a
throughout the study.

The observed increase in primary productivity and
phytoplankton biomass in 1976 were attributed to increased
solar radiation, water temperature, and internal phosphorus
loading in the summer months of 1976 as compared to the
previous summer period. Surface water temperatures were
warmer in the summer of 1976 in response to increased solar

radiation. The timing and magnitude of the summer drawdown
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influenced the release of phosphorus from the reservoir
sediments. An earlier and more extensive summer drawdown
in 1976 provided higher levels of total reactive phosphorus
than the previous summer period. The release of phosphorus
from the reservoir sediments during the summer months
provided a significant source of phosphorus for phytoplankton
production.

The phytoplankton biomass was dominated by a bloom

forming blue-green alga, Aphanizomenon flos-aquae. Results

of nutrient enrichment bioassays and the determination of

the chemical composition of A. flos-aquae indicated that

phosphorus was the primary limiting nutrient. A discussion

of computer model coefficients for algae is presented.
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INTRODUCTION

The Big Eau Pleine Reservoir has been the focus of
several research projects within the last several years.
The reservoir was investigated by the U.S. Environmental
Protection Agency National Eutrophication Survey in 1972
to determine the factors responsible for its trophic state
(U.S. EPA 1974). Additional data on the Big Eau Pleine
Reservoir environment was compiled in 1972 and 1973 by a
Student-Originated Studies Program (National Science
Foundation) at the University of Wisconsin - Stevens Point
(Bartelt et al. 1973). The impact of water level manipu-
lation of the aquatic macroinvertebrate and zooplankton
communities have been studied by Kaster (1976) and Buchanan
(1976), respectively.

The primary goal of this research was to provide an
information base of the phytoplankton dynamics in the
reservoir for the calibration of a computer model by fellow
graduate students. This included an analysis of the envi-
ronmental factors regulating the phytoplankton community
in the reservoir and a comparison of techniques used to
measure primary production and phytoplankton biomass.

The Big Eau Pleine Reservoir is located in southern
Marathon County in north central Wisconsin (Fig. 1). The
reservoir was constructed by the Wisconsin Valley Improve-
ment Company (WVIC) in 1939 and is used primarily for flow
augmentation of the Wisconsin River (Martin and Hanson 1966).

The Big Eau Pleine River, the major tributary, has a mean
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annual flow of 4.81 m3/s (USGS 1976). Two smaller tribu-
taries, Fenwood and Freeman Creek, contribute approximately
16 percent of the flow of the Big Eau Pleine River (U.S.
EPA 1974). Physical and limnological data of the study

area are summarized in Table 1.

Table 1. Physical and limnological data of the Big Eau
Pleine Reservoir (U.S. EPA 1974).

Surface Area* 27.6 km?2 Shoreline* 106.2 km
Max Volume 131.5 x 1061n3 Watershed Area 945.4 km?2
Mean Depth¥* 4.8 m Mean Detention

Time 0.4 yr
Length* 24.8 km

Total Alkalinity
Breadth¥® 4.5 km (mgCaCO3/l) 17-35

* °
“At maximum volume.

Water level fluctuations of up to 9.0 m are common
during a normal year of regulation. The reservoir reaches
its maximum volume in April or early May (Fig. 2) after
spring runoff. The WVIC usually draws down the reservoir
in July and August, and November through March, and stores
water at other times of the year (Wiley 1977). The actual
pattern of water level manipulation changes from year to
year because of changes in seasonal or annual precipitation.
Abnormally low precipitation (Fig. 2), coupled with
reservoir discharge in the summer and fall periods of 1976,
resulted in a marked reduction in reservoir volume in the

latter part of 1976 and early 1977.
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Figure 2. A. Monthly precipitation. Averaged data for the
Marshfield Experimental Farm and the Big Eau Pleine Reservoir
Dam. B. Relative changes in reservoir volume during the study
period (Vennie 1978).




The reservoir is eutrophic and experiences dense blooms
of algae in the summer months and fish kills in the winter
when dissolved oxygen concentrations and water levels are
low (Kloppenburg 1974). The reservoir is usually unstrat-
ified for most of the open-water period; however, weak
thermal stratification may be established during periods of
hot, calm weather.

The watershed is characterized by gentle rolling hills
and by fine textured soils that are subject to runoff
(Kaminski 1977). Nitrogen and phosphorus loading from
agricultural activities account for a large portion of
nutrients sources for the reservoir, particularly during

spring runoff (Shaw 1976).




MATERIALS AND METHODS

Primary Production

Measurements of primary production were determined by
in situ incubations from May 1975 to January 1977 using the
oxygen and the carbon-14 methods. Measurements were made
biweekly during the open-water periods and less frequently
during the winter season. The actual number of sites
sampled on any sampling day varied with the time available
and the method used. Two stations, 19 and 23, (Fig. 1)
were sampled from May through September 1975 using the
carbon-14 method. The oxygen method was run in parallel
with the carbon-14 technique at station 23 from June 1975
through October 1976. Production measurements were normally
made on days with minimal cloud cover in order to estimate
photosynthetic rates under optimal light‘conditions. Samples
for photosynthetic-depth incubations were collected from the
surface and at depths of 0.5, 1.0, 1.5, 2.0, 3.0, and 5.0
meters using either a van Dorn sampler or peristalic pump.
One dark and two light bottles (300 ml) were incubated at
their respective collection depths. Sample bottles were
suspended horizontally from a calibrated chain that was
attached to a metal bar at the surface. The metal bar was
supported by two buoys that were anchored at the sampling
station. The exposure period varied from 3 to 5 hours
during the hours of 1000 to 1500.

The azide modification of the Winkler analysis was




used to determine gross and net production of dissolved
oxygen (APHA 1976). The oxygen samples were fixed in the
field and titrated within 6 hours in the laboratory. A
photosynthetic quotient of 1.2 was used to express oxygen
production in terms of carbon assimilated (Strickland 1960).
Three to five pCi (0.2 ml) of NaH14CO3 were added with a
Hamilton syringe to light and dark bottles in the carbon-1l4
method. These samples were packed in ice and transported
back to the laboratory in the dark at the end of the incu-
bation period. They were prepared for liquid scintillation
counting within 12 hours. The activity of fixed carbon-14
was determined on all samples by the membrane filtration
technique (Lind 1974) and less frequently by the acidifi-
cation and bubbling procedure (Schindler et al. 1972). 1In
the filtration technique, 25 ml samples were vacuum filtered
through 47 mm diameter Millipore filters with a 0.45 u pore
size at less than 150 mm of mercury. The wet filters were
placed directly into scintillation vials and dissolved in a
scintillation cocktail described by Schindler (1966). In
the acidification and bubbling procedure, 10 ml samples were
acidified to a pH of 3.0 to 3.4 and bubbled with air that
was passed through 10N NaOH to remove carbon dioxide. Two
milliliter aliquots of the resulting samples were placed in
scintillator vials and counted using the same fluor used in
the filtration technique. The absolute activity of fixed
carbon-14 was determined by internal standardization using

liquid scintillation analysis (Packard Instruments Model 3320).




Total carbon assimilated during the incubation period was
determined by the procedure of Lind (1974).

Total areal production (integral photosynthesis) for
the incubation period in both the carbon-14 and oxygen
techniques was estimated by determining the area enclosed
by the photosynthetic-depth profile. Daily integral photo-
synthesis was estimated by multiplying the incubation period
values by the ratio of the total daily solar radiation to
the solar radiation for the incubation period (Schindler and
Holmgren 1971).

Additional daily integral production measurements for
4 other stations were obtained by collecting samples from
sites 14, 16, 19, 20 (Fig. 1) at the depth of maximum
photosynthesis and incubating them at station 23 at the
same depth. The depth of maximum photosynthesis (pmax) was
normally 0.5 m. The approach to these integral production
measurements 1s an empirical one and utilizes the relation-
ship discussed by Vollenweider (1965, 1974). The equation
is

_ pmax

Ip F(i) - Lg

e

where Ip is the daily integral photosynthesis (g C/mz/day).
The value pmax represents the maximum photosynthetic rate
(g C/m3/period) at optimal light. The parameter, e, is the
vertical extinction coefficient of photosynthetic active
light. The F(i) term is a function of photosynthetically

active radiation. A light factor, Lg, adjusts the rates




obtained for the exposure period to daily rates. This

| empirical approach was normally determined with the
carbon-14 method. The oxygen technique was utilized in
June and July of 1976 because of a delayed shipment of
carbon-14. The function F(i) was determined empirically
from the integral photosynthetic rates determined for site

23.

Phytoplankton Biomass

Phytoplankton biomass was determined by the trichromatic
chlorophyll method and was not corrected for pheophytin
(APHA 1976) and also by direct phytoplankton enumeration.

A Palmer counting chamber (Palmer and Maldney 1954) was used
to make quantitative phytoplankton counts at 400X. Phyto-
plankton samples were concentrated by sedimentation and
were preserved with merthiolate (APHA 1976). Cell counts
were transformed into volumetric units by determining the
average cell, colony, or filament size of the particular
taxa (Vollenweider 1974). The taxonomic keys of Smith
(1950) and Prescott (1973) were used to identify algae.
Samples for phytoplankton biomass analysis were
normally collected biweekly with a van Dorn water sampler
during the open-water periods of 1975 and 1976 and less
frequently during the winter months. Phytoplankton samples
were collected by staff members of the Environmental Task
Force (University of Wisconsin - Stevens Point) during

biweekly water chemistry sampling. Chlorophyll samples
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were also collected by the Environmental Task Force and
also when primary prodﬁction measurements were made.
Phytoplankton samples were collected from surface
(0.5 m), middle (mid-depth), and bottom (1.0 m above
sediment) depths at stations 13, 16, and 23 in the open-
water period (April-November) of 1975. Only surface
samples were collected during the remaining study period
(December 1975-April 1977). Additional surface phyto-
plankton samples were collected at stations 14 and 20
during the winter months (November-March) of 1976-1977.
Chlorophyll samples were collected from surface,
middle, and bottom depths at stations 13, 14, 16, 20, and
23. In addition, surface chlorophyll samples were obtained
at stations 12, 18, 22, and 24 when reservoir stage was
high enough to permit sampling at these sites. The inflow
and outflow stations, 6 and 25 respectively, were sampled
infrequently during the two year study period. Additional
surface chlorophyll samples were taken at stations 14, 16,
19, 20, and 23 when measurements of primary production were
made. At this time, the depth distribution of chlorophyll
at the surface and at depths of 0.5, 1.0, 1.5, 2.0, 3.0,

and 5.0 meters were usually determined at sites 23 and 19.

Algal Bioassays

Laboratory algal bioassays were performed on samples
collected on June 8, July 7, and October 26, 1976 to

determine the response to various treatments and nutrient
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additions. The bioassay methods followed the Algal Assay
Procedure (AAP) Bottle Test which is summarized by Weber

(1973). The test alga used was the green alga, Selenastrum

capricornutum Printz. Measurements of growth were determined

by monitoring the optical density at 750 with a spectro-
photometer (Bausch and Lomb Spectronic 88) for the June and
July bioassays. The October bioassay was monitored with a
Turner fluorimeter (model 111) set up for in vivo chlorophyll
analysis. The growth response to the various treatments was
measured several times over a two week period.

Water samples were collected from sites 23 and 14, and
23 and 16 for the June and July bioassays, respectively.
A composite of sites 13, 14, 16, 20, and 23 was used in
the October bivassay. Water samples were prepared for the
various treatments in triplicate immediately upon return
to the laboratory. Treatments for nutrient additions (N,
P, N & P) were first filtered through a 0.8 p diameter
pore size glass fiber filters (Whatman GF/A) and next
through a 0.45 p diameter pore size membrane filters
(Millipore Corp.). Nitrogen and phosphorus additions
were 0.587 and 0.029 mg/l, respectively. Treatments were
also prepared on autoclaved and double filtered samples.
In the October bioassay an autoclaved (not filtered)
treatment was added. Controls were made on double filtered
samples as described above. The growth response of the

various treatments was compared to a standard culture media

described by Weber (1973).
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Ancillary Measurements

Daily solar radiation measurements were determined
with a star pyranometer (Weather Measure Corp.) located
in Stevens Point, Wisconsin approximately 55 km from the
Big Eau Pleine Reservoir. Additional daily solar radiation
measurements were obtained from the U.S. Weather Bureau
located in Madison, Wisconsin which is located about 180 km
from the reservoir. A regression equation (r2 = 0.825)
between the Madison and Stevens Point stations was used to
estimate missing solar radiation measurements for the
Stevens Point station.

Total light extinction was determined with a Whitney
submarine photometer (Montedoro Corp.) during in situ
primary production studies at stations 14, 16, 19, 20, and
23. Additional data on light penetration was collected
with a 20 cm diameter Secchi disc.

Water chemistry analysis was performed by the Environ-
mental Task Force at the University of Wisconsin - Stevens
Point. The parameters measured were pH, conductivity,
alkalinity, total hardness, calcium hardness, dissolved
oxygen, BODg, total reactive phosphorus, total phosphorus,
ammonium nitrogen, nitrite+nitrate nitrogen, and Kjeldahl
nitrogen and followed the procedures listed in Standard

Methods, 1l4th Edition (APHA 1976). An exception was

inorganic nitrogen determination where ammonium and nitrite+
nitrate nitrogen were measured by the method of Bremner and

Keeney (1965). A field pH meter (Beckman Instruments) was
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used to determine in situ pH for primary production studies.
Composite phytoplankton samples were collected with

a Wisconsin plankton net during the summer of 1976 (June-

August) to determine the nutrient and pigment content of

Aphanizomenon flos-aquae, the dominant alga in the reservoir.

These samples were passed through a 0.5 mm sieve to remove
large zooplankton. Subsamples were filtered on glass fiber
filters (Whatman GF/A), folded in half and placed in plastic
petri dishes (Millipore Corp.). These samples were stored
in a freezer until analysis of total phosphorus, Kjeldahl
nitrogen, and chlorophyll a content could be performed.
Analysis of these parameters followed the procedures recom-

mended in Standard Methods, l4th Edition (APHA 1976).

The maximum specific growth of Aphanizomenon flos-aquae

was determined under laboratory conditions using an inorganic
media defined by O'Flaherty and Phinney (1970). Individual

trichomes of A. flos-aquae were isolated from reservoir

samples in June of 1976 to obtain a pure culture (not axenic)
for growth studies. Cultures were grown in an environmental
chamber in aerated 250 ml erlenmeyer flasks at 20 °C using
cool white fluorescent lighting which provided 4000 lux at
the base of the flasks. Growth was monitored by turbido-
metric analysis using a spectrophotometer (Bausch and Lomb

model 88) at 750 nm.

Statistical Procedures

All of the statistical procedures used in this research
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were available as statistical packages on a Burroughs 6700
digital computer. One-way analysis of variance, Pearson's
product moment correlation, and regression analysis were
available through the use of the "Minitab" package (Ryan
et al. 1976). The Statistical Package for the Social
Sciences (SPSS) was used for stepwise multiple regression
analysis (Nie et al. 1975). Dependent and independent

variables used in regression analysis are presented in

Table 2.
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Table 2. Dependent and independent variables used in
linear regression analysis.

Dependent Independent Unit of
Variable Variable Measurement
Chlorophyll a BODg* mg/1
(ug/1) NO»+NO3 Nitrogen mg/1l
Kjeldahl Nitrogen mg/1l
Ammonium Nitrogen mg/1
Total Phosphorus mg/1l
Total Reactive Phosphorus mg/1l
Dissolved Oxygen mg/1
Organic Phosphorus®* mg/1
Organic Nitrogen* mg/1
Alkalinity (CaCO3) mg/1
Temperature oC
Vertical Extinction
Coefficient¥® 1/m
Integral Chlorophyll a mg /m2
Photosynthesis Solar Radiation Langleys/day
(g C/m2/day) Vertical Extinction
Coefficient 1/m
Temperature oC
Ig** Langleys/day
F(i)*** dimensionless
pmax Chlorophyll a ug/l
(g C/m3/hr) Solar Radiation Langleys/hr
Vertical Extinction
Coefficient 1/m
Temperature oC
I** Langleys/hr
F(i)*** dimensionless

fNot used in multiple regression analysis
**A value that is about two times the onset of light
saturation (Vollenweider 1965).
**%A function of photosynthetic active light (Vollenweider

Jaolo Ll

1974).




