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INTRODUCTION

The zooplankton form major trophic links between
phytoplankton and fish in lake ecosystems. As primary con-
sumers, directly utilizing primary production, herbivorous
zooplankton decide to large extent the nature of energy
flow in the ecosystem. In order to khow how and to what
extent primary production is utilized by rooplankton and
ultimately by fish, &% is necessary to know the production
of each trophic level.

Primary productivity in the Great Lakes has been the
subject of many recent reports (Vollenweider et al., 1974) .
Although the zooplankton of the Great Lakes have been
extensively studied (see Watson, 1974), there are no pub-
1ished measurements of zooplankton productivity for any of
the Great Takes. The purpose of this study is to provide
the first estimate of planktonic secondary productivity for
Take Erie. Plankton samples collected from April, 1975
through March, 1976 provided the data needed to estimate
the magnitude of annual zooplankton production and the
amplitude of seasonal variation at an inshore area in west-
ern Lake Erie. Improvements in methods and technigues
which will be useful in future studies of zooplankton pro-
ductivity are presented and discussed.

Numerous reports of Lake Erie gzooplankton have pro-

vided estimates of zooplankton standing crop expressed as
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numbers of individuals or units of biomass. The results of

this study allow comparisons between zooplankton numbers,

biomass, and productivity.




STUDY AREA

This study is a part of a continuing comprehensive pre-
operational aguatic monitoring program initiated at the
Davis-Besse Nuclear Power Plant site by the Center for TLake
Erie Area Research (CLEAR) in the spring of 1972. The re-
sults for 4 years of sampling at monthly intervals during
spring, summer, and fall have been summarized in the 1975
progress reports prepared for the Toledo Edison Company by
CIEAR (Reutter and Herdendorf, 1975a; 1976). The aquatic
monitoring program includes an analysis of water quality
parameters and phytoplankton, zooplankton, benthos, and fish
popﬁlations from the power plant site.

The plant site is located at Locust Point, Ottawa
County, Ohio (41° 35' N and 83° 05' W) on the southwestern
chore of Take Erie, 21 miles east of Toledo and 7 miles
northwest of Port Clinton. Information concerning many as-
pects of the plan®t site has been compiled in the Final Envi-
rommental Statement Related to Construction of Davis-Besse
Nuclear Power Station (Toledo Edison Company and Cleveland
Electric Company, 1973).

Take Erie plankton sampling stations were located along
transects following the power plant intake and discharge ‘
conduits and at a right angle to the discharge conduit (Fig.
1).- When the power plant becomes operational these sampling
stations will be used to assess the effects of both passage

through the plant's cooling system and thermal effluents on
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local plankton populations.

Water currents at Locust Point are variable, depending
on wind direction and seiche action. During periods of calm
weather the main flow is eastward along the shore (Hartley
et al., 1966).

The Western Basin of Lake Erie averages only 8 meters
deep. The slope of the Dbottom is especially gentle along
the southwestern shore at the power plant site, Mean depth
of the water column at station 9, 1.2 kilometers from shore,
was 4.9 meters.(Table 1).

Water quality parameters from Locust Polnt (Table 2)
have shown similar seasonal trends over the past L years and
are generally typical of waters along the Ohlo shore of the
Western Basin of Lake Erie (Reutter and Herdendorf, 19752;
1976). Because of the extreme shallowness, the waters at
the plant site are well-mixed. There were only small 4if-
ferences between surface and botttom samples and samples col-
lected from 3 different stations. The greatest rangesiin
water temperatures among the stations were 6.0°C to 8.0°
on April 22, and 20.6°C to 22.2°C on June 16. On other
sampling datéé the range of water temperature measurements
from 3*stations was 19¢ . 6r-less: The -difference between
surface andAbottom water temperatures at a single station
was never more than 1°¢.

Tn Lake Erie, primary productivity and phytoplankton

populations are typically highest in the southern half of




Mable 1. Distance from shore and mean depth of water
column at open lake plankton stations, Tocust Point, Take
Erie.

Station ' - Distance from Mean

Number Shore (m) . Depth (m)
1 | 100 2.3
3 450 b1
6 300 ‘ 2.5
8 900 b b
9 1200: 4.9
10 100 1.8
12 ‘800 3.0
13 400 3.4
14 600 L.,o

18 300 3.5
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the Western Basin (Glooschenko et al., 1974; Munawar and
Munawar, 1976). During 1975 net phytoplankton populations
at Tocust Point, Lake Erie were highedt in April, August,
and December samples (Fig. 2). The early spring and fall
samples were dominated by filamentous centric diatoms,

Stephanodiscus binderanus (=+Melosira binderana) and Melo-

sira varians. High midsummer net phytoplankton populations

were a result of a bloom of the blue-green alga Aphanizomen-

on flos-aguae.
Ichthyoplankton collections in the vicinity of Tocus?t

Point during 1975 suggest that inshore waters at the power
plant site serve as a nursery area for fish fry which are

probably spawned on nearby offshore reefs (Reutter and Her-

dendorf, 1976). Yellow perch (Perca flavescens), first

collected on May-12,.and gizzard shad (Dorosoma cepedianum),

first collected on June 2, were the numerically most impor-

tant fish fry species.
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1o
METHODS

Secondary production can be thought of as the forma-
tion of consumer organisms in a community. According to
the definition adopted by the Tnternational Biological Pro-
gramme (IBP), secondary production is the total of all
growth increments of all individuals alive at the beginning
of a time interval, whether or not they survive to the end
of the interval, plus the growth increments of those born
into the population during the interval (Winberg, 1971).

For primary productivity, the rate of COZ uptake measured

be the 1QC method provides a direct measure of the photo-

synthetic process. As no similar method for measuring the
secondary production of a community exists, measurements
made on individual specles must be summed.

The estimation of secondary production of zooplankton
requires knowledge or assumptions about four parameters: (1)
population numbers, (2) population age or size frequency
distribution, (3) the weights of various size classes or
stages, and (4) the time spent in the particular size class
or stage, the development time. In this study, production
calculations were based on methods used by Patalas (1970),
Weglenska (1971) and others, with minor modifications. Pop-
ulation numbers and size-frequency distributions were deter-
mined by counting zooplankters from field collections and
meagsuring their lengths. Weights of individual size classes

were computed using length-weight functions from the
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literature. Development times were taken from studies in
which zooplankters were cultured in the laboratory under

controlled temperature conditlons.

Field and Laboratory Technigues

During 1975, Lake Erie zooplankton was sampled from
April 22 through November 3 at monthly intervals (Table 2)
at each of 10 stations (Table 1). Additional collections
were made a2t stations 8, 13, and 14 on August 14 and at sta-
tions 1, 8, and 13 on December 16 and on March 16, 1976,
Duplicate vertical tows from bottom to surface were taken
ot each station with a Wisconsin plankton net (12 cm open-
ing diameter; no. 25, 0.064 mm mesh). Each sample was conh-
centrated to 50 ml and preserved in 5% formalin to which Lo
grams per liter sucrose had peen added to prevent "balloon-
ing" and subsequent loss of eggs by Cladocera (Haney and
Hall, 1973).

Three 1 ml subsamples were taken from each sample with
a wide bore pipette and placed in Sedgewick-Rafter cells.
The entire cell was scanned under a compound microscope at
100x while counting and idenﬁifying‘Zooplankters, cladoceran
embryos, copepod egg sacks, and rotifer eggs. Degenerate
(Brooks, 1946) and ephippial eggs were differentiated from
parthenogenic cladoceran eggs. Additional aliquots were
withdrawn from each sample and scanned under a: dissecting

microscope while counting Leptodora, ovigerous copepods,

‘.
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and, during periods of low zooplankton abundance, other
crustacean zooplankters. When ovigerous copepods were pre-
sent a minimum of 25 egg sacks from each SPecies was disw
sected each month to obtain an estimate of the mean number
of eggs per sack. In order to détermine population length-
frequency distributions, a Whipple disk was used to measure
the total lengths of approximately 200 specimens of each of
the common crustacean species and all ¢f the rarer forms
encountered in each month's samples. A minimum of 50 ovig-
erous females from each common cladoceran species was meas-
ured. Measurements from different sampling stations were
pooled into a single length-~frequency distribution for each
of the common species collected on each sampling date.

Clédocerans, adult copepods, and rotifers were identi-
fied to species when possible. Copepodites were identified
to genus and nauplii to order. The works of Edmondson -
(1959), Jahoda (1948), Torke (1974), Chengalath et al.
(1971), and Deevey and Deevey (1971) were useful in zoo-
plankton identification.

Numbers per liter (= number péb meters x 10—3) were
calculated for each sample from percent of sample counted,
assuming 100% removal of organisms from the water column,
length of tow, and net openingidiametér: Numberwpe%rmetér?>
were obtained by multiplying the number per meter3 by the

depth of the water column in meters.
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Zooplankton Development Times

There 1s generally good agreement between experimen-
tally determined development times reported Dby different
authors. Schindler (1972) incorporated egg development data
from a variety of cladoceran and copepod specles into a
curvilinear equation (% = 0.,0426 + O.OOOBTZ, D =-develop~-
ment time in days, T = temperature OC) and obtained a very
high regression coefficient r2 = 0.99.

A comparison of egg development times for Daphnia, the
best studied genus, is presented in Table 3. In each study
development times were long at low temperatures and became
cshorter at an ever decreasing rate as temperature increased.
There is need for more studies comparing development times
of a single species from different populations and develop-
ment times of several species of a single genus. Until such
studies are undertaken, it cannot be known to what extent
differences in development time data reported by various
authors (Table 3, for example) reflect experimental techw’ .
nique or actual interspecific or interpopulaﬁion differencés.
Tn a single comparative study, Munro and White (1975) report-
ed very small but statistically significant differences in

egg development rates for Daphnia longispina from two dif#

ferent lakes (Table 3).
Some workers, particularly those from eastern Europe,
have measured development rates at a single temperature and

used a series of coefficients from the empirically derived
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Krogh's curve to extrapolate to other temperatures (Winberg,
1971). TUsing this method, any imprecision in the experimen-
tally determined development time 1is multiplied by a series
of coefficients. Patalas (1970) obtained a Daphnia egg
development time of 1.7 days at 20°C and then used Krogh's
curve to extrapolate to other temperatures. His development
times are much shorter at all temperatures thahn those from
other sources listed in Table 3. Daphnia egg development
times calculated using a time of 2.8 days at 20°C and ..
Krogh's curve coefficients from Winberg, (1971) show good
agreement with experimentally measured development times
(Table 3).

Development times were obtained for each cladoceran
genus, with the exception of a single set of values for
Bosmina and Eubosmina, and for each copepod order (Tables L
and 5). Sources for the development times were selected on
the basis of: (1) comparability to other literature values,
(2) available temperature range, (3) a subjective evaluation
of the author's technique, anrd (4) the species studied.
Since the original Russian publications cited by Hillbricht-
Tlkowska and Patalas (1967) were not available and the’
development times therein were somewhat shorter than those
from other authors (Table 3), the development times given
in Hillbricht-TIlkowska and Patalas (1967) were used only
when other suitable data were unawailable.

To interpolate development times to temperatures
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between those measured by a given author, temperature-devel-
opment time data points were fit by polynomial regression
using Biomedical Program BMDO5R) to equations of the form:

D = a + BT + cT® + dT°
where a, b, C, and d are constants, D = development time in
days, and T is temperature in °¢ (Table 6). Exceptions were

development times for Keratella cochlearis eggs which were

calculated from the equation (% = 0.043T - 0.060) used by
Egmondson (1960) and development times for Leptodora eggs
which were read directly from a graph presented by Cummins
et al. (1969).