RESULTS AND DISCUSSION

Primary Production

Current research on aquatic primary production is
centered on the flow of carbon in aquatic ecosystems
(Vollenweider 1974 and Megard and Smith 1974). This
approach involves a measurement of the photosynthetic rate
of the aquatic flora. The development of the carbon-14
primary production technique by Steemann Nielsen (1952)
has facilitated rate determinations of photosynthesis and
is now a common méthod in limnological research. The
carbon-14 technique is widely used because it offers one
of the best methods available for the regional classifi-
cation of lakes (Rodhe 1958). A major objective of primary
production research is not to establish the magnitude of
production, but rather to determine the factors responsible
for controlling productivity (Lund 1964).

A discussion of the primary production of the Big Eau
Pleine Reservoir is somewhat simplified since only the
phytoplankton community need be considered. Aquatic
macrophytes are absent as a result of the continual water
level manipulations. Primary productivity was determined
mainly during the ice-free season (April-November) because
phytoplankton biomass was largest during this period and
because of difficulties in measuring production during
winter conditions. Results of primary production and

associated data are presented in Appendix A.

16
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Seasonal Trends of Primary Production

A definite seasonal pattern in carbon-14 productivity
measurements was apparent during the two year study period
(Fig. 3). Production exhibited a bimodal form with a
maximum spring rate in May of 1.5 to 2.5 g C/mz/day, and
a summer maxima in July of 3.0 to 4.5 g C/m2/day. In
general, changes in primary productivity paralleled changes
in surface chlorophyll a (Fig. 3). A similar relationship
between chlorophyll and primary production has been
reported for Lake Ontario and Lake Erie (Glooshenko et al.
1974). The maximum spring productivity in the reservoir
was associated with a small bloom of diatoms and cryptomonads
(Fig. 8). The summer bloom was attributed mainly to the

blue-green alga, Aphanizomenon flos-aquae.

The seasonal distribution of primary production and
phytoplankton biomass correlated with seasonal changes in
solar radiation (Fig. 3). Maximum production occurred
during the greatest insolation. A similar relationship
between production and solar radiation has been reported
for Lake Wingra, Wisconsin (Baumann et al. 1973). The
rapid decline in productivity in the fall period (September-
November) was attributed to decreasing phytoplankton biomass,
solar radiation, and water temperature. Photosynthetic
rates were minimal or undetectable during the winter periods
(December-March) because of the high light attenuation of
ice and snow.

Productivity measurements derived from photosynthetic-
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Figure 3. A. Mean monthly solar radiation (0) for a 46 year
period and monthly solar radiation (@) for the study period
at Madison, VWisconsin. B. lMean surface chlorophyll a concen-
tration. The letter (D) indicates the onset of reservoir
drawdown. C. Carbon-14 primary production at site 23. The
(0) denotes carbon-14 production estimated from the oxygen
technique using a regression equation. The letter (D)
indicates the onset of reservoir drawdown.
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depth profiles at site 23 were similar to those determined

empirically at sites 20, 19, 16, and 14 (Table 3). Primary

production measurements at station 23 were considered to be

representative of the entire reservoir. There appeared

to be a slight decline in integral photosynthetic rates

from the

Table 3.

southeastern to the northwestern reservoir area.

Integral photosynthetic rates (g C/m2/day)

determined at five stations from April to October 1976
using the carbon-14 method. Data derived from 10 days

when all

five sites were sampled.

Site

23 20 19 16 14

Mean

S.D.

2.67 2.72 2.54 2.53 2.46
1.40 1.40 1.32 1.49 1.22

However,
the five
analysis
if real,
light by
trations

The

the average integral production measurements for
stations were not significantly different when
of variance was applied to the data. The trend,
may be attributable to increased attentuation of
algae (Sakamoto 1966) since chlorophyll a concen-
increased along this transect (Table 9).

mean carbon-14 productivity during the open-water

period in 1975 and 1976 was 1.3 and 2.8 g C/mz/day, respec-

tively.

1975 was

This increase in production in 1976 over that of

gsignificant at the 0.0l percent probability level.

The average production in 1975 and 1976 correspond to an
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approximate assimilation of 340 to 685 g C/m2 for the open-
water period (244 days) of 1975 and 1976, respectively. The
total production for these periods are probably overestimated
since photosynthetic rates were determined on days with
minimal cloud cover.

A multiple regression equation (R2 = 0.757) was used
to estimate total production during the open-water period
of 1976 that considered daily changes in water temperature,

chlorophyll a, solar radiation, and light extinction (Table 4).

Table 4. Results of forced variable multlple regression
using integral photosynthesis (g C/m2 /day) as the dependent
variable and physical and biological parameters as the
independent variables. Combined data of the open-water
period of 1975 and 1976.

Independent
Intercept N Variable b R2

-2.95 17 Temperature 0.077 0.757%%
(0C) ‘

Chlorophgll a 0.003
(mg/m#)

Solar
Radiation 0.004
(Langleys/day)

Light
Extinction 0.783
(1/m)

**Significant at 0.01 level.

Daily values for water temperature, chlorophyll a, and light

extinction were obtained from interpolation between sampling
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dates. The adjusted total production for the open-water
period of 1976 was 605 g C/m2, a reduction of 11.6 percent.
By applying a similar percent reduction on the 1975 period,
the total production was approximately 300 g C/m?. These
seasonal estimates of total production are probably below
annual productivity since winter rates are not included.
However, it is doubtful that a consideration of winter
production would significantly increase the production
determined for the open-water season. Seasonal estimates
of primary production indicate that the Big Eau Pleine
Reservoir is highly eutrophic. Eutrophic temperate lakes
are reported to have annual productions of 300 to 640gC/m2
(Wetzel 1975).

Photosynthetic-depth profiles and chlorophyll a
profiles for the open-water periods of 1975 and 1976 are
illustrated in Figure 4. Maximum volumetric rates of
photosynthesis usually occurred at 0.5 m on clear days
and at the surface on cloudy days. The trophogenic zone
was normally less than 2.5 m deep during the summer months
(June-September). Production occurred in deeper water
(4.0 to 5.0 m) in late May when phytoplankton biomass was
low (Fig. 3). The trophogenic zone remained compressed to
only a few meters in the fall period (October-November)
even though chlorophyll a concentrations were lower. The
compensation depth was reduced in the fall season because
the light attenuation of water increased (Table 21). This

was probably associated with an increased suspension of
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detritus during the fall period as a result of reservoir
drawdown aﬁd wind mixing. The amount of abiotic turbidity
present may be an important factor retarding primary
production in reservoirs (Osborne and Marzolf 1972 and
Murphy 1962) because of its depressing effect on light
penetration. The combination of increased light attenu-
ation and decreased insolation in autumn may be an
important factor restricting production during the fall

period.

Light, Nutrients, Temperature, and Primary Production

The essential regulating factors of phytoplankton
productivity are light, nutrients, and temperature (Murphy
1962). The results of stepwise linear multiple regression
indicated that surface temperature, light extinction, and
solar radiation explained 74.8 percent of the wvariation in
the daily rates of primary production observed during the
1975 and 1976 open-water periods (Table 5). The relation-
ship between nutrients and productivity could not be
established directly since nutrient concentrations were
not determined during in situ photosynthetic studies.
Light extinction considers changes in phytoplankton biomass
since light attenuation and chlorophyll a concentrations
are directly related (Bindloss et al. 1972, and Ganf 1972,
1974). Chlorophyll a concentration is normally directly
related to total nitrogen or phosphorus concentration

(Sakamoto 1966 and Dillon and Rigler 1974) and therefore
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the multiple regression equation was not independent of
nutrient concentrations. Brylinsky and Mann (1973) have
shown that when nutrients and solar energy are considered
in a multiple regression equation, an accurate estimate of

primary production is possible.

Table 5. Results of stepwise multiple regression using
integral photosynthesis (g C/m2/day) and pmax (g C/m3/hr)
as the dependent variables with various physical and
biological variables as independent variables. Combined
data for the open-water periods of 1975 and 1976.

Independent
Intercept N Variable b R2
Integral Photosynthesis
-3.08 17 Temperature"f7 0.098 0.748%*
Light
Extinction®** 0.901
Solar
Radiation® 0.004
pmax
-8.99 17 Chlorophyll a** 0.783 0.612%%*

~,jSignificant at 0.05 level.
""Significant at 0.0l level.

The concentration of chlorophyll a was the only signifi-
cant variable describing variation of maximum specific
photosynthesis (pmax). Chlorophyll a levels explained 61.2
percent of the variation of pmax (Table 5).

The importance of solar energy as a regulating factor
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in aquatic primary production has been established by
Brylinsky and Mann (1973). These authors have demonstrated
that on a global scale, factors related to solar energy
input are most important in explaining variations of
primary productivity. However, they believe nutrient input
becomes more important on a regional scale. Their finding
supports the work of Sakamoto (1966) and Dillon and Rigler
(1974). It is believed that light may limit primary pro-
duction through the rapid attenuation of light by high
phytoplankton biomass (Sakamoto 1966). With reduced light
energy input during high phytoplankton biomass, phosphorus
deficiency may develop as a result of lower phosphorus
uptake (Megard and Smith 1974).

The mean solar radiation for the summer periods (June-
September) of 1975 and 1976 were 401 and 524 langleys/day,
respectively. The observed increase in the mean daily
insolation in the summer of 1976 over the summer of 1975
was significantly higher (p = 0.01). Correspondingly,
precipitation was considerably lower (Fig. 2) and water
temperatures were warmer (Fig. 9) in the summer of 1976 as
compared to the previous summer period. Seasonal changes
in solar energy input may be an important factor regulating
primary production. Wetzel (1975) attributed a 25 percent
reduction in annual primary production in Lawrence Lake,
Michigan in 1972 to 'abnormally high cloud cover and
rainfall". Increased productivity in Lake Washington in

the summer of 1968 was attributed to increased solar
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radiation at a time when the annual phosphorus loading was
decliniﬁg (Edmundson 1972). Jonaséon (1977) presented
annual solar radiation and primary production data for an

18 year period for the eutrophic Lake Esrom, Denmark. A
regression of his data indicated that annual productivity
correlated significantly (p = 0.01) with annual insolation.
In addition, 46 percent of the variation of annual primary
production could be explained by changes in the annual
irradiance. Solar radiation input is important because it
supplies the light energy input for driving photosynthesis
and also plays a major role in heating surface waters. This
latter factor is important because photosynthesis may proceed
at a faster rate with increased temperature since the photo-
synthetic process is more temperature sensitive when light
intensity and COy concentrations are saturating (Salisbury
and Ross 1969).

The effects of nutrient loading, particularly phosphorus,
are also very important at regulating rates of primary pro-
duction. Levels of total reactive phosphorus increased
immediately after the onset of reservoir drawdown during
the two summer periods (Fig. 6). The relationship between
phosphorus concentration, drawdown, and phytoplankton growth
are considered in more detail in the discussion of factors

affecting the summer phytoplankton biomass.

Maximum Specific Photosynthesis

Maximum specific photosynthesis (Pmax) is an expression
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of the maximal rate of photosynthesis per unit volume
divided by a unit of phytoplankton biomass (Megard and
Smith 1974). The value Pmax is a production to biomass
(P/B) quotient and has also been termed the "assimilation
number' or "activity coefficient'" (Vollenweider 1974).
Maximum specific photosynthesis is a measure of the photo-
synthetic capacity of the phytoplankton. Values of Pmax
that utilize chlorophyll a as a measure of biomass are
normally greater than 3.0 in enriched environments
(Glooschenko et al. 1974 and Hickman 1973). The Big Eau
Pleine Reservoir can be classified as eutrophic since the
average spring and summer Pmax's are greater than 3.0

(Table 6). Maximum specific photosynthesis was usually

Table 6. Seasonal changes in photosynthesis (mg C/mg
Chlorophyll a /hr). Combined data of 1975 and 1976 using
the carbon-1% method. The winter data was determined
in an environmental chamber at 2.0 ©C using cool white
fluorescent lighting at 3,000 lux.

Spring Summer Fall Winter
(April-May) (June-Sept) (Oct-Nov) (Dec-March)

Mean 10.3 6.2 1.5 1.4
S.D. 8.1 2.9 0.6 1.2
N 14 24 9 4

greatest in the spring (Fig. 5) when the phytoplankton
community was composed of small celled organisms, mainly

diatoms and cryptomonads. Small phytoplankton are believed
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to exhibit a large photosynthetic capacity because the
surface area to volume ratio is larger in small cells
which facilitates nutrient assimilation (Findenegg 1965).
Maximum specific photosynthesis declined during the initial

bloom of the blue-green alga, Aphanizomenon flos-aquae in

1975 and 1976. A similar inverse relationship between Pmax

10+ 18.7

» o -]
1 1 1

Maximum Specific Photosynthesis
N
1

(mg C/mg Chlorophyll /m3/hr)
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Figure 5. Seasonal changes in maximum specific photo-
synthesis. Each sample represents a mean of all sites
sampled using the carbon-14 method. The (0) indicates
a value estimated from a regression of the oxygen
technique.

and phytoplankton biomass has been reported by Findenegg
(1965), Wright (1959), Bindloss et al. (1972), and Megard
and Smith (1974). The drop in the photosynthetic capacity
during increases in phytoplankton biomass may indicate
nutrient deficiency (Megard and Smith 1974 and Hickman
1973). 1Inorganic nitrogen and total reactive phosphorus

concentrations were at very low levels during the decline
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in Pmax in June (Fig. 6). Maximum specific photosynthesis
exhibited a second peak in September (Fig. 5) when chloro-
phyll a concentrations were high and the phytoplankton

flora remained dominated by A. flos-aquae. Glooschenko et

al. (1974) have reported a similar bimodal pattern in Pmax
for Lake Erie. The increase in Pmax in the reservoir in
September may be associated with increased nitrogen and
phosphorus concentrations in the late summer period (Fig. 6).
The photosynthetic capacity of the phytoplankton declined
rapidly in the fall of 1975 and remained low during the
winter period. The decline in Pmax during the latter
seasons can probably be attributed to decreasing water
temperature, light energy, and changes in species compo-
sition (Hickman 1973, Bindloss et al. 1972). Maximum
specific photosynthesis was higher in the early winter
period (November-January) of 1976-1977 than compared to
the previous winter. This response was attributed to
increased phytoplankton biomass (Fig. 3) in response to
increased light availability. Light was more available

in the second winter period because the attenuation of
light by the ice and snow pack was considerably lower than

the first winter studied (Marano 1978).

Photosynthetic Efficiency

Photosynthetic efficiency is a measure of the light
utilization by plants. The efficiency of light utilization

by the phytoplankton community was estimated in this work
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Figure 6. A. Mean surface inorganic nitrogen concentration.
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The letter (D) indicates the onset of reservoir drawdown.
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by assuming 1 gram of carbon assimilated was equivalent to
10 kcal of energy (Tilzer et al. 1975). The caloric equiv-
alent of daily integral production was divided by the total
solar radiation (kcal) which gave an estimate of photo-
synthetic efficiency. The average summer effiéiency derived
from carbon-14 production measurements at site 23 were 0.4
and 0.7 percent in 1975 and 1976, respectively. The maximum
efficiency recorded was 0.9 percent on September 29, 1976.
Efficiencies determined for the reservoir are in the range
of data presented for eutrophic temperate lakes (Wetzel 1975).
Wetzel has indicated that the highest photosynthetic effi-
ciencies (2.0 to 3.0 percent) are reported for productive
tropical lakes; where as, eutrophic temperate lakes have
efficiencies of 0.4 to 1.0 percent. Photosynthetic effi-
ciency is controlled mainly by the phytoplankton biomass
present at the surface layers of lakes (Tilzer et al. 1975
and Wetzel 1975). This is a result of greater light
absorption by phytoplankton pigments with increases in
phytoplankton biomass. Surface chlorophyll a concentrations
were significantly greater in the 1976 summer period (Fig. 3)
and probably accounted for the increased efficiency of light

utilization by the phytoplankton at that time.

Comparison of Primary Production Techniques

The results of primary production measurements are
presented in Appendix A. In situ measurements of primary

production were made on 25 days from May of 1975 to
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November of 1976. The carbon-14 and oxygen methods were run in
parallel on 13 days during the open-water periods of 1975 and
1976. A summary of the two techniques is given in Table 7.
Integral production determined by the filtration and the
acidification and bubbling carbon-14 methods were identical
(Table 7) and an excellent correlation was found (r = 0.986)

between the two techniques (Table 8).

Table 7. Primary production measurements using the filtra-
tion and acidification and bubbling carbon-14 techniques,
and the §ross and net oxygen methods. The data is expressed
as g C/m</day.

Carbon-14 Method Oxygen Method
Acid. &
Filtration Bubbling Gross Net
Mean 2.10 2.10 1.34 1.10
S.D. 1.45 1.44 1.13 0.74
N 13 13 13 13

Table 8. Results of linear regressions of the carbon-14 and
oxygen methods used to measure primary production.

Dependent Independent

Variable N b Variable Intercept T
Filtrationl 13 0.818 Bubblingl 1.010 0.986%*
Bubblingl 13 0.980 Filtrationl 0.456 0.986%%
Bubbling! 13 1.601  Net (0p)1 0.350 0.810%%*
Bubblingl 13 0.818 Gross (0p)1 1.010 0.600%
Bubbling? 72 1.028 Filtration?  -3.764 0.973%

1o C/m2/day.

2mg C/m3/hr.

*Significant at 0.05 level.
**Significant at 0.01 level.
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Schlinder et al. (1972) found the filtration method
consistently underestimated total carbon assimilation when
compared to the acidification and bubbling technique. It
is believed the filtration procedure should yield lower
results because the method omits released extracellular
products of photosynthesis (Fogg et al. 1965). Schindler
et al. (1972) found the two techniques were similar when
they corrected for a filtration error according to the
procedure of Arthur and Rigler (1967). Arthur and Rigler
believed the filtration correction was necessary to correct
for the loss of extracellular products that arise from cell
rupture during vacuum filtration. In contrast, Schindler
et al. (1972) believed that colloid retention of labelled
extracellular products necessitated the filtration correction.
Further, these later authors have shown that the retention
of labelled extracellular products by colloidal material
occurred only when algae were present in the sample. A
filtration correction was not applied in the present work;
however, the two carbon-14 methods gave similar results
(Table 7). It was not definitely established why these
methods were identical without the use of a filtration
correction. A possible explanation may be associated with
the trophic nature of the water body under investigation.
The relative amounts of released extracellular products may
be lower in eutrophic environments (Fogg, in Vollenweider
1974). Schindler's group conducted their research in the

Experimental Lakes Area in northwestern Ontario. These
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lakes are located in the Canadian Precambrian Shield
(Johnson and Vallentyne 1971) and are rather oligotrophic
when compared to the Big Eau Pleine Reservoir. Another
factor that may influence a comparison of the‘two carbon-14
methods is the vacuum pressure used during membrane filtra-
tion. The recommended maximum pressure differential across
the membrane in the filtration technique is 0.4 to 0.5
atmospheres (Vollenweider 1974 and Arthur and Rigler 1967).
The maximum vacuum pressure in this work did not exceed 0.2
atmospheres. Therefore, the loss of extracellular products
due to cell rupture was probably reduced and the retention
of labelled colloidal material was probably enhanced.

The carbon-14 method gave results that were 57 to 91
percent larger than gross and net photosynthesis, respec-
tively (Table 7). The carbon-14 acidification and bubbling
method correlated best with net photosynthesis (r = 0.810)
rather than with gross photosynthesis (r = 0.600) (Table 8).
It has not been definitely established whether the carbon-14
method measures net or gross photosynthesis or something
between the two techniques (Vollenweider and Nauwerck 1961,
Goldman 1968, and Fogg 1963). An underestimation of gross
photosynthesis may arise in eutrophic waters that are
supersaturated with dissolved oxygen (Wrobel 1972). Gross
photosynthesis is underestimated during periods of intense
photosynthetic activity since oxygen bubbles may form in
the light bottles during the incubation period (Strickland

1960). Measurements of gross photosynthesis in the reservoir
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were probably too low during periods of intense photosyn-
thesis because of oxygen supersaturation (Fig. 6). Gross
photosynthesis may also be underestimated if the respiration
rate in light bottles exceeds that in dark bottles. Ryther
and Vaccaro (1954) believed the respiration rate is greatef
in light bottles because of increased metabolism of newly
formed photosynthetic products. Increased respiration in
light bottles has also been attributed to increased oxygen
tension (Vollenweider 1974 and Strickland 1960). Arguments
supporting increased respiration in dark bottles have been
discussed by Steemann Nielson (1952) and Saigo and Ichimura
(1961).

Additional sources of error that influence a comparison
of the carbon-14 and oxygen methods are associated with the
sensitivity of the two techniques and variation in the photo-
synthetic quotient. The sensitivity of the carbon-14 method
is about 40 times the oxygen technique (Ryther and Vaccaro
1954). A comparison of the two methods during low photo-
synthetic activity may not be possible for this reason. A
further difficulty may arise from the use of a constant photo-
synthetic quotient for the expression of carbon assimilated
from oxygen production. Photosynthetic quotients have been
found to range from 0.9 to 1.4 (Fott 1972). Therefore, carbon
fixation estimates derived from the oxygen technique would

vary accordingly.

Phytoplankton Biomass

The determination of phytoplankton volume and chlorophyll
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a concentrations were used to measure phytoplankton biomass.
Phytoplankton enumeration and identification allowed for the
determination of phytoplankton volume. Direct counting of
phytoplankton flora was important to establish the signifi-
‘cance of wvarious taxa to the overall community composition.
Knowledge of the general composition of the phytoplankton
community offers an excellent indicator of the water quality
and the trophic nature of a lake (Vollenweider et al. 1974).
A second approach to biomass analysis was accomplished by
chlorophyll a analysis. This latter technique required less
time and effort.

In this research, phytoplankton volume measurements
were used mainly to determine changes in the floristic
composition of the phytoplankton; whereas, chlorophyll a
analysis was used to assess fluctuations in phytoplankton
biomass. The dominant phytoplankton taxa observed in this
work are presented in Appendix B. The abundance and percent
composition of the phytoplankton biomass, determined from
volume measurements, are summarized in Appendix C and
illustrated in Figure 7. Chlorophyll a data are presented
in Appendix D.

In general, phytoplankton volume paralleled changes
in chlorophyll a (Fig. 3) during the two year study period.
Measurements of phytoplankton volume were more variable
than chlorophyll a analysis (Table 9). The average coef-
ficient of variation for chlorophyll a and volume measure-

ments were 69.2 and 127.9 percent, respectively. Measurements
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38

Table 9. Mean and standard deviation of chlorophyll a
(ug/1l) and phytoplankton volume (mm3/1) measurements.
The data was combined for the summer periods (June-
August) of 1975 and 1976.

Chlorophyll a Volume
Station N Mean S.D. N Mean S.D.
12 11 123.3 96.0
13 9 142.6 83.8 12 61.4 60.2
14 » 11 102.6 91.4
16 9 54.6 47.5 12 73.4 112.0
20 6 89.1  31.6
22 11 60.1 45.4
23 11 65.8 49.2 13 - 44.7 45.7
24 10 78.6 49.5
All Data 78 89.3 61.8 37 59.4 76.0

of phytoplankton volume were not very accurate for this
reason. This can be illustrated from the phytoplankton
volume data collected on July 28, 1975 (Appendix B). On
this day the average volume was 239 mm3/1. The volume at
station 16 was 411 mm3/1 on this day which greatly inflated
the average biomass determined. The mean phytoplankton
volume was 153 mm3/1 when site 16 was omitted.

The average surface chlorophyll a concentrations for
the 1975 and 1976 summer periods (June-September) were 53.2
and 103.0 ug/l, respectively. Correspondingly, the mean

surface phytoplankton volume measurements for the summer
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periods were 32.2 mm3/1 in 1975 and 53.0 mm3/1 in 1976.
Vollenweider et al. (1974) have indicated that chlorophyll
a concentrations that exceed 9 pg/l and volume measurements
that are larger than 10 mg/l (10 mm3/1) are indicative of
eutrophic lakes. Phytoplankton volumes exceeding 10 mm3/1
are classified as hyperéutrophic according to the scheme

of Wetzel (1975). The biomass data for the reservoir are

indicative of a highly eutrophic aquatic environment.

Phytoplankton Composition and Succession

The percent composition of the phytoplankton community
was normally very similar at sites 13, 16, and 23 but
differed slightly during the early spring and fall periods.
There was a tendency for the spring and fall phytoplankton
communities to develop about 1 week earlier in the north-
western section of the reservoir (Site 13)vas compared to
the southeastern area (Site 23). The response Waé probably
due to an earlier warming and cooling of the northwestern
reservoir area in the spring and fall seasons, respectively.

The percent composition of surface and mid-depth samples
were usually identical. Phytoplankton samples collected from
bottom waters were usually dominated by centric diatoms even
during the bloom of blue-green algae in the surface waters.
The reservoir was normally well mixed during the ice-free
season. The lack of a strong thermal stratification was
responsible for the observed homogenous distribution of

phvtoplankton in the upper 3 to 4 meters. In addition,
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there was apparently sufficient mixing down to the sediments

in order to keep large centric diatoms, particularly

Stephanodiscus niagarae and Melosira sp., suspended in the

lower tropholytic zone.
The spring flora (April-May) was represented mainly

by centric diatoms (Cyclotella sp. and Stephanodiscus sp.

and by cryptomonads (Cryptomonas sp.) (Figure 8). The

maximum biomass of the spring community occurred in the
middle or the latter part of May.‘ The productivity and
biomass of the spring flora declined rapidly in late May
(Fig. 3). Buchanan (1976) found the concentration of
zooplankton was greatest in the reservoir in late May.
Increased predation by zooplankton might have diminished
the phytoplankton community at that time. However, Lund
(1964) and Verduin (1952) believe the impact of grazing
pressure by zooplankton is not an important factor regu-
lating spring diatom growth. Phosphate phosphorus and
particularly silica have been implicated as primary
limiting nutrients in the late stages of spring diatom
blooms (Lund 1964). It was observed that total reactive
phosphorus concentrations, which includes phosphate
phosphorus, were normally at very low levels in late May
(Fig. 6). A weak thermal stratification is usually
established in the reservoir in mid-May. A decline in the
spring diatom community may also be associated with reduced

circulation which would lead to increased sinking loss of

the diatom flora. All of the above factors may be involved

in regulating the spring phytoplankton community. Jonasson
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(1977) believed zooplankton grazing, diatom sedimentation,
and nutrient depletion were responsible for the decline in
the spring bloom in the eutrophic Lake Esrom, Denmark.

The low phytoplankton biomass and nutrient concentra-
tions in late May set the stage for the development of the
summer blue-green algae bloom (Fig. 7). The reason for the
development of a blue-green algae bloom at a time when
inorganic nitrogen and phosphorus are lowest is obscure,
but is a common phenomenon in eutrophic lakes (Fogg et al.
1973). These authors believe that excess cellular storage
of nitrogen and phosphorus in the form of phycocyanin and
polyphosphate, respectively, may allow for rapid blue-green
aigae growth in waters seemingly low in nutrients. The sum-

mer bloom was comprised almost exclusively of Aphanizomenon

flos-aquae (Appendix B). This species developed rapidly and

represented 95 percent or more of the entire phytoplankton

biomass in July and August. Aphanizomenon flos-aquae

usually dominated the summer flora from June through Sep-
tember and remained as a sub-dominant member in the fall
(October-November) community (Fig. 8). The rapid growth
and prolonged dominance of this species is common in

eutrophic lakes (Barica 1975, Grandall and Lundgren 1971,

and Hammer 1964). The maximum biomass of A. flos-aquae

occurred during maximum water temperature (Fig. 9). 1In
addition, periods of maximum biomass were responsible for
periods of maximum oxygen saturation (Fig. 6). as a result

of increased photosynthetic activity. Hammer (1964)




43

indicated that the optimal temperature for A. flos-aquae

growth ranges from 23.5 to 26.5 ©C. He attributed a marked
reduction in summer biomass of this species to low water
temperatures in June and August; The higher biomass and

productivity observed in the 1976 summer period, when.
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Figure 9. Mean surface water temperature.

compared to 1975 (Fig. 3), were associated with a longer
period of optimal water temperature (Fig. 9) and increased
total reactive phosphorus concentrations (Fig. 6). Water
temperatures were warmer in the summer of 1976 in response
to increased solar radiation as compared to the previous
year (Fig. 3). Total reactive phosphorus levels increased
earlier and were higher in the summer of 1976 in response
to an earlier summer drawdown.

The summer phytoplankton community was replaced mainly
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by centric diatoms and cryptomonads in October and November

(Fig. 8). The centric diatom, Stephanodiscus niagarae was

the most important species in the fall phytoplankton flora.
Hammer (1969) noted that this species usually replaced

Aphanizomenon flos-aquae as the dominant taxa in October in

Buffalo Pond, Saskatchewan. The occurrence of Stephanodiscus

sp. in surface waters in July and August of 1976 (Fig. 8)

was attributed to a redistribution of these diatoms from the
sediments and lower waters as a result of wind mixing. Cor-
respondingly, the surface bloom of A. flos-aquae was reduced
during these mixing events. The absence of this phenomenon
in July and August of 1975 may indicate that mixing processes
were reduced in that summer ﬁeriod.

The winter phytoplankton community was rather diverse
and variable for the two year period (Fig. 7). Phytoplankton
biomass was minimal during the 1975-1976 winter period.
Cryptomonads were the dominant phytoplankton in the early
winter period (December-January) and were replaced by green
algae in February. Schults et al. (1976) have reported that
green algae dominated the late winter phytoplankton community
in the eutrophic Shagawa Lake, Minnesota. The phytoplankton
biomass was significantly greater in the 1976-1977 winter
season. In addition, blue-green algae dominated the late
winter phytoplankton flora rather than green algae (Fig. 7).
Light penetration and dissolved oxygen concentrations may
have influenced the composition and abundance of the winter

phytoplankton community during the two winter periods.
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Light penetration through the ice and snow pack was consid-
erably greater in the 1976-1977 winter period (Marano 1978).
The percent oxygen saturation at the surface dropped to

lower levels in the second winter season as well (Fig. 6).
Water below the 0.5 m layer was anaerobic for most of this
winter period. It was observed that the winter phytoplankton
were concentrated just under the ice in aerobic waters

(Table 10). Therefore the 1976-1977 winter phytoplankton
flora were restricted to the upper aerobic layers where

light was available for photosynthesis. Surface phytoplank-
ton biomass was lower in the 1975-1976 winter period because
light penetration through ice and snow was minimal. In
addition, the levels of dissolved oxygen in surface waters
did not drop as severely in the first winter studied. There-
fore, a thicker aerobic layer may have allowed for a greater
distribution of the phytoplankton in the 1975-1976 winter

period.

Table 10. Dissolved oxygen (mg/l) and chlorophyll a (ug/l)
concentrations at two depths using 5 samples collected near
station 20 on February 18, 1977.

0.0 m 1.0 m
Sample
DO Chlorophyll a DO Chlorophyll a
1 4.4 89.2 0.0 5.6
2 1.6 98.0 0.0 13.7
3 0.7 48.2 0.0 8.0
4 3.4 235.6 0.0 8.0
5 1.3 69.1 0.0 11.2
Mean 2.3 107.9 0.0 9.3
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Aphanizomenon flos-aquae

A special discussion of the occurrence of the blue-

green alga, Aphanizomenon flos-aquae is warranted since

this species may comprise 95 to 100 percent of the total
phytoplankton biomass during the summer months (Appendix B).
This species contributes the greatest input to the annual
production of phytoplankton biomass in the reservoir.