Extrapolations to temperatures outside the temperature
range examined by an author were made using Krogh's curve
coefficients given by Winberg (1971). A single temperature
rounded to the nearest degree was used for calculating
development times for zooplankters in all samples collected
on a sampling .date. “Qince no-means of. extrapolating to tem-
peratures lower thaii 59C was available, development times
for 5°C were used in calculating March 16, 1976 production

even though the actual temperature was 1.500.

7.ooplankton Dry Weights

Techniques for determining the weight of micrometazoa
are not standardized and as a result weights obtained by
different workers often show wide discrepancies. To insure

comparable results from different taxa welght measurements
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from a single recent study (Dumont et al., 1975) were used
to determine zooplankton weight increments and biomass when-
ever possible., Dumont et al. (1975) oven-dried samples at
110°C for 2 hours before weighing on a Mettler microbalance.

Except for Asplanchna, which has a low dry weight to

wet webght (Dumont et al., 1975), the“rotifer weights re-
ported by Dumont et al. (1975) are much higher than values
based on volume measurements (Table 7). Dumont et al. (1975)
reported weights for the rotifer genera which are numerie
cally important at Locust Point, Lake Erie. Weights for
rotifers not weighed by Dumont et al. (1975) were estimated
from the weight for that rotifer reported by another author
and the ratio of weights for a common rotifer measured Dby
both Dumont et al. (1975) and the other author. Weights

for a few less common roétifer taxa not reported by any
available source were estimated from the weilghts of rotifers
of similar size and shape (Table 8).

Weights reported by Dumont et al. (1975) are comparable
to values given by Burns (1969) and Duncan (1975) for Daph-
nia, and by Burgis (1975) and Wilson and Roff (1973) .for
copepods. The weights of copepodite and adiilt copepods,

Daphnia, Bosmina, Eubosmina, and Chydorus were computed

from regression equations from Dumont et al. (1975) of the
form}
W = aLb

where W is the dry weight, L is the length, and a and b are
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Table 8. Rotifer weights used in zooplankton
production calculations.

Taxa Weight | Source
(ng)

Asplanchna priodonta 0.51 (1)
Brachionus calyciflorus 0.29 (1)
B. angularis 0.47 (1)
B. havanaensis 0.50 (&)
B. urceolaris 0.20 (1)
Chromogaster ovalis 0.20 (1) and (3)
Conochiloides sp. 0.20 (1).and (3)
Filinia terminalis 0.45 (1)
Kellicottia longispina 0.28 (1) and (2)
Keratella cochlearis 0.11 (1)
K. quadrata 0.34 (1)
Noltholca spp. 0.40 (&)
Pompholyx sulcata 0.22 (1) and (3)
Synchaeta spp. 0.26 (1)
Trichocerca Spp. 0.35 (1)

(1) Dumont et al. (1975)

(2) Schindler and Novén (1971)

(3) Nauwerck (1963)

(4) Estimated from the wéights of -

"rotifers of similar size and
shape.
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constants (Table 9). The weights of Leptodora and Diaphan-
osoma were calculated from the weilghts for sizes given by
Cummins et al., (1969) and Dumont et al. (1975) respectivély
(Table 10).

Zooplankton Production Calculations

The formula used by Patalas (1970) for assessing the
daily production of a single species of crustacean may be

written in the general form:

n :
P, = Z Nij AWij (equation 1)
P. = Production of the ith speclesg in weights

i.
units per day;

n = Number of stages or size classes of the ith
specles;

Nii’ Niz’ R, Nin = Numbers of individuals in -
the various stages or size classes;

AWil, AWsgs wnan Awin‘= Weight increment gained
per individual in the particular stage or

gize class; and

T T. = Developement time of individ-

i1’ ~iz? "ttt Tin
uals in the particular stage or size class
in days.

Edmondson (1974) noted that the main differences be-

tween the many methods for assessing secondary production
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which have been presented in the literature concern The de-
tail with which size or age classes are recognized and the
method for estimating development times. The number df
stages or size classes depends on the 1ife history of the
organism and the efforts of the researcher. Since copepods
do not grow after reaching the adult instar, thelr production
is summed over three major stages: eggs, nauplil, and cope-
podites. The number of cladoceran instars is indeterminant;
therefore, production is summed for egg, juvenile, and adult
stages. The more these major stages are subdivided the
closer the production estimate should reflect production in
the natural population.

Tn this study the copepodite and jJuvenile and adult
cladoceran stages were fubther subdivided based upon The
assumption that these organisms grow in length at a constant
rate (Ingle et al., 1937; Weglenska, 1971). If, for example,
Daphnia developed from neonates (newborns) 0.60 mm in length
to adults 1.0 mm in length in 4 days, the development time
of each 0.10 mm juvenile size class would be 1 day. Growth
curves for cladocerans show that the growth rate of body
length of adults is about three times slower than the growth
rate of juveniles (Ingle et al., 1937; Anderson and Jenkins,
1942; Richman, 1958; and Weglenska, 1971). Thus in the
example given above, the development time for each 0,1 mm
adult Daphnia size class would be 3 days.

The production of copepodites, Daphnia, and ’
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Diaphanosoma was summed over 0.1 mm size classes; the pro-

duction of Bosmina, Eubosmina, and Chydorus was summed over

0.02 mm size classes. From equation 1, the daily production
NigaWsj
L Ti]

example, the calculated weight of a Daphnia retrocurva 1.0

of each size class for a species 1 is Pij = For

mm in length is 5.0 pg while an individual 1.1 mm in length

weighs 6.5 pg. The growth increment for D. retrocurva in
the 1.0 to 1.1 mm size class is 6.5 pg - 5.0 pg = 1.5 ng.
If the development time of the 1.0 to 1.1 mm size class
were 3 days the production per individual in the size class
would be 1.5 pg¥(3 clays)_1 = 0.5 ug-day—l. The production
per individual in a size class was multiplied by the per-
centage of_individuéls in that size class and summed over
the size range of the species. The result was the mean
production per individual of a given species on algiven
sampling date.

Tn calculating the weight increments of crustacean
zooplankters the inithal weight of an egg was taken as 0.0,
Copepod egg weights were based upon direct weighing. Each
cladoceran egg weight was assumed to equal the calculated
weight of a neonate. The weight increment added during
naupliar stages was taken as the weight of a first instar
copepodite (Cl) less the weight of an egg. The total weilght
increment added during copepodite stages was the difference
in weight between an adult copepod of mean length and the

weight of a Cl copepodite.
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The lengths of neonates and C1 copepodites were esti-
mated from the length-frequency distributions. Variation
around the modal length for C1 copepodites was often small
and the modal length was therefore estimated to the nearest
0.01 mm. The length of neonates was set as the midpoint
of the size interval which appeared to include the greatest
number of neonates. The size at maturity of cladocerans v
was determined from the length-frequency distribution of
ovigerous females. Since the smallest ovigerous female 1is
clearly smaller than the average of a number of primapara,
the size at maturity of cladocerans was arbitrarily défined
using percentiles. The midpoint of the size interval con-
gtructed such that 10% of the ovigerous individuals were
shorter than t@e lower limit of that size interval was -set
as the size at maturity of cladocerans.

For every sampling date the development times and size-
frequency distributlons were applied to the abundance estli-
mates from plankton counts to estimate the production of
each of the common cladoceran gpecies, copepodite genera,
and hauplii orders. Size-frequency distributions for rare
forms were determined either by pooling measurements from
two or more sampling dates or by utilizing measurements from
the closest time period when the form was more abundant.
Biomass wags computed by summing the weights of the mid-
points of the same intervals used in estimating prodﬁction.

Rotifers are not susceptible to size classification
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hecause of their small size and meager growth after hatch-
ing. Edmondson's (1960; 1965) method for estimating the
birth rate of rotifers ig the basis for most methods of
calculating rotifer production. Hig method utilizes the
ratio of eggs per female to the development time of the egg:

B = (equation 2)

wlfrs!

where B = the finite Dbirth rate (eggs hatched-female—l-,rk
day—l); E = the number of eggs per female; and D = devel-
opment time of the egg. Fdmondson also used an exponential
model based 6n the instantaneous birth rate b:

| b =1n (1 + B) (equation 3)
Tn both models the birth rate is a measure of the recrult-
ment of newly hatched individuals. Use of the egg ratio
method to estimate the production of biomass is based upohn
the implicit assumptionfthat the turnover rate (days—l) of
the number of individuals is equal to the turnover rate of
biomass. Since rotifers do not grow very much after hatch-
ing and have short life spans, the egg ratio method is appli-
cable in calculating their production.

The turnover rate of biomass for the rotifer Keratella

cochlearis was equated with the finite birth rate B. The

production of all rotifers was calculated by multiplying
their Dbilomass by the turnover rate obtained for K. coch-
learis as was done by Patalas (1970). TFor example, given

a weight of 0.11 pg per K. cochlearis and a birth rate B

of 0.2 eggs-female'l-days_l, the production per individual
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female K. cochlearis would be 0.11 pg-0.2 eggs-female"l

day™ T = 0.022 pes female Teday L.

Unlike rotifers, crustaceans may grow considerably
after hatching and go through periods when production 1is
taking place only through the growth of individuals, and
not through reproduction. Although the egg ratio method
has been used to estimate the production of Daphnia (Wright,
1965) and other crustacean plankters (Cummins et al., 1969),
sts use for assessing production is best limited to roti=
fers. Since Juvenile development times were not available,

the production of the cladoceran Teptodora kindtii was

calculated using the egg ratio method and the finite birth
rate B. |

Production over a time interval was calculated using
the formula found most appropﬁppriate by Hillbricht-Ilkowska
and Weglenska (1970):

= (Ptl + Pt2) x (2 - 1) (equation &)
2

— Production for the ehtire sampling

P12

Pyimt2
interval;

13

It

Ptl = Daily production in the moment

Pio = Daily production in the moment t = 2;

t2 - 41 = Time in days between tl and t2.
gince samples were collected from April 22, 1975 through
March 16, 1976, annual production was calculated by assum-

ing that production on April 22, 1976 was the same as
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production on April 22, 1975.

Measures of Zooplankton Reproduction

Birth rate is a function of the eggs per adult ratio,
the percentage of immature stages in the population, and
the development time of eggs. If one assumes Nno mortality,
initial population size (NO) and the population size after

time t (Nt) afe related by the equation:

T bt .
N, = Nge (equation 5)

where b is the instantaneous birth rate (equation 3) and e
is the base of natural logarithms. Potential population
doubling time (PPDT) may be calculated by letting Ny = 2N/

and golving for t, giving:

PPDT = lﬁg& (equation 6)

where 1n 2 is the natural logarithm of 2, 0.693.




32
RESULTS

Species Composition and Seasonal Occurrence

Mean numbers per liter for each zooplankton taxon col-
lected &% Tiocust Point, Lake Erie on each sampling date are
1isted in Tables 11, 12, and 13. Numbers per liter and spe-
cies composition at individual stations for the same samples
have been reported by Reutter and Herdendorf (1975a; 1976).

A total of 23 rotifer taxa belonging to 16 genera were
identified during the study periocd. The three most abundant

forms, Keratella cochlearis, Polyarthra spp., and Synchaeta

spp. were present in each sample and accounted for 68% of -
the mean number of rotifers per liter found throughout the

year. K. cochlearis (26% of the annual rotifer mean) was

abundant from May 29 through August 11 and again in the
October and December samples. A peak of 104 per liter

occurred in the July 14 samples. Polyarthra spp. (23%) fol-

lowed a similar pattern with a population maximum o6F 152 per
liter on July 14 and secondary peaks in thé May and December
samples. Synchaeta spp. (19%) was most abundant én November

3 (71 per liter).