Lakes that experience dense blooms of A. flos-aquae have

several environmental factors in common that help to explain
its presence in the reservoir. Summer algal blooms of this
species are tybical in water receiving agricultural runoff
(Barica 1975, Mc Lachlan et al. 1963, Jones and Bachmann
1975, and Hammer 1969) and high phosphorus loading (Sager
1971 and Vanderhoef et al. 1974). There is evidence to
suggest that iron is a ''soil-born factor" that is required
for growth of this species (Mc Lachlan et al. 1963).
Further, O'Flaherty and Phinney (1970) havé shown iron to

be a critical factor controlling the development of A.

flos-aquae in laboratory cultures. This species is asso-

ciated with unstratified lakes (Jones and Bachmann 1975,
Schults et al. 1976, and Barica 1975), with short hydrologic
residence times (Jones and Bachman 1975 and Heath and Cooke
1975), and in lakes where anaerobic hypolimnetic waters
develop (Schults et al. 1976). All of the above factors
seem to fit the description of the Big Eau Pleine Reservoir
and probably account for the profuse development of A. flos-

aquae observed during the summer months.
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Environmental Factors Affecting the Summer Biomass

The magnitude of nutrient loading into lakes, partic-
ularly nitrogen and phosphorus, is the primary factor
responsible for the eutrophication of lakes (Vollenweider
1968). The input of phosphorus into lakes is singled out
as the most important factor regulating algae growth in
lakes (Schindler 1971, Schindler et al. 1971, Vollenweider
and Dillon 1974, and Knauer 1975). Sakamoto (1966) and
Dillon and Rigler (1974) established that an estimate of
summer chlorophyll a concentration can be obtained from
total phosphorus levels determined at spring turn-over.
Average total phosphorus concentrations at the surface of
the reservoir during the spring mixing period (April) were
0.156 and 0.260 mg/1l in 1975 and 1976, respectively (Envi-
ronmental Task Force 1977). Dillon and Rigler's prediction
equation for summer chlorophyll a gave an estimate of 110
to 230 pug/l for these respective total phosbhorus levels.
The maximum surface chlorophyll a concentration measured
was approximately 160 ug/l for the two summer periods
(Fig. 3). Apparently, the increase in total phosphorus
levels observed during the spring turn-over in 1976 did
not affect the maximum phytoplankton biomass but may have
influenced the summer (June-September) average biomass. The
average surface chlorophyll a concentration was 53.2 and
103.0 ug/l for the summer periods of 1975 and 1976, respec-
tively. Dillon and Rigler's prediction equation for

chlorophyll a was more accurate when the total phosphorus
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levels at spfing turn-over were averaged for 1975 and 1976.
The mean total phosphorus concentration was 0.208 mg/l for
the two mixing periods. This corresponded to an estimated
summer chlorophyll a concentration of 167 ug/1l which was
similar to the maximum chlorophyll a levels reported for
the two summer periods.

Total reactive phosphorus (TRP) concentration (Fig. 6)
increased during June through September at an average rate
of about 0.7 ug/l/day for the two summer periods. The
timing of TRP increase coincided with the onset of reservoir
drawdown in both summer periods. It was believed the rise
in TRP résulted from sediment release of dissolved phosphorus
and "colloidal-bound" phosphorus (Abbot 1957) and was pro-
moted by wind mixing with reservoir dréwdown. Reservoir
drawdown was earlier and more extensive in 1976 than in 1975
(Fig. 2). The average reservoir volume was 110.6 and
84.6 x 10% m3 for the summer periods (June-September) of
1975 and 1976, respectively (Vennie 1978). Surface TRP
concentrations increased earlier and were higher in the sum-
mer of 1976 than in 1975. The average surface TRP levels
were 0.039 and 0.054 mg/l in the summers of 1975 and 1976,
respectively (Environmental Task Force 1977). The reduction
in the mean reservoir volume in the summer of 1976 by 23
percent as compared to the previous summer may have been
important at decreasing the dilution capacity of the
reservoir. With reduced reservoir volume internal release

of phosphorus from the sediments may have been more effective
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in increasing the phosphorus concentfations in the water
mass. However, thié hypothesis explained only part of the
observed increase in TRP since the average TRP concentrations
increased by 38 percent in the summer of 1976 as compared to
the summer of 1975. External loading of phosphorus from
tributary stfeams or precipitation was.not important in thé
summer of 1976 since there was very little inflow or precip-
itation during this period (Fig. 2). This indicated that
internal phosphorus loading from sediménts was more important
in the summer of 1976 than the'previous éummer beriod. |
Increased internal loading of thspﬁorus in the summer of
1976 was probably facilitated by a more extensive reservoir
drawdown in combination with wind mixing.

The timing and magnitude of the summer reservoir draw-
down is a critical factor controlling the release of phos-
phorus from the reservoir sediments. Release of phosphorus
from the reservoir .sediments may be a critical factor
regulating the development of the summer blue-green algae
bloom. The earlier increase and highér levels of TRP in
the summer of 1976 supported more phytoplankton growth than
the previous summer. Larsen et al. (1975) have found that
internal loading of phosphorus from sediments in Shagawa
Lake, Minnesota during the summer period was responsible
for continued algal blooms, even after a 70 percent reduction
in external phosphorus loading.

Phosphorus assimilation is an active metabolic process

and is promoted in light because of its dependency on photo-




50

synthetic phosphorylation (Fogg 1973). The significant
increase in solar energy (Fig. 3) and water temperature
(Fig. 9) in the summer of 1976 may have stimulated phos-

phorus uptake'by A. flos-aquae and its associated flora.

Megard and Smith (1974) hypothesized that the phytoplankton
bloom in Shagawa Lake collapséd because phosphorus uptake
couldn't keep pace with chlorophyil synthesis under low
light intensities. Light availability was reduced in
Shagawa Lake as a result of increased attenﬁation of light
by high phytoplankton biomass. The impact of algae self-
shading in the reservoir on phosphorus assimilation may
have been offset by increased photosynthetic activity in
the summer of 1976. |

The total inorganic nitrogen concentration dropped to

very low levels during the summer bloom of A. flos-aquae

and its associated flora (Fig. 6). However, it is not

likely that nitrogen was limiting the growth of A. flos-aquae.

This species is able tolsatisfy its nitrogen requirement
through nitrogen fixation provided phosphorus is not limiting
(Healey and Hendzel 1976). Reduced inorganic nitrogen levels
during the summer months restricted the development of other
non-nitrogen fixing algae. There was no apparent correlation
between the onset of reservoir drawdown and the inorganic
nitrogen levels. The abrupt increase in inorganic nitrogen
concentrations in September of 1975 and 1976 may have
resulted from nitrogen fixation, decay of algal biomass,

sediment release, or combinations of these processes.
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Analysis of Environmental Factors Affecting Biomass Using
Regression Techniques '

The results of stepwise multiple regression using
chlorophyll a as the dependent variable and various envi-
ronmental parameters as independent variables are presented
in Table 11. Correlation coefficients for chlorophyll a
and environmental factors are listed in Table 12.

In the spring (April-May), dissolved oxygen concen-
tration and inorganic nitrogen levels explained about 56
percent of the variation in chlorophyll a concentration
(Table 11). Dissolved oxygen and chlorophyll a exhibited
the highest correlation (r = 0.485) during this period as
compared to chlorophyll a and inorganic nitrogen (Table 12).
A direct and significant relationship between dissolved
oxygen andiphytoplankton biomass was expected for the spring
season. During this period the oxygen saturation was
recovering from very low winter levels (Fig. 6). In additionm,
phytoplankton biomass increased during the spring and led
to elevated photosynthetic activity (Fig. 3). The greatest
correlation (r = 0.711) for the spring period was between
chlorophyll a and light extinction (Table 12). This is a
result of increased attenuation of light with increases in
phytoplankton biomass.

Dissolved oxygen and nitrate+nitrite nitrogen concen-
trations were also important factors in the summer period.
These variables, in addition to the total phosphorus

concentration, explained 74 percent of the variation in
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Results of stepwise multiple regression using
chlorophyll a (pg/l) as the dependent variable and wvarious
environmental parameters as the independent variables for
various seasons.
collected from June 1975 to April 1977.

The results are for surface samples

Independent
Intercept N Variable b R2
Spring (April-May)
-20.18 26 Op%% 3.16  0.556%*
NH,,-N*F -39.23
NOp+N04-N** - 28.20
Summer (June-August) )
-53.27 61 Total-P** 0.66  0.740%*
02** ‘ 0.39
NO,-NO** -0.22
Fall (Sept-Nov)
-26.28 56 Kjeldahl-N** 39.98  0.564%%
Total-P** -92.24 .
Temperature** - 1.50
Winter (Dec-March)
26.68 47 Reactive-P¥* -152.22  0.264%*
Kjeldahl-N#** 6.96

*Significant at 0.05 level.

Joole

**Significant at 0.01 level.
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chlorophyll a for this period (Table 11). The most signif-
icant correlation (r = 0.743) observed was between the |
organic phosphorus (Total P - TRP) and chlorophyll a
concentration (Table 12). This finding further supports
the important relationship between phosphorus and the
magnitude of the summef blue-green alga bloom. It was
observed that chlorophyll a correlated significanfly with
all measured environmental variables during the sﬁmmer
period (Table 12). This phenomenon is a reflection of

the impact the blue-green alga bloom has on the overall
water quality. 1In particulaf, levels of inorganic nitrogen
dropped to very low levels during the summer mdnths (Fig. 6)
aﬁd were inversely related to algal biomass (Fig. 3).

The greatest correlation associated with the fall
phytoplankton was with the Kjeldahl nitrogen concentration
(r = 0.697) (Table 12). Kjeldahl nitrogen, in combination
with total phosphorus'and water temperature, explained 56
percent of the chlorophyll a variation (Table il). The
strong correlation between Kjeldéhl nitrogen and chloro-
phyll a concentration reflects the decline in phytoplankton
biomass and change in the phytoplankton flora during the
fall period (September—November) (Fig. 7). During this
time the phytoplankton community chénged from one dominated

by A. flos-aquae with high biomass to diatoms and crypto-

monads with lower biomass (Fig. 8). 1In addition, the

decline in A. flos-aquae biomass may represent a signifi-

cant loss in the organic nitrogen fraction since this
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species has a nitrogen content of about 10‘percent per dry
weight (Prescott 1960 and Birge and Juday 1922).

The relationship between various environmental variables
and the winter phytoplanktOn biomass was obscure. Total
reactive phosphorus and Kjeldahl nitrbgen were the most
important variables but explained only 26 percent.of the
chlorophyll a variation (Tabie 11). It is likely that light
availability was'the primary factor regulating winter phyto-
plankton biomass, but this data was not availabie for

regression analysis.

Phytoplankton Volume and Chlorophyll a

The relationship between phytoplankton volume and
chlorophyll a concentration for various periods is presented
in Table 13. A direct and significant relationship was

found between these two estimates of phytoplankton biomass.

Table 13. Average phytoplankton volume (mm3/1)-énd'
chlorophyll a (ug/l) concentrations at various periods
of the year.

(1)

Chloro- (2) 2
Period phyll a ‘Volume (2)/(1) N r
Spring (Apr-May) 8.4 3.0 0.36 14 0.829%%*
Summer (Jun-Sep) - 56.6 42 .8 0.76 55 0.755%%*
Fall (Oct-Nov) 34.5 6.0 0.17 30 0.416%
Winter (Dec-Mar) 17.3 1.7 0.10 30 0.558%%

*Significant at 0.05 level.
**Significant at 0.01 level.




56

Therefore, measurements of chlorbphyll é were considered to
be a reasonable estimator of phytoplahkton biomass for
regression analysis.

The ratio of phytoplankton volume (mm3/l) to chlorophyll
a (ug/l) ranged from 0.10 in the winter period to 0.76 in
the summer period. Wright (1959) and Bindloss et al. (1972)
reported ratios of 0.5 to 0.25 respectively, for periods
without ice cover. The change in the ratio at different
periods was attributable to changes in the size and species
of the phytoplankton flora. A high phytoplankton volume to
chlorophyll ratio was observed duriﬁg‘the bloom of- the 1afge

blue-green alga, A. flos-aquae in the summer period. In

contrast, lowest ratios were found ih the winter period when
small coccoid greens, coccoid blue-greens, and cryptomonads

were present. The ratio was fairly similar in the fall and

spring seasons when centric diatoms were abundant members

of the phytoplankton community.

Algal Bioassays and Nutrient Limitation

The results of nutrient enrichment studies using the
Algal Assay Procedure Bottle Test in the summer of 1976
are presented in Figure 10. It was evident that both
nitrogen and phosphorus additions stimulated the greatest

growth of the test alga, Selenastrum capricornutum, in the

bioassays performed in June and July. The addition of
nitrogen alone was more stimulatory than the addition of

phosphorus in 3 out of the 4 bioassays conducted. These
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results indicated that both nitrogen and phosphorus were
limiting in June aﬁd July, but nitrogen was apparently more
critical than phosphorus. The very low levels of inorganic
nitrogen observed during the summer period (Fig. 6) lend
support to this finding. Bioassay data collected by the
National Eutrophication Survey on the Big Eau Pleine
Reservoir in 1972 indicated borderline nitrogen limitation
(U.S. EPA 1974). However, they obtained the greatest algal
growth when both nitrogen and phosphorus were added together.
Although nitrogen may have limited the green alga, S.

capricornutum, in laboratory assays, it is doubtful that

nitrogen restricted the growth of the blue-green alga,

Aphanizomenon flos-aquae, in the reservoir. Aphanizomenon

flos-aquae is a nitrogen fixer (Stewart et al. 1968) and its

development in eutrophic lakes is more dependent upon the
phosphorus supply rather than inorganic nitrogen availa-
bility (Healey and Hendzel 1976, Jones and Bachmann 1975,

and Vanderhoef et al. 1974). Further, the response of the
test alga to various nutrient additions in bioassay work

may vary with the test species used. Shirogama et al. (1976)

found a definite nitrogen limitation when S. capricornutum

was used and phosphorus limitation when Anabaena flos-aquae

was used as test algae. Their comparison work was conducted
on samples collected from Shagawa Lake, Minnesota. Inter-

estingly, Shagawa Lake experiences blooms of Aphanizomenon

flos-aquae and Anabaena sp. during the summer months and

phosphorus is believed to be the critical nutrient controlling
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phytoplankton production (Powers et al. 1972 and Megard and
Smith 1974). | | |

The control yield of the June bioassay was about twice
as great as the control in July which indicates higher
potential algal growth in the reservoir in June. The
autoclaved-filtered treétments stimulated additional growth
over controls in the June bioassay but retarded growth in
the July bioassay. The reason for this response was not
~ known. Inhibition by‘algal toxins in the July bioassay is
not probable since autoclaving should destroy these compounds
(Shirogama et al. 1976). The soluble phosphorus supply may
have formed a precipitate durihg‘autoclaving that was removed
during filtration (Jadlocki et al. 1976). ‘However, the latter
authors indicated the problem of phosphorus preciﬁitation
is usually restricted to waters of high hardness (> 200 mg/1
as Ca C03) which is about 3 times the hardness of the reservoir
water. |

The results of the October bioassay indicated initially
that phosphorus was the critical limiting nutrient (Fig. 11).
The nitrogen treatment was identical to the response of the
control. The addition of both nitrogen and phosphorus
stimulated the greatest growth than either nutrient alone.
This may suggest that nitrogen eventually became limiting
in the phosphorus treatment. The alga responded with higher
growth in the autoclaved-filtered treatment when compared
to the control yield. An autoclaved (not filtered) treat-

ment resulted in rapid growth that was similar to the
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response of the AAP media for the first week of the bioassay.
The difference in the algal response to autoclaved and
autoclaved-filtered treatments suggested the filtration
procedure was removing a significant portion of the avail-
able nutrients. A review of the total reactive phosphorus
concentrations in the water sample collected for the
October bioassay indicated that 82 percent of the total
reactive phosphorus concentration was removed upon filtra-
tion. This finding, and the results of the bioassay work,
suggests a significant part of the available phosphorus
supply may be tied up on particulate and colloidal material
that is removed upon filtration. Thus, the phosphorus
limitation response observed may be an erroneous result
brought on by sample pretreatment. It is not known if the
summer bioassays were influenced by a similar phenomenon.

It is not likely that filtration removed a large portion

of the available phosphorus supply during the summer months.
The amount of available phosphorus was probably very low
since the bioassays were performed during the bloom of

Aphanizomenon flos-aquae which was limited by phosphorus.

Analysis of the nitrogen and phosphorus content of

Aphanizomenon flos-aquae in June through August 1976

indicated phosphorus deficiency (Table 20). The nitrogen
content of this species was 9.0 percent (dry weight) on
June 5 and 8.3 percent on August 9, a reduction of only
8.4 percent. Birge and Juday (1922) reported an average

nitrogen content of 9.3 percent for this species which is
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only 12 percent larger than the lowest nitrogen composition
found in the present work. Duting this same period, the

phosphorus content of A. flos-aquae fell from 0.25 to 0.04

percent, a decline of 84.0 percent. Healey (1973) indicated
the mean phosphorus content of algae is about 1.1 percent
dry weight which is 27.5 times larger than the lowest phos-

phorus content determined for A. flos-aquae in this work.

The very dramatic drop in the phosphorus composition, while
the nitrogen content remained relatively steady, indicated

that phosphorus was the major limiting nutrient.

Computer Model Coefficients

One of the primary goals of this research was to provide
an information base of the phytoplankton dynamics in the Big
Eau Pleine Reservoir for the calibration of a computer model.
Computer modeling of phytoplankton communities present an
arduous but rewarding challenge for the limnologist. Modeling
enables the investigator to study the combined impact of
physical, chemical, and biological interactions that regu-
late phytoplankton in aquatic ecosystems (Thomann et al.

1975 and Lehman et al. 1975). Model coefficients are required
for the mathematical expression of phytoplankton dynamics and
associated environmental factors. In this research, model
coefficients were derived empirically from the data base when
possible and also obtained from the literature. Most of

these coefficients were determined for the Baca and Arnett

- (1976) model but are also appliéable to models described by
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Thomann et al. (1975), Lehman et al. (1975), and Di Toro
et al. (1971).

Maximum Specific Growth Rate

The maximum specific or saturation growth rate coef-
ficient is used in the formulation of the gross specific
growth rate in the computer model (Baca and Arnett 1976).
The gross rate considers the combined effects of light,
temperature, and nutrients on phytoplankton growth. The
maximum specific growth rate is temperature dependent and
species specific (Fogg 1965) and is normally determined in
laboratory conditions under saturating light intensities
when temperature and nutrients are optimal for growth.
Specific growth can be expressed by the exponential growth

relationship:

ln(Nt) - ln(NO)
t

where, N, is the population at time t, N, is the population

o
at time zero, t is the time interval in days, and k is the
specific growth rate per day (Fogg 1965). Measurements of
phytoplankton populations can be determined in various ways:
cell numbers, optical density, cell carbon, chlorophyll,
dry weight, etc. (Thomas 1963).

Specific growth rates of various taxa are presented
in Table 14. It is evident that the specific growth rates

determined in the laboratory for a single species, Aphani-

zomenon flos-aquae, are quite variable and leave some doubt
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as to what constitutes the maximal rate. Clearly, exper-

imental variation of nutrients, light, and temperature

influenced the growth rates obtained for Aphanizomenon

flos-aquae.

Specific growth rates used in various models are often
presented for the dominant phytoplankton community present
(Lehman et al. 1975 and Baca and Arnett 1976). However,
these models fail to describe how specific growth rates,
which are species specific, are determined for mixed
phytoplankton communities. A possible solution to this
problem may be possibly obtained by determining k values
from maximum specific photosynthetic rates (Pmax) (Table 6)
from in situ exposures. Thomas (1963) describes how
specific growth rates can be obtained from photosynthetic
measurements. His method involves the expression of popu-
lation changes in terms of phytoplankton carbon. A sample
calculation for the average Pmax determined for the carbon-1l4
method on August 29, 1976 is illustrated in Table 15. The
reservoir was dominated by blue-green algae on this day
(Fig. 7). The k value determined was equal to the maximum
specific growth rate assigned for the blue-green algae in
the model of Lehman et al. (1975) (Table 14). Measurements
of specific growth rates for various phytoplankton commu-
nities derived by the above rationale are presented in
Table 16. These rates are not maximal rates since the data
are averaged over the various seasons for the two year

period. However, the information should facilitate the
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Table 15. Calculation of a maximum specific growth rate
from a maximum specific photosynthetic rate. The carbon
content was estimated from the relationship: carbon =
0.10 x phytoplankton volume (Vollenweider 1974) using
Table 13.

Pmax = 8.2 mg C/mg chlorophyll §/m3/hr
Carbon/Chlorophyll ratio = 77 mg/mg
Pmax = 0.11 mg C/mg C/m3/hr

1.0 mg C/m3

=]
I

Ny = 1.0 mg C/m3 + 0.11 mg C/m3
t =1 hr

k = In(1.11) - In(1.0)
1

0.104 hr-1

2.50 day-l

Table 16. Mean specific growth rates, k, in natural log day
units, of the major phytoplankton communities in the reservoir.

Phytoplankton

Community Pmax?! Carbon/Chl2 Pmax3 k
Diatoms, Cryptomonads, 10.3 36 0.29 6.10
Green Algae
(April-May)

Blue-Green Algae 6.2 77 0.08 1.85
Aphanizomenon flos-aquae

(June-September)

Diatoms, Cryptomonads 1.5 17 0.09 2.07
(October-November)

Cryptomonads, 1.4 10 0.14 3.14
Green Algae :
(December-March)

lpmax = mg C/mg chlorophyll/m3/hr.
2Carbon to chlorophyll ratio (mg/mg).
3Pmax = mg C/mg C/hr.
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mathematical description of the major phytoplankton commu-
nities found in the reservoir. The specific growth rates
determined are within the ranges used in computer modeling

(Baca and Arnett 1976 and Lehman et al. 1975).

Death Rate

The death rate coefficient is fractioned into two
components in the Baca and Arnett (1976) computer model.
A phytoplankton respiration rate coefficient accounts for
respiration losses in the euphotic zone and a decay or
decomposition rate term is used to express the mortality
rate in the aphotic zone. Both rates are corrected for
temperature by a standard Qg formula. The impact of
zooplankton grazing is also considered in the death rate
formulation.

Lorenzen and Mitchel (1975) found a specific respi-

ration rate of 0.3 per day at 25 ©°C for Aphénizomenon

flos-aquae. Thomann et al. (1975) reported a maximum

specific death rate of 0.25 per day in August in their
phytoplankton model of Lake Ontario. They indicated this
was primarily due to zooplankton grazing. Lake Ontario
has a diverse summer phytoplankton flora with blue-green
algae comprising a maximum of about 40 percent of the
biomass in August (Vollenweider et al. 1974). The
remaining portion of the phytoplankton community in Lake
Ontario included diatoms, green algae, and cryptomonads

which may have supported zboplankton predation. The
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effects of zooplankton predation on Aphanizomenon flos-aquae

the dominant summer alga, is considered insignificant for
modeling purposes because of its large size (Baca and Arnett
1976 and Lorenzen and Mitchel 1975). The impact of zooplankton
grazing on phytoplankton mortality may need to be considered

in the reservoir during the spring, fall, and winter periods
when the phytoplankton flora is more diverse.

Specific respiration measurements of phytoplankton were
estimated from dark bottle measurements from in situ photo-
synthetic studies (Table 17). The specific rates determined
overestimate the respiration of phytoplankton since zoo-
plankton and bacteria are included in the estimate. The
average community respiration rates ranged from 0.6 to 2.6
mg O,/mg Chlorophyll a/hr. The respiration rates determined
are within the ranges reported in the literature. Bindloss
et al. (1972) found values of community respiration ranging
from 0.1 to 3.5 mg O,/mg Chlorophyll a/hr for Loch Leven,
Scotland. Ganf (1972) reported a range of 1 to 4 mg O,/mg
Chlorophyll a/hr for Lake George, Uganda.

The specific respiration rates were about 12 percent
of the specific growth rates (Table 16) for the spring,
summer, and fall seasons. This is in agreement with the
respiratory to photosynthetic ratio of phytoplankton at
light saturation. Respiration of algal cells is normally
10 percent of photosynthesis at light saturation (Thomas
1963). The specific respiration rate of the winter flora

was 31 percent of the specific growth rate. This may
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indicate that the specific respiration rate of the winter
flora was overestimated. For modeling purposes, it may be
best to use a specific respiration rate that equals 10

percent of the specific growth rate.

Light Limitation

There are two light limiting terms used in the model
to describe the nature of the photosynthetic-depth profile.
The approach used in the Baca and Arnett (1976) model was
obtained from a photosynthetic model described by Vollen-
weider (1965). Estimation of the coefficients needed for
Vollenweider's approach is rather difficult and may require
the use of numerical optimization by least squares analysis
as described by Fee (1969).

A low light coefficient is used to describe the adap-
tation of the phytoplankton to low light intensities and
is inversely related to Iy, an experimentaily measurable
light intensity (Vollenweider 1965). Empirical measure-
ments of I, are presented in Appendix A. The latter data
are required to use the optimization approach given by
Fee (1969). A photoinhibition coefficient incorporates
the effect of photosynthetic inhibition at high light
intensities. Lorenzen and Mitchel (1975) found a low
light adaptation factor of 0.00045 per lux for Aphanizo-

menon flos-aquae. A photoinhibition coefficient for

A. flos-aquae or other algae was not found in the liter-

ature surveyed.
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Nutrient Limitation

The Michaelis-Menton formulation is used in the model
to determine if nutrient limitation of either nitrogen or
phosphorus is present. The nutrient in least supply controls
the growth factor used in determining the gross specific
growth rate of the phytoplankton (Baca and Arnett 1976).
This approach requires the use of half-saturation constants
for nitrogen and phosphorus. The half-saturation constant
is defined as the concentration supporting one-half the
maximal uptake or growth rate (Eppley and Thomas 1969).
These constants are species specific and may vary in lakes
with the degree of eutrophication (Thomann et al. 1975).
Half-saturation constants fdr uptake and growth are not
necessarily similar. Eppley and Thomas (1969) suggest that
half-saturation constants for uptake are greater than those
for growth. They believe this arises since nutrient uptake
""can be separated in time or uncoupled from cell division".
Further, the uptake velocity may vary with the nutritional
status of the cell. A listing of half-saturation constants
for nitrogen and phosphorus of various phytoplankton com-
munities are presented in Table 18.

The reported half-saturatioﬁ constants for nitrogen
are fairly similar for the various phytoplankton, although
the blue-greens have a larger nitrogen requirement than
other algae. Toetz et al. (1973) found the half-saturation

constant for uptake of nitrate nitrogen was 0.043 mg/l for a

mixed blue-green algae community containing Aphanizomenon sp.
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Table 18. Half-saturation constants for (uptake) and
growth of nitrogen and phosphorus by various phytoplankton
communities.

Phytoplankton Nitrogen Phosphorus
Community (mg/1) (mg/1) Reference
Anacystis, Anabaena (0.043) - ~ Toetz et al. 1973

and Aphanizomenon

Blue-Green Algae (0.070) 0.010 Lehman et al. 1975

Diatoms (0.021) 0.001 Lehman et al. 1975

Green Algae (0.028) 0.003 Lehman et al. 1975

Lake Michigan 0.015 0.0025 Canale et al. 1976

Phytoplankton

Lake Ontario 0.025 0.001- Thomann et al. 1975
Phytoplankton 0.010

This value would appear to be appropriate for the reservoir

since the summer flora is dominated by Aphanizomenon flos-

aquae. The reported half-saturation constants for phos-
phorus are more variable. Half-saturation constants for
phosphorus are likely to be below 0.010 mg/l for most algae
since growth rates are independent of phosphorus‘concentra-
tions that exceed 0.010 mg/l (Thomas and Dodson 1968). The
heterocystous blue-green algae may require higher levels of
phosphorus in order to sustain nitrogen fixation during
periods of low inorganic nitrogen concentrations. Stewart
and Alexander (1971) found saturation of nitrogenase acti-
vity in Anabaena at 0.020 mg/l of phosphorus. Therefore,

the half-saturation constant for phosphorus for Aphanizomenon

flos-aquae is probably below 0.020 mg/l, but above those
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reported for other non-heterocystous algae.

Chlorophyll to Carbon Ratio

The ratio of chlorophyll a (ug/l) to phytoplankton
carbon content (mg/l) is very critical since the model uses
this relationship to determine the carbon content of the
phytoplankton biomass (Baca and Arnett 1976). Measurements
of the phytoplankton carbon content were estimated from
phytoplankton volume determinations. The carbon content was
assumed to represent 10 percent of the total volume by weight
(Vollenweider 1974). A summary of the chlorophyll to carbon

ratios determined in this work are presented in Table 19.

Table 19. Average chlorophyll a (ug/l) to carbon (mg/l)
ratios for various phytoplankton communities. Each sample
represents a mean of 3 to 6 samples collected from surface
and middle depths.

Phytoplankton Ratio
Community Chl/ C S.D. N
Diatoms, Green Algae, 28 6.1 14

and Cryptomonads
(April-May)

Aphanizomenon flos-aquae 13 6.3 14
Blue-Green Algae
(June-September)

Diatoms and Cryptomonads 58 14.3 6
(October-November)

Cryptomonads, Green Algae 101 66.6 11
and Blue-greens
(December-March)
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The relationship between chlorophyll a and phytoplankton
carbon was quite variable. This is attributable to changes
in the cell size of the dominant flora. Largest chlorophyll
a to carbon ratios (nug/mg) were found in the winter period
when the phytoplankton community was dominated by small
cryptomonads and green algae. Smallest ratios were found

in the summer when the large filamentous blue-green alga,

Aphanizomenon flos-aquae was dominant. These ratios should

facilitate conversions of chlorophyll a and phytoplankton
carbon data for the major phytoplankton communities found

in the reservoir.

Nitrogen, Phosphorus, and Chlorophyll a content of
Aphanizomenon flos-aquae

The nitrogen and phosphorus composition of the phyto-
plankton are important because they are used to establish
the relationship between algae and nutrient cycles (Baca
and Arnett 1976). The model requires nitrogen to carbon
and phosphorus to carbon ratios of the phytoplankton flora.
These ratios were determined for the dominant summer alga,

Aphanizomenon flos-aquae (Table 20). The carbon content

was not determined directly but was estimated from phyto-
plankton volume measurements as discussed previously. A

ratio of 13 pg chlorophyll a per mg carbon (Table 19) was
used to estimate the carbon content from chlorophyll data.

The average chlorophyll a composition of A. flos-aquae was

8.7 mg/g-dry wt or 670 mg C/g-dry wt. Correspondingly,

the nitrogen and phosphorus to carbon ratios were 0.133 and
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Table 20. Nitrogen, phosphorus, and chlorophyll a content
(mg/g-dry wt) of Aphanizomenon flos-aquae in the summer of
1976.

Date Nitrogen Phosphorus Chlorophyll a

June 5 90.0 2.50 6.7
June 30 97.0 0.94 11.0
July 16 - 1.00 11.0
August 9 83.0 0.41 7.6
August 29 87.0 0.49 7.2

Mean 89.2 1.07 8.7

S.D. 5.9 0.84 2.1

0.002, respectively. The mean nitrogen content of A. flos-
aquae was 8.9 percent per gram dry weight. Birge and Juday
(1922) reported a similar value of 9.3 percent for this
species. The mean nitrogen to chlorophyll a ratio found
was 10.2. Thomann et al. (1975) used a similar ratib of 10
for their phytoplankton model of Lake Ontario. The mean
nitrogen to carbon ratio found in this work is within the
range suggested by Baca and Arnett (1976). The average

phosphorus content of A. flos-aquae was 1.1 mg/g-dry wt.

Healey (1973) has indicated the mean phosphorus content of
algae is about 11 mg/g-dry wt and ranges from 0.5 to 33.0.

The phosphorus content of A. flos-aquae did not exceed

2.5 mg/g-dry wt and declined steadily during the summer
period. The mean N/P ratio was 83.4 which indicates a

cellular imbalance of these two nutrients. The ratio of
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N/P is normally between 9 and 17 when neither nutrient is
limiting (Sakamoto 1966). Therefore the data suggests
phosphorus deficiency. However, the N/P ratio was 36 on

June 5 prior to the bloom of Aphanizomenon flos-aquae. It

was unlikely that phosphorus was limiting on June 5 because
this was during the exponential growth phase of this species.
This may indicate that the phosphorus content was under-
estimated as well. It was difficult to determine a phos-
phorus to carbon ratio from these results. If one assumes

a phosphorus content of 11 mg/g-dry wt (Healey 1973) then
the phosphorus to carbon ratio is 0.016. However, the

ratio was not constant since the phosphorus content of the
alga declined steadily during the bloom. The phosphorus

to carbon ratio for A. flos-aquae may range from 0.002 to

0.016 from these results.