Chromogaster ovalis (8%), Pompholyx sulcata (5%), and

Trichocerca mialticrinis (5%) were all warm water species

with maxima in the July and August samples. The predaceous

rotifer Asplanchna priodonta (4%) was present in all but the

March and June samples and was most abundant in the
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September 8 samples (37 per liter). The remaining 10% of

the annual rotifer mean was divided among 15 less common
taxa.

Egg-bearing rotifers were found in all samples. Males
were never observed. Of the three numerically important

rotifers, only Keratella cochlearis and Polyarthra spp.

carry eggs externally. A'large percentage of Polyarthra spp.

eggs were detached, perhaps as a result of distortion of the
rotifer's cuticle by the formalin-sucrose preservative.

Diaptomus siciloides accounted for 92% of the annual

mean number of adults of seven species of calanoid copepods
and over 99% of the total collected from June 16 through

October 3. D. siciloides adults (11 per liter), Diaptomus

copepodites (24 per liter), and calanoid nauplii (29 per
liter) were all most abundant in the September samples.

Cyclops vernalis and Cyclops bicuspidatus thomagi, both of

which were most abundant in the June 16 samples, comprised
85%._gnd -13% respectively of the annual mean per liter of .. -
four cyclopoid copepod species. Cyclops copepodites were
most abundant in the July samples (66 per liter). The -
cyclopoid nauplii peak abundance of 286 per liter occurred
in the May 29 samples. Although copepodites were identified
only to genus and nauplii to order, it is reasonable to
assume that the great majority of immature cyclopoid cope-

pods were Cyclops vernalis, amd nearly all immature calanoid

copepods were Dimptomus siciloides.
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Even though cyclopoid nauplil were common year around,
ovigerous ¢yclopoid females were found only from April 22

through July 14. Diaptomus siciliodes reproduced from May

29 through November 3.
0f nine species of Cladocera, the following four spe+
cies contiibuted 96% to the annualfCladoceran*meah:;Daphnia

retrocurva, 37%; Eubosmina coregont, 23%; Bosmina longiros-

tris, 22%; and Chydorus sphaericus, 15%. D. retrocurva was

present in all samples but particularly abundant on May 29
(121 per liter), July 14 (151 per liter) and October 6 (55
per liter). E. coregoni was present in each set of samples
and was most sbundant in June (78 per 1liter) and October

(79 per liter) samples. While B. longirostris was found

each month except for September, 88% of its annual total
came from a density of 210 per liter on May 29. Chydorus

sphaericus was common from August 14 through October 6.

Teptodora kindtii was present from May 29 through October 3

in numbers not exceeding 1.6 per liter.

With the exception of a few ovigerous Bosmina longiros-

tris and Eubosmina coregoni found in the December samples,

cladoceran reproduction was 1imited to May 29 Tthrough Novem-

ber 3. Male and ephippla-bearing Daphnia retrocurva females

were present in the May,‘October, and November samples. B.

longirostris and E. coregoni males and ephippial eggs ap-" '

peared in the October, November, and December samples. The

sucrose-formalin preservative was Very effective in -
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preventing egg loss from broéd chambers of all cladocerans

except Leptodora. Eggs of Leptodora kindtil were invariably

lost from the brood chamber,

Both copepods and cladocerans were most abundant during
late spring and early summer, and had population minima in
August and during the months of cold Water temperatures o
(Fig. 3). Rotifers were particularly abundant in the July.,l4

and August 11 samples, and then again on December 16.

Measures of Zooplankton Reproduction

Seasonal changes in the mean number of eggs per ovig-

erous female showed two patterns. Cyclops vernalis and C.

picuspidatus thomasi clutch sizes decreased from May 29 un--

il ovigerous females were no longer collected (Table 14).
Each remaining taxon had June 16 maxima and only modest
changes in mean clutch size prior to the cessation of repro-
duction in late fall.

The mean number of eggs per adult includes the numbers
of ovigerous and nonovigerous females and the numbers of
males in the denominator., Male cladocerans were rare and
usually smaller than the size of maturity for female Cladocs

era. CyclopsAvernalis declined sharply from a May 29 peak

to 0.0 eggs per adult on August 11 (Fig. 4)., The remaining
taxa, all considered herbivores, had low eggs per adult

ratios on May 29 and maxima on June 16, Diaptomus siciloides

eggs per adult declined steadily throughout the summer and
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12
N —-Cyclops vernalis

10 * --=Diaptomus siciloides

Eggs per Adult

—— Daphnia retrocurva
--= Eubosmina coregoni

Eggs per Adult

— Keratella cochlearis
x Polyarthra spp-

Eggs per Female
)
o

4-22|5-29|6-16|7-14| 8-11] 8-14| 9-8 | 10-6|11-3 [ 12-16|3-16 | -

Sampling Date
Figure 4. Eggs per adult crustacean Zooplankter and

eggs per female rotifer, Locust Point, Lake Erle, April 22,
1975-March 16, 1976.
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autumn.

Since immature and adult rotifers could not be differ-
entiated, the rotifer egg ratio us expressed as "eggs per
female" rather than "eggs per adult," Unlike crustaceans,
rotifer reproduction continued year around. When both loose

and attached Polyarthra spp. eggs were counted the Keratella

cochlearis and Polyarthra spp. egg ratios were nearly iden-

tical (Rig. 4).
Potential population doubling times were calculated ac-
cording to equation 6. All calanoid nauplii and Diaptomus

copepodites were counted as Diaptomus siciloides. Potential

population doubling time (in days) was shortest on June 16
for all 5 zooplankton taxa (Table 15). Potential population

doubling times for Keratella cochlearis, Daphnia retrocurva,

and Eubosmina coregoni remained very shord throughout the

summer and increased in late autumn.

Brood sizes appeared to show a simple linear relatlon-
ship to body length in Cladocera and copepods. Both the
intercept and slope of linear regressions of egg numbers

versus body length for ovigerous Daphnia retrocurva varied

over time (Fig. 5). Body length and clutch size were most
closely correlated when increases in length resulted in rel=
atively large increases in clutch size (Table 16).

. Generally, different measures of reproduction showed

" gimilar patterns. With the exception of cyclopoid copepods,

reproduction was depressed on May 29, very high on June 16,
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and intermediate during the summer and early autumn.

Crustacean Zooplankton Size-Frequency Distributions

The size-frequency distribution of a population depends
oh both the growth rate of individuals and the population

age structure. The Daphnia retrocurva in spring and early

summer samples were much larger than those collected later
in the year at the same water temperatures (Fig. 6). 1In the

May, June, and July samples D. retrocurva neonates were 0.65

mm long (midpoint of the 0.60 to 0.70 mm size interval) and
primaparous adults were 1.35 mm, 1.35 mm, and 1f25 mm in
length respectively TTable 17). From August through Novem-
ber 0.55 mm heonates matured at 0.95 mm in length. Other
cladocerans exhibited only small changes in the lengths of
neonates and primapara (Table 17). |

Cyclops adults and Cl copepodites decreased in length
during the spring and summer and increased in length during
the fall. The decrease in mean length reflected, in part,
changes in the sex ratio favoring the smaller-sized males.
The percentage of females in the May 29 population,‘44%, was
not significantly different from the expected value of 50% -
(chi square test, p 0.30). The percentage of females de-
creased to 30% on June 16, 20% on July 14, and 13% on August
11, all significantly different from 50% (chi square test,

p 0.01). Diaptomus giciloides exhibited only small seasoh:z

2l changes in the lengths of adults, spring and fall adults
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Daphnia retrocurva
June 16,1975
21°C

Percent Occurrence

30+

204
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Daphnia retrocurva
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21°C

Figure 6.

55 J5 95 105 135 155 175 185 215 235 255

- Total length [mml]
Population length-frequency distributions of

Daphnia retrocurva from 21°C water on June 16 and September

8, 1975, Locust Point, Lake Erie. Iengths are interval
midpoints in mm. Shaded areas indicate ovigerous females.
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were slightly larger than those from summer generations.

As size intervals were used to determine length, it was
not possible to calculate céonfidence intervals for the
lengths of C1 copepodites, and neonate and primaparous cla-
docerans. The 95% confidence interval for the mean lengths
of adult copepods was always-f‘o.oﬂ mm or less,

Since weight of zooplankters increases exponentially
with length (Table 9), a change in length results in a rel-
atively larger change in weight. The mean weight per Daph=

nia retrocurva ranged from 1.1 pg in the April 22 samples to

15.2 ug in the June 16 samples (Table 18). D. retrocurva

from the April 22 samples consisted entirely of individuals
between 0.40 and 0.80 mm in length. The absence of adults
and the presence of developing ephippia suggest that these
smallest Daphnia of the year had Just hatchgd from resting

eggs. The May 29 D. retrocurva population was also atypical

in that only 10% of the population were adults. During the

remainder of the year the percentage of adulteD. retrocurva

ranged from 29% in the June 16 samples to 62% on October 6.
The mean welghts for other Cladocera and Cyclops Spp . also
varied considerably throughout the year.(Table 18).
Generally, the weights of crustaceans tended to be high
on June 16 due to the presence of large individuals and low
during the summer when the maximum size was smaller.  Mean
weights increased during the fall when decreasing reproduc<

tive ratés resulted in an increase in the percentage of
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mature individuals and the mean size per adult also increas-

ed.

Zooplankton Production

Total annual zooplankton production at Locust Point,
Take Erie was 29.6 g-rn_3 or 99.4 g-m—z. Converting to units
of emergy (1 g dry weight = 5.5 kcal, after Winberg et al.,
1972), annual zooplankton production was abpout 1603kba19m_3C

or 550 kcal-m—z.

0f total annual production, 77% occurred
between April 22 and August 11, 1975, and only 8% from Nov-
ember 3, 1975 through April 22, 1976, Production during the
"vegetative period" from April 22 through November 3, 1975
was 506 keal-m™ 2.

Zooplankton daily production estimates ranged from 0.67
mg-m—B-day—l (2.47 mg-m—z-day—l) on March 16, 1976 to 383
mg;-m'B-day—1 (1202 mg-m_z-day'l) on July ik, 1975 (Table 19).
The sum of the coefficients of variation based on production
at each station on each sampling date was slightly lower for
the production estimates per meter2 than for the estimates
calculated per meterB.

The between station variation in zooplankton production
ie illustrated through a comparison of mean production at
the two inshore stations, the two offshore stations, and the
mean of all ten stations. On May 29, production per me”cer2

Wwas over three times higher at the offshore stations than

st the &nshore stations (Fig. 7). On July 14, the opposite
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1,2-4

-----Mean all ten stations
—— Mean stations 1 and 10
.++++Mean stations 8and 9

(g-m2-day™)

Production

A"..w..d.n-.u 5 5_ ‘,-u;. ,.~.; ..vr T3 v“- ,,;7-.‘..»»_‘;“. R “,.. Rt ,». * 7 Ly
Sampling Date
Figure 7. Comparison of zooplankton productivity per m2
at inshore stations 1 and 10 (mean depth 2.1 m), offshore
stations 8 and 9 (mean depth 4.7 m), and the mean of all

ten stations (mean depth 3.4 m), ‘Locust Point, Lake Erie,
April 22-November 3, 1975.



Sh
occurred; overall mean production was highest and inshore
production was about twice that of offshore waters. On
other sampling dates the differences between inshore and
offshore zooplankton productivity per meterz were much less.

Crustacean species composition, relative abundance,
and length-frequency distributions showed little variation
between stations. Typically, samples from stations with
nigh zooplankton productivity contained greater numbers of
each common species than samples from statdons with low
zooplankton productivity. The relative abundance of roti=
fers was more variable. Single rotifer species often show-
ed a patchy distribution, usually with greater relative
abundance at the inshore stations.