Algal and Water Attenuation Coefficients

An algal attenuation term or self-shading factor is
used in the Baca and Arnett (1976) model to determine the
attenuation of light with respect to the phytoplankton
concentration present. The Lambert-Beer equation is used
to define light extinction. The formulation for light
extinction considers the attenuation due to algae and that
associated with the water which includes detritus, zoo-
plankton, and dissolved compounds. The extinction coef-
ficient of the water and the algae were determined by

regressing total light attenuation against a unit of algal




77

biomass (Ganf 1974) and are presented in Table 21. Measure-
ments of algal biomass were made using chlorophyll a data
and an estimation of the carbon content of the phytoplankton.
The carbon content was determined using the chlorophyll to

carbon ratios presented in Table 19.

Table 21. Extinction of water and algal attenuation
coefficients based on chlorophyll a and phytoplankton
carbon content.

Extinction Extinction of Algae
of Water
Chlorophyll Carbon

Period (1/m) (1/m-mg chl/1l) (1/m-mg c/1)
Spring 0.91 0.032 0.85
(April-May)
Summer 1.18 0.014 0.20
(June-September)
Fall 1.95 0.019 1.05

(October-=November)

The attenuation of coefficients for chlorophyll a
compare with those reported by Ganf (1974), Bindloss et al.
(1972), and Megard and Smith (1974) for eutrophic lakes.
The light extinction coefficient for water was high during
the summer and fall periods. Megard and Smith (1974)
reported much lower values of 0.7 and 0.9 1/m for eutrophic
Lake Minnetonka and Shagawa Lake, Minnesota, respectively.
The higher extinction coefficients for water for the

reservoir may result from a greater suspension of detritus
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when compared to natural lakes. Increased levels of parti-
culate material are expected in the reservoir as a result

of summer and fall drawdown. Ganf (1974) found very high
attenuation coefficients for the water fraction (2.6-2.8
1/m) for a shallow well mixed equatorial lake (Lake George,
Uganda). Correspondingly, resuspension of chlorophyll and
particulate material occurs daily in Lake George as a result
of wind mixing (Ganf 1972).

A prediction equation was needed to explain changes in
the extinction coefficient of the water with respect to
water level manipulations. Measurements of the attenuation
of water were determined and compared to the reservoir
stage on eight days during the open water period (May-October)

of 1976 (Table 22). An excellent correlation (r = 0.942)

Table 22. Extinction of water and reservoir stage on eight
days during the open water period of 1976.

Extinction of Water Reservoir Stage
Date (1/m) (ft)
May 14 1.04 1145
May 26 1.07 1145
June 19 1.10 1145
July 8 0.92 1142
July 27 1.88 1140
August 9 1.76 1139
August 29 2.74 1136
October 22 3.05 1132
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was found by regressing the extinction coefficient of the
water against the reservoir stage in feet. The prediction

equation is:
Extinction of Water (1/m) = 189.4 - 0.165 (Stage in ft)

By incorporating this equation with the self-shading coef-
ficients for chlorophyll or carbon (Table 21), a reasonable
estimate of the total light attenuation coefficient is
possible.

An approximation of the total light extinction can also
be obtained from Secchi disc measurements. Measurements of
the total light attenuation using a submarine photometer
were taken in parallel with Secchi disc readings on 42
samples during the two year open-water period. The mean
vertical extinction coefficient and average Secchi disc
were 2.64 1/m and 0.8 m, respectively. The average light
intensity at the limit of Secchi disc visibility was 12
percent of the surface light intensity. This is in agree-
ment with the data reviewed by Vollenweider (1974). The
realtionship bétween Secchi disc readings and total light

extinction using Vollenweider's approach is:

Extinction Coefficient (1/m) = Constant

Secchi disc (m)

The constant determined for the reservoir was 2.1. Vollen-
weider (1974) reported an average value of 2.2 and a range

of 1.4 to 3.0.




CONCLUSIONS

1. Annual primary productivity of the Big Eau Pleine
Reservoir was indicative of a hypereutrophic 1ake.‘ The
estimated annual productions for 1975 and 1976 were 300
and 605 g c/m2, respectively. The mean daily integral
photosynthetic rates were 1.3 and 2.8 g C/m2/day for 1975
and 1976, respectively. The marked rise in productivity
in 1976 was attributed largely to increased solar radiation
and water temperature in the summer of 1976 as compared to
1975. Surface water temperatures were warmer in the summer
of 1976 in response to increased solar radiation during
that period. Warmer water temperatures provided a longer
period of optimal water temperature for the growth of the

dominant blue-green alga, Aphanizomenon flos-aquae. An

earlier and more extensive drawdown provided higher levels
of total reactive phosphorus in the 1976 summer period.
The combination of increased solar energy, water témpera-
ture, and phosphorus concentrations in the summer period
of 1976 provided optimal conditions for phytoplankton growth.
2. The timing and magnitude of the summer reservoir
drawdown influenced the release of phosphorus from the
reservoir sediments. An earlier and more extensive summer
drawdown in 1976 resulted in higher levels of total reac-
tive phosphorus than the previous summer period. It is
believed internal phosphorus release from the sediments is
promoted by wind mixing with low water levels. Phytoplankton

biomass and productivity increased sharply immediately after

80
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summer drawdown began in 1975 and 1976. Reservoir drawdown
apparently provides a significant source of phosphorus for
phytoplankton growth during the summer months.

3. Measurements of carbon-14 primary production
determined with the filtration procedure were identical to
those measured with the acidification and bubbling procedure.
The carbon-14 method correlated best with net photosynthesis
rather than gross photosynthesis.

4. Measurements of phytoplankton volume paralleled
changes in the chlorophyll a concentration. The mean
surface chlorophyll a concentrations for the summer periods
(June-September) were 53.2 pg/l in 1975 and 103.0 ug/l in
1976. Correspondingly, the average surface volume measure-
ments for these periods were 32.2 and 53.0 mm3/1 respectively.
These biomass measurements are characteristic of eutrophic
temperate lakes.

5. The summer phytoplankton biomass is dominated by

blue-green algae, particularly Aphanizomenon flos-aquae.

Centric diatoms and cryptomonads were the dominant taxa in
other seasomns.

6. Results of algal bioassays indicated that both
nitrogen and phosphorus were limiting phytoplankton growth
in the summer and fall seasons. Phosphorus was believed
to be the main limiting nutrient since the phosphorus

content of A. flos-aquae declined as the bloom developed.

A reduction in the external phosphorus loading from spring

runoff and internal loéding from the sediments in the summer
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will decrease the summer phytoplankton growth. In particular,
a delayed summer drawdown should reduce the magnitude of the
summer blue-green algal bloom since the phosphorus flux from
the sediments would be reduced.

7. An information base was collected on the seasonal
changes in primary production and phytoplankton biomass for
the reservoir computer model. In addition, model coefficients
were derived from the data base where possible. This infor-
mation should facilitate the calibration of the computer model

of the Big Eau Pleine Reservoir.
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~APPENDIX A

Primary production data and associated measurements.

Carbon-14 Technique Oxygen Tscm-lwe
(mg C/m3/hr) (mg C/m3/hr)
Incubation
Period 1 Depth Temp. Acid. & Chlorophyll a 4 6 Solar Radiation’
Date Site (hr) Lf (m) (%) Filtration Bubbling Gross Net (ug/1) e? F(i)3 1p' 1,5 Iopt. (Langleys/day)
05/08/75 23 3.0 3.1 0.0 12.2 103 - - - - - - - - - 261"
. 0.5 11.5 85 - - - -
1.0 11.5 3 - - - -
1.5 11.0 2 - - - -
3.0 1.0 1 - - - -
1p8= 0.873
-
05/20/75 23 3.0 3.1 0.0 18.4 115 - - - - - - - - - 224
0.5 18.3 146 - - - -
1.0 18.3 97 - - - -
1.5 18.2 55 - - - -
3.0 17.5 ] - - - -
5.0 16.0 1 - - - -
1p8= T.816
19 3.0 3.1 0.0 19.2 78 - - - - - - - - -
0.5 19.1 57 - - - -
1.0 19.1 53 - - - -
1.5 18.8 3 - - - -
3.0 18.8 ] - - - -
5.0 16.0 1 - - - -
1p8= 0.978
26/16/75 23 3.0 13.9 0.0 16.0 47 - - - 4.0 - - - - - 140*
1.0 16.0 4 - - - 5.0
(Rain) 1.5 16.0 2 - - - -
3.0 16.0 1 - - - 1.6
5.0 16.0 1 - - - 1.6
1p8= 0.316
19 3.0 8.8 0.0 16.0 27 - - - 9.4 - - - - -
1.0 16.0 16 - - - 5.8
1.5 16.0 3 - - B -
3.0 16.0 1 - - - 2.2
5.0 16.0 1 - - - 1.4
1p8= 0,51
06,25/75 23 3.0 3.4 0.0 24.0 41 - - N - - - - - - 185
0.5 24.0 33 - - - -
1.0 24.0 27 - - - -
1.5 24.0 22 - - - -
3.0 24.0 4 - - - -
5.0 20.0 1 - - - -
18- 57614
19 3.0 3.2 0.0 22.0 28 - - - - - - - - .
0.5 22.0 63 - - - -
1.0 21.5 36 - - - -
1.5 21.0 34 - - - -
3.0 21.0 4 - - - -
5.0 19.0 1 - - - -
1p8= 0,952
07/10/75 23 3.0 21.9 0.0 22.0 131 120 - - 35.5 155 2.39 - 0.086  0.232 a4
0.5 22.0 160 157 - - -
1.0 22.0 125 156 - - 37.3
1.5 22.0 75 58 - - -
2.0 22.0 30 2 - - 36.3
3.0 21.0 1 1 - - 36.8
1p8= 37365 163
19 4.0 29.6 0.0 22.0 178 - - - 61.9 2.21 2.94 - - -
0.5 22.0 164 - - - -
1.0 21.5 126 - - - 52.6
1.5 21.5 59 - - - -
2.0 21.0 17 - - - 43.8
3.0 20.0 1 - - - 45.4
. 1p8= 2.393
lFercemage of daily solar radiation occurring during the incubation period.

ZExtinction coefficient (1/m)

3 function of the photosynthetic active incident light (Vollenweider 1969) : F(i) = (Ip - e)/pmax.

%1ntegral photosynthesis (g C/mé/day) determined empirically

p = (pmax/e) - F(i) - (100/L¢).

Stn experimentally measurable light intensity (Langleys/minute). The onset of light saturation begins at about 1,/2 (Vollenweider 1965).

6

Light intensity (Langleys/minute) at the depth of optimum photosynthesis {pmax).

7kn asterisk indicates days when solar radiation was estimated using a regression equation based on solar radiation data collected

fror Madison, Wisconsin.

8!'\[99'61 photosynthesis (g C/mz/day) determined from the photosynthetic-depth profile.
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APPENDIX A continued

Primary production data and associated measurements.

Carbon-14 Jechnique Oxygen Technique
(mg C/m3/hr) mg C/m3/hr)
Incubation
Period | Depth  Temp. Acid. & Chlorophyll a. ) 3 Solar Radiation’
tate  Site (hr) Le (m) (oc) Filtration Bubbling  Gross Net (ug/1) ¢ F(i) Y 1,5 1ont®  (Langleys/day)
97/22/75 23 4.0 51.8 0.0 - 80 87 148 102 33.0 1.69  2.60 - 0.084  0.342 369"
0.5 - 186 210 211 180
1.0 - 176 196 164 133 41.0
1.5 - 120 118 133 94 -
2.0 - 6 50 86 55 35.4
3.0 - 6 5 - - 3.3
18- 2277 2,489 2.75 2.02
08/05/75 23 4.0 33.6 0.0 25.0 101 149 125 94 94.0 1.96 2.2 - 0.080 0.202 379"
0.5 25.0 132 164 156 125 101.3
1.0 25.0 96 94 102 70 70.6
1.5 25.0 36 30 55 39 7.7
2.0 25.0 5 6 39 3: 77.5
3.0 25.0 1 2 8 -
18- 2074 z2 315 T.95
15 .25 16.0 0.0 25.0 195 - - - 138.8 307 - - - -
0.5 25.0 124 - - - 145.6
1.0 25.0 27 - - - 134.2
1.5 24.0 10 - - - 103.1
2.0 24.0 4 - - - 94.8
3.0 24.0 3 - - - -
1p8= 2,330
09/12/75 23 4.0 (0;) 8.9 0.0 16.0 196 108 125 125 30.3 2.2 2.79 - 0.088 0.290 ae*
0.5 16.0 143 119 125 117 30.3
4.0 (C-14) 51.0 1.0 16.0 84 86 7 62 30.3
1.5 - 22 30 39 % 30.3
2.0 - 19 7 2 8 30.3
3.0 - 3 4 16 1 30.3
1pP= 1399 T.162 T1.00 0.87
10/16/75 23 4.0 (07)  60.6 0.0 10.5 68 64 20 16 29.1 2.0 2.78 - 0.073  0.728 301"
0.5 10.5 64 47 31 35 19.8
4.0 (C-14) 58.1 1.0 10.5 46 32 30 30 30.4
1.5 10.5 2 12 20 20 -
2.0 10.5 8 6 12 12 21.3
3.0 10.5 2 5 - - 22.3
1p8= 0.616 o442 0.22 0.22
19 4.0 58.3 0.5 11.0 86 47 - - 31.6 272 - 0.3 - -
i€ 4.0 58.3 0.5 11.0 108 64 - - 34.5 3.24 - 0.38 - -
/1475 23 4.0 (0,) 63.3 0.0 5.0 20 22 27 27 22.1 2.09  1.90 - - 0.500 208
0.5 5.0 12 11 24 24 23.3
4.0 (C-14) 58.8 1.0 5.0 7 7 14 14 -
1.5 5.0 4 5 14 14 -
2.0 5.0 3 4 1 1 22.0
3.0 5.0 1 1 - 1 19.8
1p8= 0.131 0.133 0.25 0.25
19 4.0 58.8 0.5 5.0 21 32 - - .7 2.87 - 014 - -
16 4.0 58.8 0.5 5.0 32 42 - - 29.2 383 - 014 - -
01/05:75 23 5.0 70.0 0.0 0.0 2.3 - - - 10.4 - - - - - 178*
0.5 0.5 1.2 - - -
1.0 1.0 1.0 - - - 2.8
1p8= 0.002
23 5.0 65.0 0.0 0.0 1.0 - - - - - - - - - 218"

X=e—:eﬂu;e of daily solar radiation occurring during the incubation period.

“atinction coefficient (1/m) ’

3 funczion of the photosynthetic active incident light ( Vollenweider 1969): F(i) = (Ip - e)/pmax.
tecral pnotosynthesis (g t/mzlday) determined empirically : Ip = (pmax/e) - F(i) - (100/L¢).

esperimentally measurable light intensity (Langleys/minute). The onset of light saturation begins at about 1,72 (Vollemweider 1965).

$mt intensity (Langleys/minute).at the depth of optimum photosynthesis (pmax).

"Ar asterisk indicates days when solar radiation was estimated using a regression equation based on solar radiation data collected
from “adison, Wisconsin.

5

Intecral onotosynthesis (g C/mz/day) determined from the photosynthetic-depth profile.
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APPENDIX A continued

Primary production data and associated measurements.

Carbon-14 Technique Oxygen Technique
(mg C/m3/hr) (mg C/m3/hr)
Incubation 5
Period 1 Depth Temp. Acid. & Chlorophyll a 2 3 4 5 6 Solar Radiation
Date Site (hr) Le (m (%) Filtration  Bubbling Gross Net 1ug/1{ 3 F(1) 1p’ Iy Topt (Langleys/day)
04/27/76 23 4.0 (02) 49.0 0.0 8.5 83 95 42 40 20.2 1.84 2.52 - 0.389  0.445 619
0.5 8.5 107 132 62 55 17.6
4.0 (C-14) 43.1 1.0 8.5 68 75 46 43 17.6
1.5 8.5 35 33 25 16 16.6
3.0 8.5 14 15 3 2 18.9
5.0 8.5 1 1 1 17.9
1p8= T.385 1670 0.78 068
19 4.0 46.0 0.5 8.0 - 220 - - 23.8 2.19 - 2.20 - -
16 4.0 46.0 0.5 8.0 - 124 - - 23.9 2.09 - 1.30 - -
14 4.0 46.0 0.5 9.0 - 112 - - 19.4 2.04 - 1.20 - -
05/14/76 23 3.0 (07) 36.8 0.0 14.0 120 116 39 33 - 1.48 3.06 - 0.080 0.530 553
0.5 14.0 149 149 47 45 23.8
3.0 (C-14) 36.0 1.0 - 150 139 3 41 -
L5 - 123 17 49 40 -
3.0 - 97 93 17 10 -
5.0 - 8 13 -
1p8= 30 7.961 T.06 T03
20 3.0 36.1 0.5 12.8 - 126 - - 22.8 1.40 - 2.29 - -
19 3.0 36.1 0.5 13.8 - 124 - - 26.3 1.51 - 2.09 - -
16 3.0 36.1 0.5 13.8 - 159 - - 28.0 1.54 - 2.62 - -
14 3.0 36.1 0.5 12.5 - 185 - - 33.0 1.63 - 2.88 - -
05/26/76 23 4.0 (0p) 45.0 0.0 18.0 63 46 29 16 6.4 0.92 2.20 - 0.188  0.589 516
0.5 18.0 30 32 21 13 3.7
4.0 (C-14) 43.5 1.0 - 28 32 14 10 4.7
1.5 - 30 42 25 15 7.7
3.0 - u 34 1 6 8.1
5.0 - g 17 15 - 3.2
1p°= 0.975 0.984 0.43 0.36
20 4.0 47.2 0.5 19.0 - 76 - - 6.4 0.93 - 0.68 - -
19 4.0 47.2 0.5 18.0 - 124 - - 5.7 1.02 - 1.12 - -
16 4.0 47.2 0.5 18.0 - 49 - - 3.0 1.00 - 0.44 - -
14 4.0 47.2 0.5 18.0 - 84 - - 2.5 0.94 - 0.94 - -
06/09/76 23 4.0 50.0 0.0 24.0 - - 33 28 22.2 1.1 2.69 - 0.106  0.350 511
0.5 24.0 - - 76 5 24.2
1.0 24.0 - - 79 52 24.5
1.5 24.0 - - 75 52 22.0
2.0 24.0 - - 65 49 4.6
3.0 23.0 - - 11 9 18.7
1,8: 1.53 1.01
20 4.0 50.0 0.5 24.0 - - 185 150 59.9 1.23 - 2.50 - -
19 4.0 50.0 0.5 24.0 - - 155 132 51.3 1.84 - 1.47 - -
16 4.0 50.0 0.5 24.0 - - 140 115 43.5 1.54 - 1.54 - -
14 4.0 50.0 0.5 24.5 - - 169 116 39.3 1.59 - 1.50 - -
06/30/76 23 4.0 46.9 0.0 - - - 218 173 105.9 3.07 370 - 0.082 0.257 597
0.5 - - - 379 334 -
1.0 - - - 255 272 116.4
1.5 - - - 36 6 109.0
2.0 - - - 27 1 98.0
3.0 - - - - - 104.4
1p8= 3.9 7,55

lPer:eﬂuge of daily solar radiation occurring during the -incubation period.

Zextinction coefficient (1/m)

JA function of the photosynthetic active incident light (Vollenweider 1969) : F(i) = (Ip - e)/pmax.

‘Inugra': photosynthesis (g C/mzlday) determined empirically : Ip = (pmax/e) - F(i) - (100/L¢).

Stn excerimentally measurable light intensity (Langleys/minute). The onset of light saturation begins at about L/2 (vollenweider 1965).
6Liznt irtensity (Langleys/minute) at the depth of optimal photosynthesis (pmax).

Tan aserisk indicates days when solar radiation was estimated using a regression equation based on solar radiation data collected
from Magison, Wisconsin.

Blrtezra® ohotosynthesis (g C/mé/day) determined from the photosynthetic-depth profile.
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APPENDIX A continued

Primary production data and associated measurements.:

Carbon-14 Technique Oxygen Technique
(mq C/m3/hr) (mg C/m3/hr)
Incubation . 7
Period 1 Depth Temp. Acid. & Chlorophy1l a 3 4 5 Solar Radiation
sate  Site (hr) Le (m) (oc) Filtration Bubblina  Gross Net (ug/1) e F(i) Ip 1 Topt6  (Lanaleys/day)
07/%/76 23 4.0 39.5 0.0 26.0 - - 208 170 90.3 2.30  2.87 - 0.075  0.239 454
0.5 26.0 - - 252 241 110.8
1.0 25.0 - - 228 173 100.9
1.5 25.0 - - 65 25 103.8
2.0 25.0 - - 1 20 90.9
3.0 2.0 . - 1 1 34.6
108- 319 762
20 4.0 42.4 0.5 25.8 - - 200 183 97.5 2.56 - 2.62 - -
19 4.0 42.4 0.5 25.8 - - 331 247 152.1 329 - 2.42 - -
16 4.0 42.4 0.5 25.5 - - 293 190 101.8 2.09 - 429 - -
14 4.0 42.4 0.5 25.0 - - 173 7.3 2.09 - 2.59 - -
07/21/76 23 4.0 46.7 0.0 25.8 468 528 265 197 114.2 3.3 2.48 - 0.147  0.199 538
0.5 25.2 613 693 367 306 128.5
1.0 2.9 159 143 157 100 145.0
1.5 2.7 2 20 3n 4 136.8
2.0 2.6 e 1 1 118.7
3.0 w2 1 1 1 1 102.5
1p8= 9% Enr) 318 3.27
20 4.0 46.7 0.5 24.7 943 986 - - - .0 - 6.91 - -
19 4.0 46.7 0.5 2.7 1010 1068 - - 149.9 368 - 6.16 - -
16 4.0 46.7 0.5 25.0 1124 1350 - - 179.9 4.8 - 6.86 - -
14 4.0 46.7 0.5 2.2 1052 12486 - - 151.7 48 - 6.3 - -
08/79/76 23 4.0 4.5  T0.0 23.0 263 271 244 172 103.0 2.56  2.06 - 0.151 0.281 497
0.5 23.0 439 466 324 229 114.5
1.0 23.0 216 201 168 134 110.3
1.5 22.5 2 3 1 62.1
2.0 22.5 5 2 1 1 50.8
3.0 22.0 1 1 - - 27.9
8= 3172 3.090 7.3 T.64
20 4.0 48.0 0.5 23.5 485 462 - - 87.4 239 - 331 - -
19 4.0 48.0 0.5 24.5 720 640 - - 132.3 211 - 404 - -
16 4.0 8.0 0.5 22.0 615 636 - - 129.8 2.90 - 376 - -
14 4.0 43.0 0.5 23.5 688 723 - - 180.7 12 - 397 - -
08/29/76 23 4.5 (0,) 5.9 0.0 22.0 459 215 214 191 59.6 2.00  1.92 . 0.160 0.348 an
0.5 21.8 564 672 253 235 74.0
4.5 (C-14) 54.0 1.0 21.2 25 231 131 11 55.6
1.5 21.0 92 221 43 24 5.9
2.0 21.0 28 8 8 1 51.5
3.0 21.0 1 52.8
Io3= 4514 7348 1.86 1.66
20 4.5 55.2 0.5 22.0 690 911 - - 68.4 230 - 421 - -
19 4.5 55.2 0.5 22.0 761 79 - - 73.0 .82 - 432 - -
16 4.5 55.2 0.5 21.5 575 668 - - 99.0 300 - 406 - -
14 45 55.2 0.5 21,5 583 628 - - 80.0 419 - 340 - -
09/284/76 23 4.0 (0,)  35.3 0.0 14.0 401 294 138 131 116.0 288 1.57 - - 0.222 395
0.5 14.0 904 813 220 201 116.2
3.0 (c-14) 42.4 1.0 14.0 188 148 60 68 105.6
1.5 14.0 42 40 21 24 110.8
2.0 13.0 12 22 7 12 114.2
3.0 13.0 1 1 1 1 102.2
1?3540 I3 T.06 T.03
20 3.0 42.4 0.5 13.5 980 71 - - 104.6 .07 - a3 - -
19 3.0 42.4 0.5 13.0 799 782 - - 108.7 354 - 2.0 - -
16 3.0 42.4 0.5 135 570 660 - - 84.3 384 - 2.6 - -
14 3.0 42.4 0.5 12.0 648 1140 - - 55.8 19 - 1.89 - -

‘Fercentage of daily solar radiation occurring during the incubation period.

tinction coefficient (1/m) .

3% function of the photosynthetic active incident 1ight (Vollenweider 1969), F{i} = {Ip - e)/pmax.

‘lrtegral photosynthesis (g C/mzlday) determined empirically : Ip = (pmax/e! - F(i} - (100/L¢).

Spn experimentally measurable light intensity (Langleys/minutej. The onset of light saturation begins at about Iy /2 (Vollenweider 1965).
s_lght intensity (Langleys/minute) at the depth of optimur photosyntnesis orax).

s asterisk indicates days when solar radiation was estimated using a regression ecuation based on solar radiation data collected

“rom Madison, Wisconsin,

zegral photosynthesis (g C/:n?/da,v) determined from the photosyrthetic-dectk orofile.
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APPENDIX A continued

Primary production data and associated measurements.

Carbon-14 Techrique Oxygen Technique
(mg C/m3/hr) (mg C/m3/hr)
Incubation .
Period Depth Temp. Acid. & Chlorophy11 a 2 Solar Radiation’
Date Site (hr) L (m) (9¢) Filtration Bubbling Gross Net (ug/1) ¢ F(i)3 198 1k5 Topt6 (Langleys/day)
10/22/76 23 4.0 (0p)  67.5 0.0 4.0 2] 11 4 4 55.8 2.09  1.69 - 0.078  0.284 306
0.5 4.0 76 51 36 33 53.8
3.0 (C-14) 47.8 1.0 4.5 3 50 20 12 52.8
1.5 4.5 1 20 ] 3 59.1
2.0 4.5 1 1 4 2 53.1
3.0 4.5 - - - 1 56.1
1p8= 5.269 0,422 0.25 017
20 3.0 47.8 0.5 5.0 81 80 - - 49.6 3.00 - 0.28 - -
i3 3.0 47.8 0.5 5.0 99 105 - - 59.5 320 - 0.28 - -
36 3.0 47.8 0.5 4.5 114 79 - - 58.7 3.0 - 0.3 - -
i 3.0 47. 0.5 5.0 116 78 - - 53.2 3.40 - 0.25 - -
11/21/76 16 3.0 - 0.0 0.0 81 - - - 38.4 - - - - - R
12/11/76 23 4.0 - 0.0 0.0 51 - - - 17.9 - - - - - -
61137 23 5.5 - 0.0 0.0 9 - - - 14.0 - - - - - R

lperze-zage of daily solar radiation occurring during the.incubatior period.

tinczior coefficient (1/m)

38 #rczion of the photosynthetic active incident light (Vollenweider 1969), F(i) = (Ip - e )/pmax.
‘Ir:e-;vi'» snotosynthesis (g C/m2/day) determined empirically : Ip = (pmax/e ) - F(i) - (100/L¢ }
3a- ea>z-imentally measurable light intensity (Langleys/minute). The onset of light saturation begins at about I,/2 (Vollenweider 1965).

€

“=zensity (Langleys/minute) at the depth of optimum photosynthesis (pmax).

‘Ar 2szerise indicates days when solar radiation was estimated using a regression equation based on solar radiation data collected
from wezisor, wisconsin.

irezr2” znotosyntnesis (g C/m2/day) determined from the photosyntnetic-depth profile.
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Chlorophyll a data.
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Chlorophyll a (ug/1)

Date Depth (m) Site Location Mean  S.D.
6 12 13 14 16 18 19 20 22 23 24 26
06/03/75 0.5 - 1.5 - 1.8 2.1 - - - 1.2 0.8 - - 1.5 0.5
M - - - 0.4 - - - 0.4 - - 0.4 0.0
B - - - - 0.3 - - - - 0.3 - - 0.3 0.0
06/17/75 0.5 - - - - - - 9.4 - - 4.0 - - 6.7 3.8
1.0 - - - - - - 5.8 - - 5.0 - - 5.4 0.6
3.0 - - - - - - 2.2 - - 1.6 - - 1.9 0.4
5.0 - - - - - - 1.4 - - 1.6 - - 1.5 0.1
06/18/75 0.5 - 714 247 14,5 2.5 - - - 46 7.1 4.5 - 18.5 24.6
My - - 13 3.5 1.2 - - - - 1.3 - - 1.8 1.1
b - - - 2.2 - - - - - 0.9 - - l.o .9
06/30/75 9.5 1.3 77.7 78.6 2.4 - - - - . 4.2 15.1 - 28.9 34.1
MY - - 25.7 31.3 2.0 - - - 1.8 - - 15.2 15.5
B - - 45.0 2.4 0.7 - - - - 1.0 - - 12.3 21.8
07/10/75 0.5 - - - - - - 61.9 - - 35.5 - - 48.7 18.7
1.0 - - - - - - 52.6 - - 37.3 - - 45.0 10.8
2.0 - - - - - - 43.8 - - 36.3 - - 40.0 5.3
4.0 - - - - - - 45.4 - - 3.8 - - 41.1 6.1
07/22/75 0.5 - - - - - - - 33.0 - -
1.0 - - - - - - - 41.0 - -
2.0 - - - - - - - - - 35,4 - -
3.0 - - - - - - - - - 38.3 - -
07/28/75 0.5 - 359.2 179.1 164.6 86.0 - - - 59.6 110.0 124.2 - 154.7 99.3
M* - - 6.3 78.6 44.2 - - - 67.0 - - 49.0 31.9
08/05/75 0.0 - - - - - - 138.1 - - 94,0 - - 116.0 31.2
0.5 - - - - - - 145.6 - - 101.3 - - 123.4 31.3
1.0 - - - - - - 134.2 - - 70.6 - - 102.4 44.8
2.0 - - - - - - 103.1 - - 77.1 - - 90.4 18.0
3.0 - - - - - - 94.8 - - 77.5 - - 86.2 12.2
09/03/75 0.5 - 70.0 41.7 20.4 29.1 - - - - 175 26.4 - 34.2 19.5
M* - - 21.6 23.5 10.7 - - - 15.4 - - 17.8 5.9
B* - - 2.1 27.0 3.4 - - - - 8.5 - - 16.2 12.1
09/09/75 0.5 - 68.6 180.4 86.1 52.2 - - - 50.0 67.5 40.9 - 78.0 47.6
m* - - 74.1 28.9 50.5 - - - - 49.2 - - 50.7 18.4
B* - - 19.5 - - - - - 12.8 - - 6.2 4.7
09/23/75 0.5 - 26,2 23.2 33.2 104.8 - - - 3.0 47.0 43.3 - 44.8 27.8
M* - - 27.4 35.0 55.0 - - - - 45,7 - - 40.8 12.1
B* - - 23.1 19.4 51.2 - - - - 46.1 - - 35.0 16.0
10/07/75 0.5 - 7.8 8.4 36.9 13.0 - - - 6.1 18.9 9.0 - 26.4 31.6
M* - - 6.4 32.4 12.7 - - - - 17.2 - - 17.2 11.1
B* - - 1.2 18.8 7.1 - - - - 13.3 - - 12.6 4.9

*M = middle depth.

B

one meter above bottom. These samples and the surface sample (0.5m) were collected by the
Environmental Task Force, University of Wisconsin-Stevens Point.
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Chlorophyll a data.