Daphnia retfocurva was the major producer during the

spring-summer period of high zooplankton productivity (Fig.
8). The greatest relative change in zooplankton community
production between two sampling dates occurred between
April 22, and May 29, 1975, when water temperature rose
from VOC to 20°C and zooplankton productivity increased -

50 fold. D. retrocurva accounted for 68% of the total zoo-

plankton production on May 29 (Fig. 8). A decline in D.

3.

retrocurva production from 263 Ing-In_B-d:a,y—1 to 5.5 mg'm_

day—l accounted for 80% of the precipitous decline in zoo-
plankton production between July 14 and August 11, 1975.

During the autumn, other Cladocera, and especially Eubosw

mina coregoni were important as producers. Rotifers -
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contributed over 50% to total zooplankton production during
the midsummer and winter periods of low zooplahkton produc-
tion. Rotifer production reached antannual maximum on July
14 but only amounted to 14% of zooplankton productlion on
that date.

On an annual basis, Daphnia retrocurva accounted for

slightly more than one half of total zooplankton production.
The remaining 49% came from: other Cladocera, 18.1%; roti-
fers, 16.2%; cyclopoid copepods, 10.8%, and calanoid cope-
pods, 3.9% (Table 20). The production of carnivores, that

is: cyclopoid copepods (excluding nauplii), Leptodora kind-

+ii, and Asplanchna priodonta, was 9,1% of the annual zoo-

plankton total.

The relationship between zooplankton biomass and pro-
duction is depicted graphically in Figure 9. The ratio of
daily production to biomass (P/B) is a measure of the bio-
mass turnover rate (days—l). The inverse, B/P, is the bio-
mass turnover time in days. P/B ratios for the entire zoo-
plankton biomass ranged from 0.05 (turnover time 19.5 days)
on March 16, 1976, time of coldest water temperature, to
0.29 (tﬁfnover time 3.5 dayé) on August 11, time of the
warmest water temperature. The annuai'P/B (annual produc-’
tion/ mean daily biomass per meterB) was 54.2. For the
"vegetative period” of 196 days from April 22 through Novem-
ber 3, 1975, the P/B was 34.7.

During the period from May 29 through September 8 when
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the water temperature varied only from 20°C¢ to 24°C, the
daily P/B ratio for the entire zooplankton biomass ranged
from 0.16 on June 16 to 0.29 on August 11, Changes in spe-
cies relative abundance had a direct effect on the zoo-
plankton.community'P/B ratio. The June 16 biomass consiste

ed primarily of large Daphnia, Eubosmina, Leptodora, and

Cyclops, while rapidly reproducing rotifers comprised about
one half of the biomass on August 11, helping to generate
the high P/B ratio on that date.

Mean P/B ratios were calculated for MNay 29 through Sep-
tember 8 based on mean daily biomass and mean daily produc-
tion for each taxon (Table 21). The turnover rate was
highest for rotifers, intermediate for Cladocera with the
;xception of Leptodora, and lowest for copepods and Lepto-
dora. Despite their shord developemént times (Table 4),

Chydorus sphaericus and Boemina longirostris had longer

turnover times than Daphnia retrocurva.

Extremes in length-frequency distributions had ma jor

effects on the P/B ratios for Daphnia retrocurva. On May

29, when 90% of the D. retrocurva population were juveniles

and the average weight per &ndividual was only 4.6_ﬁg ‘
(Table 18), the P/B ratio was 0.3%. On June 16, when very
large individuals comprised most of the biomass (mean

weight 15.2 ug), the D. retrocurva P/B was 0.15. The

growth increment of a large adult is a much smaller percen-

tage of the body weight than the growth increment of a
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juvenile.

The number of crustacean zooplahkters, exclusive of
nauplii, has frequently been used in Great Lake studies as
a measure of zooplankton standing crop. The May 29 peak
in crustacean numbers was largely due to the small cladoc-

eran Bosmiha longirostris (Fig. 10). On June 16 crustacean

numbers were less than one half those on May 29, however,
zooplankton biomass was higher on June 16, primarily due to

the high mean weight of Daphnia retrocurva on that date

(Table 18). Numbers of crustaceans were almost equal in
the July 14 and October 6 samples, however, zooplankton
biomass and production were, respectively, 2.6 and 7.3

times higher on July 14.
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63
DISCUSSION

Temperature and food are the major factors governing
the magnitude of zooplankton productivity. Temperature
directly affects the rate of hatching and molting (Table 4).
Food has a marked affect on female fertility (Ingle et al.,
1937; Richman, 1958; Hall, 1964; Edmondson et al., 1962).
Although predation by fish (Brooks and Dodsonh, 1965) and
invertebrafes (Dodson, 1970; Sprules, 1972) has a major
influence on zooplankton species composition and population
dynamics, field experiments suggest that predation has
1ittle direct effect on total zooplankton community produc-
tivity (Hall et al., 1970; Hillbricht-Ilkowska and Welenska,
1973) .

One way of describing the magnitude of zooplankton
community prqduction at Tocust Point, Lake Erie is through
comparisons with other lakes with similar or different
trophic conditions and ahnual temperature regimes. Until
recently there had been few attempts to measure zooplankton
community production. This was due primarily to a lack of
methods and technigues for analyzing zooplankton production
and the difficulty in obtaining the necessary parameters to
estimate the production of a large number of species. The
International Biological Program (IBP) encouraged the (v
development of methods for estimating secondary productiv-
ity in freshwater ecosystems (Edmondson and Winberg, 1971;

Winberg, 1971) and stimulated many studies on the
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production of one or more trophic levels in lakes. Each
study listed in Table 22 used similar methods of calculating
zooplankton production. Even major errors due to sampling
or weight measurements would not change the basic pattern
relating water temperature and trophic state to zooplankton
productivity.

Zooplankton prqduction at TLocust Point, Lake Erie from
April 22 through November 3, 1975 was very high, but only
about one half that of a Polish Pond, Lake Warniak, durilhg a
comparable period of time. Take Batorin, Lake Mikolajskie,
and the Western Basin of Lake Erie have all been described
as "eutrophic," largely on the basis of blue-green algae
bloomg during the summer months. Zooplankton production in
T.oke Erie at Locust Point was an order of magnitude higher
than in cooler Take Batorin, but not much different from
zooplankton production in Take Mikolajskie. The zooplankton
production of TLake Batorin was only a little more than twice
that of nearby mesotrophic Lake Norock.

Brylinsky and Mann (1973) analyzed factors governing
the productivity of lakes using data compiled from IBP pro-
jects throughout the world. They found a linear relation-
ship between herbivorous zooplankton production during a
"growing season" and phytoplankton production during the
same period. In 20 lakes ﬁgrowing season" energy transfer
efficiency from gross primary production to zooplankton

herbivore production (zooplankton herbivore production/gross
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primary production) ranged from 2.6% to 21.2% with a mean of
13.7%. TUnfortunately only a limited number of primary pro-
ductivity measurements have been made at Locust Point, so it
is not yet possible to compare seasonal zooplankton produc-
tivity with primary productivity at Locust Point.

Glooschenko et al. (1974) reported that primary produc-
tion for the Western Basin of Lake Erie from April through
December, 1970 was 310 gC-m_z. Assuming that 1 gC is equi-
valent to 9.4 kcal and gross primary productivity is 125% of
14C uptake (Brylinsky and Mann, 1973), gross primary produc-
tion for the Western Basin of Lake Erie from April through
December, 1970 was about 3640 keal-m 2. During nearly the
same period of time in 1975 zooplankton herbivore production
at Tocust Point, TLake Erie was 460 kcal-m™ 2., The calculated
energy transfer efficiency is 12.6%, very close to the mean
of 13.7% reported‘by Brylinsky and Mann (1973). The results
of these calculations should not be interpreted to indicate
actual phytoplankton to zooplankton emergy transfer effis’
ciencies. The Western Basin primary production estimate and
the Tocust Point zooplankton production estimaterwere based
on monthly sampling during differeﬁt,yearSfahd from.differs
.ent parts of the Western Basin. The results do indicate
that the annual zooplankton production estimate for Locust
Point is within the range which should be expected for the

Western Basin of Lake Erie.




67

Seasonal Changes in Zooplankton Production

The seasonal extremes in zooplankton production at
Locust Point, TLake Erie appear to be typical of productive:
temperate zone lakes. Only 8% of annual zooplankton produc-
tion for Tocust Point, Lake Erie occurred between November 3
and April 22. In Mikolajskie Lake, Poland, about 10% of
annual zooplankton production occurred between October 31
and May 1 (Kajak ef al., 1972). The winter zooplankton pro-
duction at Locust Point may have been overestimated since
development times for 500 rather than the actual temperature
of 1.5°C were used in calculating zooplankton production for
March 16, 1976.

Except for a period of low zooplankton productioh durs=
ing August and September, changes in zooplankton community
production at Locust Polnt were well correlated with water
temperature (Fig. 9). Since primary productivity dn TLake
Erie is also highest at high water temperatures during the
summer (Glooschenko et al., 1974), little can be sald about
the relative importance of food and temperature in governing
zooplankton productivity. Patalas (1972) reported that
crustacean zooplankton numbers in Lake Erie and Lake Ontario
were positively correlated with water temperature except for
August when crustacean zooplankton numbers in the Western
Basin of Take Erie fell despite an increase in temperature

and high chlorophyll a concentrations. A sharp decline in
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crustacean zooplankton numbers and biomass if August at
Tocust Point, Lake Erie resulted in a sharp decrease inh
zooplankton production (Fig. 10).

Zooplankton populations at Locust Point, Lake Erie,
had the potential for doubling in 1 to 3 days during the
summer (Table 15). A study based on monthly sampling can
add 1little to our knowledge of the inter;ctions which af-
fect zooplankton population dynamics and growth increments,
thereby controlling the relative contribution of different
taxa to total zooplankton production. Research efforts at

T,ocust Point should focus on the population dynamics of

Daphnia retrocurva, the dominant zooplankton producer.

A species of the genus Daphnia is often the dominant
zooplankton producer in lakes. The results of zooplankton
productivity studies are supported by zooplankton grazing
experiments. In an in situ examination of grazing in a
eutrophic Canadian lake, Haney (1973) found that zooplankso
ton filtered the entire water column in less than 24 hours
during periods of high grazing activity in May and June.

During those periods. Daphnia rosgea accounted for 80% of the

total zooplankton grazing pressure.
The possibility that predation by fish 418 a major fac-
tor regulating the abundance and size-frequency distribu-

tions of Daphnid retrocurva at Locust Point deserves fur-

ther investigation (Gailbraith, 1967; Pycha and Smith,
1954, Hall, 1971). Wong and Ward (1972) noted that early
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summer yellow perch fry were unable to swallow the largest
Daphnia in a Canadian lake, but that during the late summer
the largest Daphnia were the preférred food., Archibald

(1975) reported that the size of Daphnia pulex primapara was

1.65 mm in a fishless enclosure and 1.05 mm in the same lake

in an enclosure subject to high predation by fish.

Zooplankton Population Numbers, Biomass, and Productivity

If our goal is to understand the role of zooplankton in
food chains we should measure zooplankton grazing, produc-
tion and mortality rates. Zooplankton standing crop estia.
mates are useful to the extent to which they can be related
to the rates of these processes. The production of consumer
populations can be divided into three components: popula-
tion numbers, growth increments, and the time wequired to
complete a growth increment, the development time (equation
1). Measures of standing crop fall to account for the major
effect of water témperature on zooplankton metabolism and
growth. Estimates of standing crop expressed as numbers of
individuals ignore not only the effect of temperature on -
development times, but also the very large differences in
the size of growth increments between different speciles and
between populations of a single species on different dates
(Table 18). For example, Glooshenko et al. (1974) attempted
to evaluate zooplankton grazing in Lake Erie by relating

zooplankton standing crop in numbers ofindividuals per




70
metér3 to chlorophyll a and pheopigment concentrations. The
comparison presehted in Figure 10 demohstrates that zoo=
plankton total numbers are a poor estimator of biomass.