Chlorophyl1 a (ug/1)

Date Depth (m) Site Location Mean  S.D.
6 12 13 14 16 18 19 20 22 23 24 26
10/16/75 0.0 - - - - - - - - - 29.1 - -
0.5 - - - - 34,5 - 31.6 - - 19.8 - - 28.6 7.8
1.0 - - - - - - - - - 30.4 - -
2.0 - - - - - - - - - 21.3 - -
3.0 - - - - - - - - - 22.4 - -
10/21/75 0.5 - 239 28.6 23.6 36.8 - - - 23.5 30,2 27.1 - 27.8 4.8
M - - 29.0 33.6 - - - 29.5 - 30.7 2.5
B - - 31.8 33.6 32.1 - - - - 20.2 - - 294 6.2
11/04/75 0.5 - 33.5 42,1 57.0 - - - - 53.2 51.8 47.3 - 47.8 7.9
M - - 40.0 54.5 50.4 - - - 53.2 - - 495 6.6
B* - - 41.1 64.4 48.6 - - - - 48.5 - - 50.6 9.¢
11/14/75 0.5 - - - - 29.2 - 38.7 - - 22.1 - - 3.0 8.3
1.0 - - - - - - - - - 23.3 - - :
2.0 - - - - - - - - - 22.0 - -
3.0 - - - - - - - - - 19.8 - -
4.0 - - - - - - - - - 29.0 - -
11/18/75 0.5 - 6.0 7.4 330 27.8 - - - 172 17.7 15.3 - 17.8 9.9
M - - 7.2 16.8 31.2 - - 20.6 - - 18.9 5.3
B - - 6.6 15.4 30.4 - - - - 29.9 - - 20.6 11.6
12/18/75 0.5 - - 3.4 5.9 2.4 - - 4.0 - - - - 9.4 10.0
M* - - 5.1 - 1.4 - - - - - - 3.2 2.6
B* - - 5.6 - 2.6 - - 31 - - - - 3.8 1.6
01/05/76 0.5 - - - - - - - 10.4 - - - -
2.0 - - - - - - - 2.8 - - - -
4.0 - - - - - - - 1.6 - - - -
6.0 - - - - - - - 2.7 - - - -
01/06/76 0.5 - 7.5 1.0 7 17.1 - - 7.8 - - - 8.3 7.4 5.6
M* - - 2.6 1.0 1.7 - - - - - - 1.8 0.8
B* - - 2.2 3 2.9 - - - - - - - 2.1 0.8
01/20/76 0.5 - 15 2.9 31 5.6 - - - 2.6 - - 3.1 1.5
m* - - 0.8 1. 0.8 - - - - 1.2 - - 1.1 0.3
B - - 2.7 o, 1.3 - - - - e - - 1.4 1.9
02/03/76 0.5 - - 1.1 3.6 0.8 - - - - - - - 1.8 1.5
u* - - 1.5 - - - - - - - -
* - - . 0.8 2.4 2.4 - - - - - - - 1.9 0.9
02/04/76 0.5 - - - - - - - 2.0 - 1.6 - - 1.8 0.3
m* - - - - - - - - - 0.8 - -
B* - - - - - - - - - 6.6 - -
02/16/76 0.5 - 0.8 4.3 1.5 - - - - - - - - 2.2 1.8
M* - - 2. - - - - - - - - -
B* - - - 2.0 - - - - - - - -

*M = middle depth. B = one meter above bottom. These samples and the surface sample (0.5m) were collected by the
Environmental Task Force, University of Wisconsin-Stevens Point.
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Chlorophyll a data.

Chlorophy1l a (ug/1)

Date Depth (m) Site Location Mean
6 12 13 14 16 18 19 20 22 23 24 26

02/17/76 0.5 - - - - 5.7 - - - - 2.6 - - 4.2

m* - - - - - - - - - 0.9 - -

B* - - - - 1.5 - - - - 0.8 - - 1.2
03/04/76 0.5 - 49 5.0 - 5.7 - - 4.5 - 6.6 - - 5.3

B - - 5.9 - - - - 4.8 - 2.2 - - 4.3
03/15/76 0.5 - 120 4.2 - 141 - - - - 5.6 - 5.8 8.3
04/05/76 0.0 - 1.6 - - - - 1.9 - - - - 1.8

4.0 - 1.6 - - - 1.2 - - - 1.4
04/26/76 0.5 - 82 54 159 8.9 - - - 8.6 3.5 9.1 - 8.5

M* - - 7.2 16.0 18.1 - - - 9.3 - - 12.6

B* - - 9.0 13.9 18.9 - - - - 9.2 - - 12.8
04/13/76 9.5 - 9.4 2.7 3.4 1.1 - - - 1.2 25 - 3.4

M* - - 2.0 3.3 2.2 - - - - 2.5 - 2.5

B* - - 2. 2.3 2.2 - - - 2.2 - - 2.4
04/27/76 0.5 - - - 194 23.9 - 23.8 - - 20.2 - - 21.8

1.0 - - - - - - - - - 17.6 - -

2.0 - - - - - - - - - 16.6 - -

3.0 - - - - - - - - - 18.9 - -

5.0 - - - - - - - - - 17.8 - -
05/10/76 0.5 - 37.1 215 - 15.8 - - - 39.4 20.6 - - 26.7

Vi - - 20.2 - 27.6 - - - - 30.7 - - 2.2

B* - 20.3 - 27.5 - - - 31.2 - - 2.3
05/14/76 0.0 - - - - - - - - - 23.8 - -

0.5 - - - 33.3 28.0 - 26.3 22.8 - 312 - - 28.3

1.0 - - - - - - - - - 273 - -

1.5 - - - - - - - - - 28.9 - -

2.0 - - - - - - - - - 37.3 - -

3.0 - - - - - - - - - 337 - -

5.0 - - - - - - - - - 25,0 - -
05/24/76 0.5 - 13.5 12.1 11.6 5.3 - - 6.7 7.4 3.5 6 - 8.4

M* - - 31.3 15.1 6.5 - - 227 - 13.6 - - 17.8

B* - - 47.1 22.6 40.1 - - 29.3 36.6 - 35.1
05/26/76 0.0 - - - - 3.0 - 57 6.4 - 6.4 - - 5.4

0.5 - - - - - - - - - 3.7 - -

1.0 - - - - - - - - -4 - -

1.5 - - - - - - - - - 713 - -

2.0 - - - - - - - - - 6.4 - -

3.0 - - - - - - - - - 8.1 - -

5.0 - - - - - - - - - 32 - -

*M = middle depth. B = one meter above bottom. These samples and the surface sample (0.5m) were collected by the

Environmental Task Force, University of Wisconsin-Stevens Point.
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APPENDIX D continued

Chlorophyll a data.

Chlorophy1l a (ug/1)

Date Depth (m) Site Location Mean  S.D.
6 12 13 14 16 18 19 20 22 23 24 26
06/08/76 0.5 - 49.0 56.8 29.4 22.6 29.3 - 52.8 23.4 10.5 19.1 - 32,5 16.4
My - - 2.1 174 21.4 - - 21 - 17.4 - - 121 9.2
B - - 2.7 3.6 3.6 - 3.7 - 2.0 - - 3.1 0.7
06/09/76 0.0 - - - 39.3 43.5 - 51.3 59.0 - 2.2 - - 43.1 13.9
0.5 - - - - - - - - - 2.2 - -
1.0 - - - - - - - - - 2.5 - - .
1.5 - - - - - - - - - 22.0 - -
2.0 - - - - - - - - - 24,6 - -
3.0 - - - - - - - - - 18.7 - -
5.0 - - - - - - - 5.0 - -
06/21/76 0.5 10.4 57.4 288.0 92.5 125.4 48.2 - - 84.7 120.9 141.9 - 107.8 79.4
1y - - 183 25.2 15.6 - - - 9.5 - 6.7 6.7
B - - 21.3 25.5 10.6 - - - 10.9 - - 17,1 .75
06/30/76 0.5 - - - - - - - - - 105.9 - -
1.0 - - - - - - - - - 116.4 - -
1.5 - - - - - - - - - 109.0 - -
2.0 - - - - - - - - - 98.1 - -
3.0 - - - - - - - - - 104.4 - -
5.0 - - - - - - - - - 2.4 - -
07/06/76 0.5 10.3 177.2 197.4 264.5 181.5 - - - - - - - 166.2 93.9
n - - 9.6 21.3 13.2 - - - - - - 187 6.0
B* - - 9.6 8.1 8.9 - - - - - - - 8.9 0.8
07/08/76 0.0 - - - 71.3 101.8 92.7 152.1 97.5 90.4 90.3 85.7 - 97.7 23.8
M - - - - - - - 8.5 - - - -
B* - - - - - - - 7.8 - - - -
0.5 - - - - - - - - - 110.8 - -
1.0 - - - - - - - - - 100.9 - -
2.0 - - - - - - - - - 90.9 - -
3.0 - - - - - - - - - 3.6 - -
5.0 - - - - - - - - - 7.8 -
07/20/76 0.5 - 132.8 119.6 130.6 51.7 102.0 - 84.6 112.1 115.1 116.9 - 107.3 25.4
M - 41,2 59.5 22.1 - - 442 - 62.9 - - 46.0 16.3
B - - 29.2 38.4 14.4 - - 27.3 - 54.0 - - R 147
07/27/76 0.0 - - - 151.7 179.9 - 149.9 - - 114.2 - - 148.9 26.9
0.5 - - - - - - - - - 128.5 - -
1.0 - - - - - - - - - 145.0 - -
1.5 - - - - - - - - - 136.8 - -
2.0 - - - - - - - - - 118.7 - -
3.0 - - - - - - - - - 102.5 - -
5.0 - - - - - - - - - 23.3 - -

*M = middle depth. B = one meter above bottom.These samples and the surface sample (0.5m) were collected by the
Environmental Task Force, University of Wisconsin-Stevens Point.
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APPENDIX D continued

Chlorophyll a data.

Chlorophy1l a (ug/1)

Date Depth (m) Site Location Mean . S.D.
6 12 13 14 16 18 19 20 22 23 24 26
08/02/76 0.5 - 122.2 210.6 91.2 122.9 5.2 - 145.1 131.9 111.7 110.3 - 125.7 36.9
My - 41,9 77.9 84.1 - - 3.8 - 110.8 - - 69.9 31.4
B - - 441 39.9 14.4 8l.9 - 38.3 - 18.0 - 39.4  24.1
08/09/76 g.g - - - 180.7 129.8 - 132.3  87.4 ©103.9 - T 126.8  35.4
. - - - - - - - - - 114.5 - -
1.0 - - ' - N - - - - 110.3 - -
1.5 - - - - - - - - - 6.1 - -
2.0 - - - - - - - - - 50,9 - -
3.0 - - - - - - - - 27,9 - -
5.0 - - - - - - - ©20.4 - -
08/17/76 0.5 - 120.7 807.1 240.7 25.2 143.4 - 68.1 49.6 50,2 71.2 T 9.5 69.7
M - - 39.3 104.5  23.4 - YN A - 48.6  34.9
B - - 3.4 56.3 29.5 152.6 - 17.2 - 20.5 - © 52,1 51.2
08/29/76 0.0 - - - 80.0 99.0 - 73.0 68.4 - 59.6 - - 76,0 14.8
0.5 - - R N N _ - N - 740 - -
1.0 - - - - - - - - . 55.8 - -
1.5 - - R - - - - - _ 54,9 - -
2.0 - - - - - - - - - 51.5 - -
3.0 - - - - - - - - - 52.8 - -
5.0 - - - - - - - - . 47.4 - -
08/30/76 0.5 - 187.4 128.9 96.4 52.9 - - 86.5 90.9 89.7 96.6 - 103.7 39.6
W - - 5.3 90.8 53.0 - - 25.4 - 83.0 - - 60.9 26.4
B - - 249 83.2 48.2 - - 4.0 - 56.4 - - 50.9 21.4
09/22/76 0.5 - 121.2 109.6 85.9 88.9 - - 128.5 145.1 153.0 134.3  120.8 24.6
My - - 104.1 8l.2 82.0 - - 125.9 - 185.1 - 107.7 27.9
B - - 111.3 - 78.7 - - 95,7 - 152.5 - - 109.6 31.6
09/24/76 0.0 - - - 78.6 84.3 - 108.7 104.6 - 116.0 - - 8.4 16.2
0.5 - - - - - - - - - 116.2 - -
1.0 - - - - - - - - - 105.6 - -
1.5 - - - - - - - - - 110.8 - -
2.0 - - - - - - - - 114.2 - -
3.0 - - - - - - - - - 102.2 - -
5.0 - - - - - - - - 94.2 - -
10/06/76 0.5 - - 95.9 65.7 75.0 - - 62.6 62.2 65.5 - - 71.8 12.5
M* - - 124.0 60.7 82.2 - - 69.0 - 57.6 - - 78.7 21.0
B* - - 50.8  79.4 - - 785 - 6l - - 66.4 13.0

*M = middle depth.

B = one meter above bottom. These samples and the surface sample (0.5m)

Environmental Task Force, University of Wisconsin-Stevens Point.

were collected by the
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Chlorophyll a data.

Chlorophyll a (ug/1)

Date Depth (m) Site Location : Mean  S.D.
[ 12 13 14 16 18 19 20 22 23 24 26
10/22/76 0.0 - - - 53.2 58.7 - 59.6 49.6 - 55.8 - - 55.4 4.1
0.5 - - - - - - - - - 53.3 - -
1.0 - - - - - - - - - 52.8 - -
1.5 - - - - - - - - - 59.1 - -
2.0 - - - - - - - - - 53.1 - -
3.0 - - - - - - - - - 56.2 - -
5.0 - - - - - - - - - 52.7 - -
10/25/76 0.5 - - 3.9 40.8 33.8 - - 443 37.6 43.3 - - 40.3 3.0
M* - - 33.3 - 38.7 - - 48.2 - 40.1 - - 40.1 6.2
B - - 30.8 35.9 38.8 - - 46.1 - 47.9 - - 39.9 7.1
11/21/76 0.5 - - + + - - + - - - - 38.4%
11/21/76 0.5 - - 82.) - 794 - - 13.4 - - - - 58.3 38.9
12/86/76 6.5 - - + - + - - + - - - - osr
12/06/76 0.5 37.1 - 845 33.2 50.2 - - 22.0 - 16.5 - - 40.6 24.5
12/11/76 0.5 - - + - + - + - - - - 18.6%
12/20/76 0.5 1.4 - 2.5 25.5 24.5 - - 28.4 132 15.6 - - 183 9.7
12/20/76 G.5 - - + - + - - - - + - 20.7*
01/04/77 0.5 - - + - - - - + - + - - 18.5%
01/04/77 0.5 - - 69.5 27.4 16.6 - 23.8 37.6 17.5 12.1 27.1 - 29.0 18.4
01/05/77 0.5 9.4 49.8 - - - - - - - - - - 29.6
01/13/77 0.5 - - - - + - - + - + - - 14.0* 28.6
01/18/77 0.5 - - 42,5 159.6 81.0 - - 2.7 17.8 17.9 - - 56.8 55.9
01/28/77 0.5 - - - - - - - 46.1 - - - -
02/04/77 0.5 - - - - - - - 61.8 - - - -
0z/09/77 0.5 - - - - - - - 60.6 - - - -
02/15/77 0.5 - - 12.8 7.5 8.9 - - 111.9 - 19.0 - -
- - 4.5 8.1 5.9 - - 103.5 - 16.6 - -
TRIPLICATE - - 2.3 10.3 9.2 - - 124.5 - 14.4 - -
SAMFLING
lHean 6.5 g.€ 6.0 113.3 16.7 30.6 43.2
S.D. 5.5 1.5 1.8 10.6 2.3
02/17/71 0.5 - - - - - - - 130.8 - - - -
*1 = niddle depth. B = one meter above bottom. These samples and the surface sample (0.5m) were collected by the

Environmental Task Force, University of Wisconsin-Stevens Point.

* Composite sample.
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Chlorophyll a data.

Chlorophy11 a (ug/1)

Date Depth (m) Site Location Mean  S.D.
6 12 13 14 16 18 19 20 22 23 24 26
02/18/77 0.0 - - - - - - - 88.5 - - - -
1.0 - - - - - - - 7.9 - - - -
03/01/77 0.5 - - 2.8 - - - - 26.8 - - - - 14.8 16.9
03/02/77 0.5 - - 0.8 - - - - 21.9 - - - - 11.4 14,9
03/05/77 - - - - - - - 190.9 - - - -
- - - - - - - 174.9 - - - -
TRIPLICATE - - - - - - 200.3 - - - -
SAMPL ING
Mean 188.7
S.D. 12.8
04/11/77 0.§ - - 145 9.8 15.7 - - 21.3 - 60.7 - - 24.4  20.7
M - - 9.8 - 15.2 - - 21.0 - 38.5 - - 21.1 -12.4
04/28/77 0.5
M - - 41.0 35.5 26.9 - - 28.0 37.6 35.4 33.6 - 34.0 5.0
- - 29, - - - 55.8 32.6 75.2 - - 48.3 21.4

*M = middle depth. B = one meter above bottom. These sam
Environmental Task Force, University of Wisconsin-S

ples and the surface sample (0.5m) were collected by the

tevens Point.