The mean weight per crustacean zooplankter (excluding nau-.
plii) was about 2 to 3 times greater during June and July
than during late summer and autumn. Even 1f Glooshenko et
al. (1974)‘had accurately assessed zooplankton biomass, they
would still have ignored the effect of temperature on zoo-
plankton filtering rates (Burns, 1969) and productivity.

" The ratio of production to biomass (P/B) is a measuwve
of the turnover rate of biomass. For a population with a
stable age structure, the P/B ratio is theoretically con-
stant under constant environmental conditions. If the P/B
ratio for a species or a community were constant, production
could be calculated simply by multiplying the biomass by P/B
(BixsP/B = P). Juday (1943) surmised that the annual "number
of turnovers" for zooplankton in Lake Mendotae was 52 and was
therefore able to estimate annual zooplankton production by
multiplying mean daily biomass by 52. By chance, the annual
zooplankton P/B for Locust Point, Lake Erie was 54, very -
close to Juday's (1943) guess.

The effect of temperature on development times explains
the seasonal extremes in the daily P/B ratio at Locust Point,
from 0.05 (turnover time 19.5 days) on March 16, 1976 to 0.29
(turnover time 3.5 days) on August 11, 1975. Since develop-

ment times for 5°C rather thai the actual water temperature




71

of 1.5°C were used in calculating zooplankton production for
March 16, 1976, the actual turnover time for that date may
have been much longer than 20 days.

While the influence of temperature on P/B vatios can
be predicted from development times, the range in P/B ratios
of 0.16 o 0.29 during the period of relatively constant
temperature from May 29 through August 11 (Fig. 9) was unex-
pected. Changes in specles relative abundance, size-fre-
quency distributions, and temperature all affect the P/B
ratio. Since the P/B ratio was not constant, even during
periods of relatively constant temperature, it should not be
used to estimate zooplankton production at Tocust Point.

The P/B ratio for zooplankton in a thermally polluted
1ake was twice as high as in a similar one, not thermally
polluted, even though summer water temperatures were only
about 6 degrees higher.(Patalas, 1970). The zooplankton P/B
ratio of the unheated lake (21.7°C average water temperature)
was 0.13, while the heated lake (27°C) had a P/B ratio of
0.26. Since the biomass of each laké was about the same,
zooplankton productivity was twice as high in the heated .
lake. The difference in %ooplankton turnover rates between
the two lakes was due not only to the direct effect of tem-
perature on development rates, but also to species relative
abundance. Copepods, which tend to have low P/B ratios
(Patalas, 1970; also see Table 17) accounted for 51% of

total zooplankton production in Patalas’ unheated lake.
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Bven though the biomass of copepods was slightly higher in

the heated lake, they contributed only 29% to total zoo-
plankton production because of an increase in the relative

abundance of fast-growing Daphnia, Diaphanosoma, and Chye

dorus. From May 29 through September 8, when the mean . .
water temperature at Locust Point was 22.300 and the mean
P/B ratio 0.20, cladoceran accounted for 71% of the zoo-
plankton biomass. The differences in P/B ratios between
the unheated lake and Locust Point probably reflect both
differences in species relativenabundance and the length-
weight equations and development times used Ih the produc-
tion calculations.

The seasonal or annual P/B ratio may be used To comg
pare lakes of differing trophic conditions and temperature
regimes (Table 22). Since eutirophic lakes tend to be ;‘;m
warm and shallow, and oligotrphic lakes cold and deep, it
ig difficult to separate the effects of temperature and
trophi¢ conditions on the seasonal P/B ratio. Experimen=-
tal nutrient enrichment studieés, utilizing ponds or arti;
ficial enclosures, should reveal the relative importance :
of temperature and food in determining zooplankton commun-

ity P/B ratios.

Evaluation of Methods

A major problem in the assessment of zooplankton pro-

duction is the reliability of basic parameters such as
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numbers of individuals, fecundity, and size-frequency
estimated from field collections. Samples should: (1) be
representative of the entire zooplahkton community, (2)
take into account variability with time and in space, and
(3) be comparable, one to another.

Vertical tows with a plankton net 1s a simple, widely
used method for sampling the water column. In this study
the net was assumed to be 100% efficient in straining the
water column. In fact, because of the resistance of the
net; the efficiency is always less than 100%. The effec-
tive value of filtration depends upon such factors as mesh
size, filtering sﬁrface to mouth area ratio, btowing speed,
and clogging by algae and other suspended particles. Net
clogging is an especlally acute problem with deep tows in
productive lakes. Tn their study of Daphnia-in Take Con-
stance Elster and Schwoerbel (1970) compared the results
of 30 meter vertical plankton net tows with pump samples.
The efficiency of the net varied from 5% to 36% with a
mean of 18% in the Untersee. McNaught et al. (1975) elec-
tronically monitored net meters during vertical tows in
Take Ontario. A 64 p mesh net, the mesh size used in this
study, started at 65% to 70% efficiency but ended a 25 me-
ter vertical tow with a filtering efficiency of only 15%.
A rapid décline in filtration rate took place in the
phytoplankton-rich epilimnion.

The degree of net clogging which occurred during 1 to
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4 meter vertical tows at Locust Polint, Take Erie was mnot
measured, Birge (1897) noted that seasonal changes in net
£i1tration during 18 meter vertical hauls were correlated
with phytoplankton abundance in Lake Mendotae. He stated,
however, that 3 meter vertical tows were too short for
significant net clogging to occur. Based upon the obser-
vations of McNaught et al. (1975) and Birge (1897) =zoo-
plankton numbers and production at Locust Point were pro-
bably understimated by about 35% due to net efficiency

and perhaps by more during the August Aphanizomenon bloom

and the cold water periods of high diatom abundance. Ser-
ious errors might arise in comparing the numbers of zoo-
plankters collected by vertical tows in deeper parts of
Lake Erie with the numbers found at shallow stations such
as at Locust Point.

Teptodora Kindtili is an important food source for

I.ake Erie fishes (Price, 1963). The population dynamics
and production of the large, strong swimming cladoceraﬁ
are of particular interest for a second reason; Daphnia
mortality rates have been closely correlated with the
abundance of Leptodora (Hall, 196L; Wright, 1965; Cummins
et al.,, 1969). Plankton tows taken at night often result
in much larger catches of Leptodora than daytime tows (An-
drews, 1948; personal observations). Schindler (1969)
demonstrated that a 28 liter transparent plankton trap

caught 2 to 3 times more Leptodora than a metered plankton

1
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net 20 cm in diameter. It is likely that the numbers of
Leptodora caught at Tocust Point, and especially the num-
bers of large, ovigerous females, underestimated natural
population densities.

T,ikens and Gilbert (1970) tested filtration through
35 p, 48 u, and 75 1 mesh nets and allowing the total sam-
ple to settle (0 p, no filtration) as methods for catching
rotifers. There was no statistical difference at the 5%
level between numbers of rotifers from gsamples filltered
through 0 m, B5 M, Or 48 u screening. The 75 p mesh caught

only 38% as many Polyarthra as 48 3 mesh. Eggs per female

ratios were much higher in samples concentrated with 75 n
mesh netting, presumably due to the loss of small, non-
ovigerous individuals through the mesh., In this study,
The foect on the production estimate of losing rotifers
through the mesh would depend on the relative increase in

the Keratella cochlearis egg ratio compared to the loss of

other rotifers.

Despite the extra effort involved in taking samples at
several depths, I recommend the use of a Schindler (1969)
trap for sampling zooplaikton in the shallow Western Basin
of Lake Erie. TUnlike plankton nets, a Schindler trap fil-
ters a constant, known volume of water and can collect
representative samples 6F both large, strong swimming crus-
taceans and small rotifers.

The sampling area for this study was a very small part
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of western Lake Erie. Coefficients of variation for mean
zooplahkton production calculated from 10 sampling sta= =
tions were small for a field study, legs than 0.1 on the
average (Table 19). These coefficients of variation are
‘measures of the variance of zooplahkton production estiw:
mates due to interstation variability in population num=
pers and species composition. When the Da¥is-Besse Nuc=
lear Power Plant goes into operation greater differences
in species composition and population numbers between sta-
tions can be expected. Studies of horizontal variation in
zooplankton distribution in a small area such as the power
plant site should include measurements of water currents
(Ragotskie and Bryson, 1953; Small, 1963; Stavn, 1971).

The variation which may have arisen from subsampling
is insignificant compared to other sources of sampling
error in the zooplahkton production estimates. Kutkechn
(1958) found that whole cell Sedgwick-Rafter zooplankton
counts were randomly distributed.

Since crustacean sooplankton numbers varied by over
two orders of magnitude throughout the year (Fig. 3), the
procedure of counting three Sedgwick-Rafter cells from a
50 ml concentrate year around resulted in an over-worked
plankton counter during months of high plankton numbers
and relatively poor estimates of population numbers when
zooplankton was sparse. The poor estimates during mondhs

of low population numbers were compensated for by counting

R
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additional aliquots. An optimal counting procedure would
allow for adjustments inr (1) the number of cells counted,
(2) the concentration of the samples, and (3) the number of
organisms of different taxonomic groups enumerated.

The great seasonal variation in zooplankton numbers,
growth, and reproduction makes questionable the results of
zooplankton production calculations based on samples taken
at long time intervals. The zooplankton biomass at Locust
Point, Lake Frie had a mean turnover time of 5 days during
the summer (Table 21). Hillbricht-Ilkowska and Patalas
(1967) recommended a sampling interval not exceeding 4 to
5 days during the spring and summer. The effect of samg’
pling frequency on the reliability of zooplankton produc-
tion estimates has been examined by Hillbricht-Ilkowska and
Weglenska (1970). |

Some indication of the reliability of monthly zoo=
plankton samples may be obtained Dy comparing numbers of
zooplankters collected at TLocust Point using the gsame tech-
niques, and on about the same dates during different years.
During each of four years general seasonal trends in spee
cies composition and abundance of crustacean zooplankters
at Tocust Point, Lake Erie were similar (Reutter and Her-
dendorf, 1976). Daphnia, other Cladocera, and copepods
were most abundant in the May, June, and July samples. The
greatest differences between the 1975 samples and samples
from previous years occurred in May. The timing of the

period of rapid zooplankton population growth in the spring
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appears to be related to water temperature. Chandler
(194%0), in a limhological study of western Lake Erie, found
that Daphnia populations increased more than 10 fold during
the last week of May and the first week in June, attalining
an annual maximum of 9 per liter on June 5 at a water tem-
perature of 2066. On May 29, 1975 the water temperature
was 20°¢ and the Daphnia population density at Locust Point
was 121 per liter (Table 13). On May 25, 1973, when the
water: temperature was 14°C, 3.4 Da@hnia per liter were
found at Locust Point, Lake Erle (Reutter and HerdendorT,
1974g). The water temperature was 15°C when the Daphnia was
11 per liter on NMay 22, 1974 (Reutter and Herdendorf,

1974b) . Each year Daghnia populations at Locust Point have
sharply declined during late July and early August® (Fig—

"~ ure 11).

Rotifers tend to show sporadic changes in population
density with tinme.(Edmondson, 1946; Halbach, 1970). On
different years rotifers were particularly abundant at
Tocust Point in May, July, August, November, and December
samples (Reutter and Herdendorf, 1976)., During 1975, the
greatest change in total rotifer numbers occurred between
the August 11 (426 per liter) and August 14 (142 per liter)
samples (Fig. 3). Monthly samples are inadequate for
assessing the contribution of rotifers to total zooplankton
production. |

The magnitude of error in the annual zooplankton -
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Figure 11. Daphnia spp. populations (numbers per
liter), Locust Point, Lake Erie, for 1973 (Reutter and
Herdendorf, 1974a), 1974 (Reutter and Herdendorf, 1974D;
1975b), and 1975 (Table 13).
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production estimate which resulted from monthily sampling
with a plankton net can not be measured. The zooplankton
production estimates presented in this study should be re-
gardéd as a first approzimation of annual production and
indicative of general seasonal trends.

An zccurate assessment of population numbers is the
pasis 6f every method for calculating secondary production.
The relative impowvtance of the methods for estimating growth
increments and development times, and the assumptions used
in determining these parametérs is less well understood.
Since different parameters and assumptions are involved 1n
calculating the production of different 1ife history stages
it is useful to know which life history stages make major
contributions to total production. Growth by both Juveniles
and adiilts and the production of eggs were all important

components of Daphnia retrocurva production (Table 23).

Since Bosmina, BEubosmina, and Chydorus grow less after T: .

hatching than Daphnia (Table 17), the production of eggs 1is
an even greater part of their total production.

Compared to cladoceran eggs, copepod eggs are very
amall and as a result contributed 1ittle to copepod produc-
tion (Table 23). In most samples nauplii were the mos im-
portant component of cyclopoid copepod production (Table
23). Considering the emall size of nauplii, their role as
producers 1s surprising. Assuming no mortality, continuous

reproduction, and using the May 29 size increments and
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development times, expected relative cyclopoid copepod pro-
duction is: eggs, 3%; nauplii, 37%; and copepodites, 60%.
Both assumptions are undoubtedly violated. In a study of

the copepod Diaptomus oregonensis; Rigler and Cooley (1974)

showed that the relative production of different life stages

varied from one generation to the next. In the first gen-

eration, because there was little mortality, most production
was due to later copepodite stages. During the third ahd
final generation of the year the mortality rates of nauplil
and copepodites were very high and most production took
place in the naupliar sfages. Since late stage cyclopoid
copepodites and 2dults have been shown to consume a number
of nauplii, copepodites, and small cladocerans about equal
their body weilght each day (Anderson, 1970; McQueen, 1969;
7denek and Fernando, 1975), high nauplii and copepodite:
mortality should be expected.

To examine the relative effect of development time,
growth increment, and length-frequency distrIbution on
production estimates, the production per individual Jjuven-

ile Daphnia retrocurva and cyclopoid copepodite was calcu-

1ated as described in the methods section (variant 1) and
according to two other variants, 2 and 3 (Tables 24 and
25). Variants 4 and 2 were computed using the 0.1 mm
length-frequency distributions. The development time of
variant 1 was the development time for the water temperas=

ture on the sampling date, while the development time for
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20°C was used for each length-frequency digtkibution in
variant 2. The ratio of variants 1 and 2 reflects the
effect of development time on productivity per individual.
For example, the production per $ndividual juvenile Daphnia

retrocurva on November 3 at 10°¢ (variant 1) was 33% of the

production which would have been expected at 20°C,

The often unstated assumption in using size intervals
ia that individuals are evenly distributed throughout each
size interval or that size intervals are small enough that
uneven distribution of individuals within them has 1little
effect on the results of calculations. Variant 3 was cal-
culated using the development time for 20°C and no subdivi-
sion of the growth increment. The difference between var-
iants 2 and 3 indicates the degree to which the length-
frequency distribution on each sampling date departed from

an even distribution. Daphnia retrocurva juvenile produc-

tion summed over 0.1 mm intervals, variant 2, was often much
less than production summed over a single size class, vari-
ant 3.(Table 24). Daphnia length-frequency distributions
tended to be skewed toward small individuals. The single
notable exception was the November 3 sample which contained
very few neonates due to the very low birth rate at that
time (Table 15, Fig. 4). Cyclopoid copepodite length-fre-
gquency distiributions also tended to be skewed toward small
individuals, although to a lesser degree than those of

Daphnia retrocurva (Table 25).
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Skewed length-frequency distributions could be the
regult of pulses in the reproductivé rate or mortality.
Mortality is probably a major factor since length-frequency
distributions resulting from mortality would, as was noted
in Tocust Point, Lake Erie samples, be consistently skewed
Toward smali individuals. Length—frequency distributions
reflecting pulses in reproduction should tend to balance
out, at different times favoring both small and large indi-
viduals. The use of single naupliar, copepodite, and juven-
ile cladoceran size classes, as has Dbeen done by Patalas
(1970), Weglenska (1971) and others (see Winberg, 1971)
would give an unbiased estimate of zooplankton production
only i1f no mortality occurred during those stages. The re-
sults of this study indicates that nauplii,ccopepodite,
and juvenile cladoceran 1life history stages should be fur-
ther subdivided when calculating zooplankton production or
biomass.,

Comparisons of variant 3 from different sSampling dates
show the effect of changing growth increments on production

estimates. dJuvenile Daphnia retrocurva growing from 0.65

mm to 1.35 mm in 5.1 days (development time for ZOOC) in-
crease in weight almost three times as fast as Daphnia
growing from 0.55 mm to 0,95 mm in the same amount of time
(Table 24, variant 3). The equation for computing the
length-weight relationship is a critical factor. According

to the equation W = 1.5 x 10—8L2'84(Table 9), a Daphnia
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0.95 mm in length weighs 4.3 pg while a 1.35 mm Daphnia
weighs 11.7 pg. Cyclopoid copepodites growing from 0.35
mm to 0.97 mm in length gain weight about 1.8 times faster
than individuals growing from 0.33 mm to 0.74 mm in the same

amount of time (Table 25, varilant 3)., 1In both Daphhia

retrocurva and cyclopold copepods decreases in development
times at high water pemperatures were, in part, offset by}
decreases in the sizeés of growth increments.

Since a change in the length 5T primaparous Daphnia

retrocurva by a single 0.1 mm size interval from 1,35 mm to

1.25 mm restlts in a 32% decline in production per juvenile
Daphnia and a similar decline in production per adult
Daphnia (Table oly, variant 3), efforts should be made to
precisely determine the lengths of Daphnia primapara. Dur-
ing perilods of low egg production the size of Cladocera at
maturity might be determined by examining ovary development

(Kerfoot, 1974). Daphnia ratrocurva undergo an increase in

helmet length during the summer (Brooks, 1946). Since hel-
mets add very little To total body weight, the measurements
of total length used in this study overestimated the weilght

and production of D. retrocurva found from July 14 through

October 6, the period when D. retrocurva with long helmets

were present in samples from Locust Point. D. retrocurva

weight increments should be determined from regression
equations based on the relationship between body welght and

the length from the posterior end of the carapace to the
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eye (Burhs, 1969). The use of Burns' (1969) regression
equations would have resiilted in even greater differences

between spring Daphnia retrocurva and those. found later in

the year than are shown in Table 24, variant 3.
The weight of cladoceran eggs was equated with the

weight of neonates. Sihce a 0.55 mm Daphnhia retrocurva

weighs 0.91 pg while a 0,65 mm neonate welghs 1.46 pug, the
lengths of Daphnialneonates should be determined using size
intervals smaller than 0.1 mm. MNeasuring volumes-is an
alternative method of determining the weight of cladoceran
eggs (Green, 1956).

Using the finite birth rate method of calculation, the
production of rotifers is directly proportional to the
population size and eggs per female ratio, and inversely
proportional to the development time of eggs. IEggs per fe-

male ratios for Keratella cochlearis ranged from 0.51 to

0.11 (Fig. 4) while egg development times from 590 4o 24°C
ranged from 5.3 days to 0.8 days (Table 4). The production

per individual for K. cochlearis on May 29 when the water

temperature was 20°C and the eggs per female ratio was 0.11

was equal to production per K. cochlearis when the water

temperature was to be SOC on March 16 and the egg ratio was
relatively high, 0.41 (Table 26). Results from using the
finite birth rate B (eguation 2) and the instantaneous irt
birth rate b (equation 3) to calculate rotifer production

have beeh compared by Hillbricht-Tlkowska and Weglenska
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(1970) .

Development times from zooplankton cultured in the
1aboratory at constant temperature and with ample food were
applied in calculating the production of natural popula-
tions. The assumption in this and many other studies of
zooplankton (see Winberg, 1971) is that most of the time
food quantity and quaiity have not significant effect on
Zooplankton development times. This assumption is based on
laborafory studies which have shown that food has a much
greater effect on fecundity than on-development times. TFor
example, Ingle et al. (2937) compared growth and reproduc—/

tioh in well-fed and semistarved Daphnia lohgispina cul-

tured ih the laboratory. Semistarved Daphnia took about
14% more time to complete the 4 juvenile instars and were
about 80% as long as well-fed individuals when maturity was
attained. Well-fed Daphnia averaged 21.5 young per brood
while their semistarved sisters on the average produced 5.5
young per brood.

Measuring the availablility of food for zooplankton
growing under natural conditions presents severe problems.
Burns (1968) showed that the maximum diameter of particles
ingested by Cladocera ig g linear function of carapace
length. According to her equation, large Bosmina feed on
particles up to ‘about 25 1 in diameter While‘Daphﬁia 1.5
mm in length may ingest particles up to about 50 p in diam-

eter. Some gelatinous green algae, such as Sphaerdcystis:
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may pass through the gut of Daphnia undigested (Porter,
1973). In general, plue-green algae are a poor source of
food for Daphnia (Arnold, 1973; Schindler, 1968). While
detritus with associated bacteria is often ingested by zoo-
plankton, it varies consgiderably in nutritive content,
usually having much lower caloric values than algae (Schin-
dler, 1968). |

Weglenska (1971) measured the growth and development
rates of 5 species of filterbfeeding zooplahkton using food
concentrations in the same range as found in hearby eutro-
phic Mikolajskie Take. Although her use of the wet weight
of nannoplankton and pacteria concentrated Ifrom Mikolajskie
Lake as a measure of zooplankton food may be criticilsed,
Weglenska's (1971) study is the best attempt to relate the
growth and development of freshwater zooplankton to concen-
trations of natural food. Weglenska (1971) reported that
the egg development times for 4 species of Cladocera and 1
species of calanoid copepodiwere essentially‘independent of
the available food supply both vefore formation of the egg
and during egg development. The number of cladoceran eggs
produced increased 6 to 8 times from the lowest to the o
highest concentration of food. Ephippial and degenerate
eggs were frequently observed at the lowest food concentra-
tion.

At food concentrations from 2.5 mg-liter'l, the

average food concentration in Mikolajskie Lake, to
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10 mg-liter_l juvenile Daphnia longispina development Times

were independent of food food concentration (Weglenska,
1971) (Table 27). At lower food concentrations development
rates became longer at an increasing rate. The Juvenile
development of other Cladocera showed similar trends. The

development times of Eudidptomus graciloides copepodites

were somewhat more dependent on food concentration than the
development times of cladoceran juveniles (Table 27).

From July 22 through August 30 food concentrations in
Mikolajskie Take ranged from 4.0 mg-li’cc—:r_1 in early August
to 1.6 mg-liter—l in mid-August and slightly over 3 mg:
Titer™ ' in late August. During the periods of relatively
high food concentrations there wereconly 5% to 6% differs
ences between zooplankton production estimates taking into
consideration the effect of both food and temperature on
development rates and estimates based on the the effect of
temperature alone on zooplankton development times. During
the mid-August period of low food concentration, failure to
condider the effect of food concentration on zooplankton
development rates resulted in a 34% overestimation of zoo-
plankton production (Weglenska, 1971).

Weglenska's (1971) study shows that food occasionally
affects zooplankton development times in eutrophic lakes.
Culture studies have demonstrated that egg production is a
sensitivenindicator”ofsjdodasupply; Messures of egg pro- "

duction should be used as indirect measures of zooplankton
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Table 27. Comparison of Juvenile Daphnia longispina and
copepodite Eudiaptomue graciloides development times (in

days) at different Gtemperatures and concentrations of food.
Food was baecteria and nannoplankton (mg wet weight) concen-
trated from lake water samples (data from Weglenska, 1971).

Food concentra-

tion mg-liter-1 176" 22°¢
Daphhia longispina
0.5 9.9 7.2
1.0 7.6 5.0
2.5 6.0 3.4
10.0 6.0 3.4
Eudiaptomus graciloides
0.72 20 15
2.0 16 11
3.0 14 9.5
5.0 12 7
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food supply and the effect of food on zooplankton develop-
ment rates. Clubch size alone is a poor measure of egg
production because neither the percentage of adults bearing
eggs nor the size of adult females is considered. TLabora-
tory studies should attempt to establish quantitative rela-
tionships between female body size, egg production, and
juvenile development times over a range 6f food concentra-
tions.

The measures of reproduction determined in this study
may be appligd in a general, qualitative way to evaluate
the probable effect of food on development times of zoo-
plankton collected on different sampling dates at TLocust
Point, Lake Erie., The low eggs per adult crustacean and
eggs per rotifer ratios on May 29, 1975 (Fig. 4) are
probably indicative of poor food supply and retarded devel-

opment on that date. The presence of male Daphnia retros

curva and ephippial eggs at a water temperature of 20°C is
further evidence of a low food supply on May 29 (Berg,
1934). Eggs per adult crustacean ratios were never as low
again until late fall, while rotifer egg ratios remained
relatively high throughout the remainder of the year (Fig.
4). The decline in cladoceran eggs per adult ratios in the
autumn may have been related to water teperature as well as
food, and therefore should not be conéidered evidence for
retarded growth and developmeﬁt rates (Green; 1956). MNore

frequent sampling will be needed to determine how often and
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to what extent food has a significant effect on zooplankton

development times in highly productive waters such as west-

ern Lake Erie.
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SUMMARY AND CONCLUSIONS

1. A study of zooplankton production at an inshore
area in western Lake Erie was undertaken from April, 1975
through March, 1976. Productioh estimates were based on
the numbers and length-freguency distributions of zooplank-
ters in monthly field samples and the effect of water tem-
perature on zooplankton development rates.

2. Sources of error in the production estimates and
improvements 1n sampling techniques and the methods for
calculating zooplankton production were discussed. ZoO-
plankton populations respond rapidly to changes in environ-
mental conditions and populationsnumbers may double under
sdeal conditions in one or two days. Monthly samples . :
therefore give only a first order approximation of annual
zooplankton production and the range of seasonal variation.
Apart from sampling, the literature values and equations
used to estimate zooplankton weights represent a major
source of possible error. In particular, the weights of
rdtifers reported by different guthors vary up to ten fold.
The rotifer weights used in this study were among the high-
est.

3, Daily zooplankton production estimates ranged from
0.67 mg-na”B-da;y":L on March 16, 1976 to 383 mg-m—B-day—lon
July 14, 1975. Annual ZooPlankton production (160 keal-m™o

or 550 kcal-m'z) was within the range reported for
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eutrophic temperate zone lakes by other authors. Of total
annual production, 77% occurred between April 22 and August
11, and only 8% from November 3 through April”zz.

I, Daphnia retrocurva contributed 51% to anhual

zooplahkton production, other Cladocera, 18.1%; rotifers,
16.2%; cyclopoid cpepods, 10.8%, and calanoid copepods,
3.9%. The production of carnivorous plankters was 9.1% of
the annual zooplankton total. The relative contribution of
esch taxonomic group to zooplankton production showed great
seasonal variation. During the spring-summer period of

high zooplankton productivity, D. retrocurva was the domin-

ant producer, while during the late summer and winter per=
iods of low crustacean abundance rotifers contributed over
50% to total zooplankton production.

5. Zooplahkton reproduction was measured using clutch
size, eggs per adult crﬁstacean, eggs per female rotifer,
potential population doubling time, and the relationship
petween body length and clutch size. Reproductive rates .
may be used as an indirect measure of the suitability of
envirommental conditions, and especially food supply, for
zooplankton growth and development.

6. The sizes of Daphnia retrocurva primara and cyclo-

poid copepod adults showed large seasonal variation, Both
D. retrocurva and cyclopoid copepods were largest during
the spring and smallest during the summer}

7., The skewed length-frequency distributions of
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juvenile Daphnia retrocurva and the relatively large num-

bers and production of cyclpoid nauplil compared to copepo-
dites suggested high mortality rates among these immature
crustacean zooplankters.

8. Water temperature, growth increments, and popula-
tion length-frequency distributions were all shown to have
major effects on the calculated production per individual

Daphnia retrocurva and cyclopoid copepodite.

9, Production/piomass (F/B) ratios for the zooplank=
ton community ranged from 0.05 on March 16, 1976 to 0.29 on
August 11, 1975. Although water temperature was the major
factor influencing seasonal changes in the P/B ratio, spe-
cies composition, growth increments, and length-frequency
distributions were also important factors affecting the -
zooplankton community P/B ratio.

10. Due to changes in both species composition and
the length-frequency distributions of individual species,
total number of zooplankters did not accurately indicate
zooplankton blomass. since water temperature, growth incre-
ments, and length—frequency distributions all affect the
P/B ratio, there is no simple way of relating zooplankton .
production and blomass.

11, A.zooplénkton study based on monthly sampling adds
but little to our understanding of the factors governing
the production dynamics of zooplankton. This study does

sindicate that relatively few zooplankton specles are
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important as producers but that population numbers, water
temperature, length-frequency distributions, and growth i:i.c
increments all must be considered to quantify the production

of these few species.




100
TITERATURE CITED
Anderson, B. G., and J. C. Jenkins. 1942, A time study in

the 1ife span of Daphnia magna. Biol. Bull. 83: 260~
272. ’ n

Anderson, R. S. 11970, Preditor-prey relationships and
predation rates for crustacean zooplankters from some
Sakes in western Canada. Can. J. Zool. 48: 1229-1240.

Andrews, T. F. 1948. The life history, distribution,
growth, and abundance of Teptodora kindtil (Frocke) .
Ph.D) Diss., The Ohio State Univ. 93 p.

Archibald, C. P. 1975. EXperimental-observations on the
effects of predation by goldfish (Carassius auratus)
on the wzooplankton of a small saline lake. J. Fish .
Res. Board. Can. 32: 1589-159L, '

Arnold, D. E. 1971. Feeding studies on Daphnia pulex
using seven blue-green algae. Timnol. Oceanogr. 16:

906-917. -

Berg, K. 1934. Cyclic reproduction, sex determination and
depression in the Cladocera. Biol. Rev. 9: 139-174,

Birge, E. A. 1897. . Plankton studies on Lake Mendotae.
TI. the Crustacea of the plankton from July, 1894, to
December, .1896, Trans. Wisc. Acad. Sci. Arts, Lett.
11 272-448, '

Brooks, J. L. 1946. Cyclomorphosis in Daphnia. I, an
analysis of D. retrocurva and D. galeata. Ecol.
Monogr . 16: L09-L48.

., and S. I. Dodson. 1965. Predatlon, body size, and
composition of plankton. Science 150: 28-35.

Brylinsky, M., and K. H. Mann. 1973. An analysis of fac-

“tors governing productivity in lakes and reservoirs.
Timnol. Oceanogr. 18: 1-14,

Burgis, M. J. 1975. Biomass comparisons of cyclopoids in
two Thames. Valley reservoirs. Verh. Internat. Verein.
Timnol. 19: 1834-1840.

Burns, C. W. 1968. The relationship between body size of
filter-feeding Cladocera and the maximun size of o
particles ingested. Limnol. Oceangr. 13: 675-678.




101

Burns, C. W. 1969. Relationship between filtering rate,

temperature and body. size in four species of Daphnia.
Timnol. Oceanogr. 14: 693-700.

Chandler, D. C. ..1940. Limnological studies of western
Take Erie I: plankton and certain physical-chemical
data of the Bass Island region, from September, 1938,
to November, 1939. Ohio J. Sci. A40: 291-336.

Chengalath, R., C. H. Fernando, and M, G. George. 1971.
The planktonic Rotifera of Ontario with keys to genera
and species. University of Waterloo, Ontario. 41 p.

Comita, G. W. 1972. The seasonal zooplankton cycles, pro-
duction, and transformations of energy in Severson

Take, Minnesota. Arch. Hydrobiol. 70: 14-66.

Cummins, X. W., R. R. Costa, R. E. Rowe, G. A. Moshiri, R.
A. Svanlon, and R. K. Zajdel. 1969. Ecological ener-
getics of a natural population of the predaceous ZoO-
plankter Leptodora kindtii Focke (Cladocera). Oikos:
20: 189-223,

Deevey, E. S., and G. Deevey. 1971. The American speciles
of Eubosmina Seligo (Crustacea, Cladocera). Limnol.
Oceanogr. 16: 201-218,

Dodson, S. I. 1970. Complementary feeding niches sus-
tained by size-selective predation. Timnol. Oceanogr.

15: 131-137.

Dumont, H. J., I. Van de Velde, and S. Dumont. 1975. The
dry weight estimate of biomass in a selection of
Cladocera, Copepoda and Rotifera from the plankton,
periphyton and benthos of continental waters. Oecologia

19: 75-97.

Duncan, A. 1975. Production and biomass of three Daphhnia
species. Verh. Internat. Verein. Limnol. 19:-23850-

2867.

Edmondson, W. T. 1946, TFactors in the dynamics of rotifer
populations. Ecol. Nonogr. 16: 357-372.

., ed. 1959. H. B. Ward, and G. C. Whipple. Fresh-
water Biology, 2nd ed. New York and TLondon, john Wiley
& Sons. 1248 p. -

L, 1960. Reproductive rates of rotifers in natural
populations. Mem. Ist. ital. Tdrobiol. 12: 21-77.




102

Edmondson, W. T. 1965. Reproductive rates of planktonic
rotifers as related to food and temperature in nature.
Ecol. Monogr. 35: 61-112,

-, 1974, Secondary production. MNitt. Internat. Verein.
Timnol, 20: 229-272.

-, G. W. Comita, and G. C. Anderson. 1962. Reproduc-
tive rate of copepods in nature and its relation to
phytoplankton populations. Ecology L3: 625-634,

., and G. G. Winberg. 1971. Methods for the assesment

of secondary productivity in fresh waters. I. B. P.
Handbook No. 17. Blackwell, Oxford. 358 p.

Elster, H. J., and I. Schwoerbel. 1970. Beiltrage zur
Biologie und Populationsdynamik der Daphnien im
Bodensee. Arch Hydrobiol. Suppl. 38: 18-72.

Galbraith, M. G. J¢. 1967. Size-selective predation on
Daphnia by ralnbow trout and yellow perch. Trans.
Amer. Fish. Soc. 96: 1-10.

Glooschenko, W. A., J. E. Moore, M. Munawar, and R. A.
Vollenweider. 1974, Primary production in Lakes
Ontario and Erie: a comparative study. J. Fish. Res.
Board Can. 31: 253-263.

-~ .~.,'J. E."Moore, and R. A. Vollenwelder. 1974, Spatial
) and temporal distributions of chlorophyll a and pheor
pigments in surface waters of TLake Erie. J. Fish. Res.
Board Can. 31: 265-274, ' :

Green, J. 1956, Growth, size, and reproduction in Daphnia
(Crusticea: Cladocera). Proc. Zool. Soc. London 126:
173"‘20 .

Halbach, U. 1970. Einfluss der Temperatur auf die Popula-
tionsdynamik des planktischen Radertleres Brachionus
calyciflorus Pallas. Oecdlogia 4: 176-207.

Hall, D. 1964, An experimental approach to the dynamics
of a natural population of Daphnia galeata mendotae.
Ecology 435: 94-112. '

1971. Predator-prey relations between yellow perch
and Daphnia in a large temperate lake. Trans. Am.
Micros. soc. 90: 106-107. '




103

Hall, D., W. E. Cooper, and W. E. Werner. 1970. An experi-
mental approach to the production dynamics and struc-
ture of freshwater animal communities. ILimnol.
Oceanogr. 15: 839-929,

Haney, J. F. 1973, 1In situ examination of grazing of
natural zooplankton communities. Arch. Hydrobiol.
72: 87-122. :

., and D. J. Hall. 1973. Sugar—coﬁtedlpabhnié: a pre-
servation technique for Cladocera. Limnol. Oceanhogr.
18: 331,

Hartley, R. P., C. E. Herdendorf, and M. Keller. 1966.
Synoptic survery of water properties in the Western
Basin of Lake Erie. Ohio Dept. Natur. Resources,
Div. Geol. Surv. Rep. Invest. 58. 19 p.

Hillbricht-Ilkowska, A., and K. Patalas. 1967. Methods of
estimating production and biomass and some problems of
quantitative calculation methods of zooplankton.

Ekol. Polska, Ser. B 8: 139-172. Fish. Res. Board
Canada Translation Ser. No. 2781,

., and T. Weglenska. 1970. The effect of sampling fre=
" guency and the method of assessment on the production

values obtailned for several zooplankton species.

Ekol, Polgka 18: 539-557.

.y and . 1973. Experimentally increased fish stock
in the pond type Lake Warniak VII. numbers, biomass
and production of zooplankton. Ekol, Polska 21: 533~

552.

Ingle, L., T, R, Wood, and A. M. Banta. 1937. A study of
longevity, growth, reproduction and heart rate in
Daphnia longispina as influenced by limitations in
quantity of food. J. Exp. Zool. 76: 325-352,

Jahoda, W. J. - 1947, Seasonal differences in distribution
of Digptomus (Copepoda) in western Lake Erie. Ph.D.
Diss., The Ohio State Univ. 100 p. :

Juday, C. 1943.. The utilization of aguatic food resources.
Science 97: 456-459,

Kajak, %., A. Hillbricht-Ilkowska, and E. Pieczynska. 1972,
The production process in several Polish lakes. p. 1209-.
148. In Z. Kajak and A. Hillbricht-TIlkowska (eds.).
Productivity problems of freshwaters. Proc. of IBP-
UNESCO Symp., Kazimierz Dolny, Poland, May 6-12, 1970.




104

Kerfoot, W. C. . 1974, Egg-size cycle of a cladoceran.
Ecology 55: 1259-1270.

King, C. E. 1967, Food, age and the dynamics of a
laboratory population of rotifers. Ecology Lg8: 111~
128,

Kutkuhn, J. H. 1958, Precision of plankton estimates from
small samples. Limnol. Oceanogr. 3: 69-83.

Tikens, G. E., and J. J. Gilbert. 1970. Notes oncguanti-
tative sampling of natural populations of planktonic
rotifers. Limnol. Oceanogr. 15: 816-820.

Makarewicz, J. C. 1974, The community of zooplankton and
ite production in Mirror Lake. Ph.D. Diss., Cornell
Univ. 206 p.

McNaught, D. D., M, Buzzard, and S. Levine., 1975. Zoo-
plankton production in Lake Ontario as influenced by
environmental perturbations. USEPA Report 660/3
3-75-021., 156 p.

McQueen, D. J. 1969 Reduction of zooplankton standing
stocks by predaceous Cyclops bicuspidatus thomasli in
Marion Lake, British:Columbia. J. Fish. Res. Board
Can. 26: 1605-1618.

Munro, I. G., and R. W. G. White. 1975. Comparison of
the influence of temperature on the egg development and
growth of Daphnia longispina 0. F. Muller (Crustaceas:
from two habitats in southern England. Oeeologia Z20:

157-165,

Munawar, M., and I. F. Munawar. 1976. A lakewide study of
phytoplankton biomass and its species composition in
- Take Ekie, April-December 1970. J. Fish Res. Board
Can. 33: 581-600.

Nauwerck, A. 1963, Die Beziehungen Zwischen Zooplankton .
und6Phytoplankton im See Erken. Symb. Bot. Upsal. 17:
1-163, ‘

Patalas, K. %970. Primary and secondary production in a
lake heated by thermal power plant. p. 1267-1271,
In Proc. 16th Annual Tech. Meeting of Inst. of Env.
Sciences. NMt. Prospect, Illinios.

. 1972, Crustacean plankton and eutrophication of the
St. Tawrence Great Takes. J. Fish. Res. Board Can.
29: 1451-1462,




105

Porter, K. G. 1973. Selective grazing and differential
digestion of algae by zooplankton. Nature 244: 179-
180.

Price, J. W. 1963, A study of the food habits of some
Take Erie fishes. Ohio Biol. Surv. N. S. Bull. 2.

89 p.

Pycha, R. L., and L. I. Smith Jr. 1954. Early life his-
tory of the yellow perch, Perca flavescens (Mitchilli)
in Red Lakes, Minnesota. Trans. Am, Fish. Soc. 84:
249-260. '

Ragotzkie, R. A., and R. A. Bryson, 1953. Correlation of
currents with the distribution of adult Daphnia in
Take Mendotae. J. Mar. Res. 12: 157-172.

Reutter, J. M., and C. E. Herdendorf. 1974a. Pre-opera-
tional aquatic ecology monitoring program for the
Davig-Besse Nuclear Power Station, unit 1. 1973 an=
nual report to Toledo Edison Co. Contract no. 1980.
The Ohio State Univ., CLEAR, Columbus. 145 p.

., and . 1974b, ‘Pre-operational aguatic ecology
monitoring program for the Davis-Besse Nuclear Power
Station, unit 1. Progress report, January 1-June 30,
1974 to,the Toledo Edison Co. Contract no. 1780.

The Ohio State Univ., CLEAR, Columbus. 71 p.

., and . 1975a, Pre-operational aquatic ecology
monitoring program for the Davis-Besse Nuclear Power
Station, unit 1. Progress report, January l-June 30,
1975 to the Toledo Edison Co. Contract no. 1780. The
Ohio State Univ. CLEAR, Columbus. 98 p.

.y and . 1975%5b, Pre-operational aguatic ecology
monitoring program for the Davis-Besse Nuclear Power
Station, unit 1. Progress report July 1-December 31,
1974 to Toledo Edison Co. Cotract no. 1780. The Ohilo
State Univ., CLEAR, Columbus. 123 p.

., and . 1976, Pre-operational aguatic ecology
monitoring program for the Davis-Besse Nuclear Power
Station, unit 1. Progress report July l-December 31,
1975 to the Toledo Edison Co, Contract no. 1780,
The Ohio State Univ., CLEAR, Columbus. 156 p.

UGN

Richman, S. 1958, The transformation of energy by Daphnia
pulex. Ecol. Monogr. 28: 273-291.




106

Rigler, F, H., and J. M. Cooley. 1974, The use of field
data to derive population statistices of multivoltine
copepods. Limnol. Oceangr. 19: 636-655.

., and M. E. MacCallum., 1974, Production of zooplank-
232 in Char Leke. J. Fish. Res. Board Can. 31: 637-

Schindler, D. W. 1968. Feeding assimilation and respir-
ation rates of Daphnia magna under various environ-
mental conditions and their relation to production
estimates. J. Anim. Ecol. 37: 369-385.

1969. Two useful devices for vertical plankton

water sampling. J. Fish. Res. Board Can. 26: 1948-
1955.

. 1972. Production of pytoplankton and zooplankton in
Canadian Shield Takes. p. 311-331. In Z. Kajak and
A. Hillbricht-Ilkowska. (eds.). Productivity problems
of freshwaters. Proc. of IBP_UNESCO Symp., Kazimiersz
Dolny, Poland, May 6-12, 1970.

., and Novén, 1971. Vertical distiibutions and sea-
sonal abundance of zooplankton in two shallow lakes
of the Experimental Lakes Area, northwestern Ontario.
J. Fish. Res. Board Can. 28: 245-256.

Sebestyen, 0. 1958. Quantitative plankton studies on Lake
Balaton. IX. asummary of the biomass studies. Annal.

$mall, T. F. 1963. Effect of wind on the distribution of
chlorophyll a in Clear Lake, Iowa. Limnol. Oceangr.

8: L26-432,

Stavn, R. H. 1971. The horizontal-vertical distribution
hypothesis: Langmuir circulations and Daphnia distri-
putions. Timnol. Oceangr. 16: 453-466,

Spindler, K. D. 1971, Untersuchungen uber den Einfluss
aqusserer Faktoren auf den Dauer der Embryonalentwick-
lung und den Hautungsrhythms von Cyclops vicinus.
Oecologia 7: 342-355,

Sprules, W. G. 1972, Effects of size-gselective predation
and food competition on high altitude zooplankton
communities. Ecology 53: 375-386.




107

Tolédo Edison Co., and Cleveland Electkic Co. 1973. Tinal

a? environmental statement related to construction of
pavis-Besse Nuclear Power Station. TU. S. Atomic
Energy Commission.

Torke, B. G. 1974, An illustrated guide to the identifi-
cation of the planktonic Crustacea of Lake Michigan
with notes on their ecology. Center for Great Lakes
Studies, The University Wisconsin-Milwaukee. Special
Report No. 17. 42 p.

1975, The population dynamics and life histories of
crustacean zooplankton at a deep-water station in
Toke Michigan. Ph.D. Diss., Univ, of Wisconsin-Mad-
ison. 103 p.

Vollenweider, R. A., M. Munawar, and P. Stadelmann. 1974,
A comparative review of phytoplankton and primary
production in the Laurentian Lakes. J. Fish. Res.
Board Can. 31: 739-762.

Watson, N. H. F. 1974, Zooplankton of the St. Lawrence
Great Lakes-. speé¢ies composition, distribution, and
abundance. J. Fish. Res. Board Can. 31: 783-794,

Weglenska, T. 1971. The influence of various concentra-
tions of natural food on the development, fecundity
and production of planktonic crustacean filtrators.
Ecol. Polska 19: 427-473.

Wilson, J. B., and J. C. Roff. 1973. Seasonal distribu~.
tions and diurnal migration patterns of Lake Ontario
crustacean zooplankton. Proc. 16th Conf. Great Lakes
Res.: 190-203.

Winberg, G. G. 1971, Methods for the estimation of pro-
duction of aguatic animals. Academic Press, London
and New York. 175 p. (Translated from Russian Dby A.
Duncan) .

., V. A. Babitsky, S. I. Gavrilow, et al. 1972. Bio=
logical productivity of different types of lakes. ©p.
383-404, In Z.?Kajak-ahd.Aﬂ‘Hillbricht—llkowska i
{eds.). Productivity problems of freshwaters. Proc.
of IBP-UNESCO Symp., Kazimierz Dolny, Polands MNay 6-
12, 1970.

Wong, B., and F. J. Ward. 1972. Size secection of Daphnia
pulicaria by yellow perch (Perca flavescens) fry in
West Blwe Lake, Manitoba. J, Fish. Res. Board Can.
29: 1761-1764, :




AN el .
TR e
S e 108

Wright, J. C. 1965. The population dynamics and produc-
tion of Daphnia in Canyon Ferry Reservoir, Montana.. ..
Timnol. Oceangr. 10:583-590. :

zdenek, B., and C. H. Fernando. 1975. Food consumption
and utilization in two freshwater cyclopold copepods
(Mesocyclops edax and Cyclops vicinug). Int. Revue
Ges. Hydrobiol. Hydrogr. 60: 471-494.




