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Abstract—Zooplankton mortalities resulting from passage through the Donald C. Cook Nuclear Plant
(southeastern Lake Michigan) were studied over an 8-year (1975-1982) period. The power plant operated
at a low AT (<12°C) and discharge water temperatures did not exceed 35°C (except September 1978).
While zooplankton mortalities were significantly greater in discharge than intake waters, differences were
small, averaging <3%. There was no evidence of additional delayed effects on zooplankton mortality
following plant passage. Calanoid copepods (Diaptomus spp, Eurytemora affinis and Limnocalanus
macrurus) were most sensitive to plant passage, cyclopoid copepods least sensitive, while cladocerans
(Daphnia spp, Eubosmina coregoni) were intermediate in sensitivity. There was no relationship between
zooplankton mortalities and temperature (AT, discharge water temperature), suggesting that thermal
stresses were not the major source of mortality. The single exception was September 1978 when discharge
water temperatures exceeded 35°C and there were large differences between intake and discharge water
zooplankton mortalities (net mortality differences of 14-22% for the two units). Mechanical stresses
appeared to be the major cause of zooplankton mortality. However, there was only a weak relationship
between mortality as a result of plant passage and zooplankton size. Based on our long-term
preoperational (1970-1974) and operational (1975-1982) ecological studies in the vicinity of the power
plant, we hypothesize that fish predation, rather than power plant operation, probably was the major
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source of zooplankton mortality in inshore waters during much of the year.

Key words—zooplankton mortalities, thermal effects, power plants

INTRODUCTION

Power plants, by withdrawing water from a lake,
river or sea for use in their condenser cooling systems,
stress entrained organisms. Such stresses include
rapid thermal elevation, mechanical damage and
exposure to biocides. In the United States, as the
number and size of power plants increased, concern
regarding the environmental effects of plant oper-
ation grew. Consequently, plants were subjected to
more rigorous licensing requirements. One of these,
316(b) of the Federal Water Pollution Control Act,
requires application of “the best technology available
to cooling water intake structures so that location,
design, construction, and capacity of such structures
will minimize adverse environmental impacts”. In
order to meet this licensing requirement, power
plants were required to conduct monitoring studies to
quantify the extent to which their operation harmed
indigenous biota.

The Donald C. Cook Nuclear Plant (Bridgman,
Mich.) is a two-unit power plant which, at full
operational capacity, produces 2200 MW (e). The
plant is one of the largest of nearly 30 nuclear and
coal-fired plants on Lake Michigan. At full oper-
ational capacity, the Donald C. Cook Nuclear Plant
draws approx. 6300m® of lake water each minute
through its once-through cooling system. Water is

drawn into the plant from two subsurface intakes
located at approx. the 9-m depth contour, heated and
returned to the lake 10 min later through three sub-
surface discharge jets located at approx. the 6-m
depth contour. As a consequence of its size and use
of very large volumes of cooling water, monitoring
studies conducted at this plant were especially
detailed.

Zooplankton mortality studies extended over an
8-year period while lake surveys were conducted over
a more extensive preoperational (1970-1974) and
operational (1975-1982) period. These monitoring
studies were designed to investigate whether plant
operation had a significant effect on zooplankton
which passed through the condenser cooling systems
and on zooplankton in the inshore region. Mortality
effects as a result of plant passage were considered by
season and over the long-term (8 years) for the
various zooplankton taxa observed in the cooling
waters. Here we summarize the results of these 8
years of mortality investigations. More detailed
presentations of these data and other aspects of the
zooplankton monitoring program appear in Evans
(1975) and Evans er al. (1978, 1982, 1986).

MATERIALS AND METHODS

Zooplankton mortality studies were conducted once a
month, 12 months a year from February 1975 to May 1982.
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Fig. 1. Schematic of the sampling and subsampling scheme used to determine zooplankton mortality at
a given location during February 1975-June 1977 (upper panel) and July 1977-1982 (lower panel).

Unit 1 went into production in February 1975 while Unit 2
went into production in April 1978. Each unit was shut
down periodically for refueling. Studies were conducted
only at operational units.

Samples were collected from the intake and discharge
forebays with the Zaggot Trap sampler and a Hale dia-
phragm pump (Yocum et al., 1978). Sampling was conduc-
ted for 2min with approx. 0.2 m?min~' of water filtered
through the 156-um mesh netting. Water temperature was
measured at the time of sample collection. Immediately after
collection, the filter carrier was washed down with water
from the intake forebay. For discharge water samples, this
rapid cooling mimicked the thermal regime plant-passed
zooplankton would have experienced upon return to the
lake.

Prior to July 1977, two samples were collected from each
intake and discharge location. In an on-site laboratory, each
was divided (Fig. 1) as many times as necessary in a Folsom
plankton splitter to give six subsamples (a total 12 sub-
samples from the original two samples), each containing
several hundred organisms. Each subsample was placed in
a 1-1. beaker containing approx. 500 ml of filtered (156-um)
intake water, and maintained in the dark at ambient lake
water temperatures in an incubator until examination. Four
subsamples (two from each original sample) were immedi-
ately examined (0 h). The remaining eight subsamples were
used to investigate delayed mortality effects. Four sub-
samples were examined 6 h later and the remaining four
examined 24 h later. As only two replicate samples were
collected per location and incubation time, statistical anal-
yses were limited to investigating intake-discharge mortality
differences across large data sets, i.e. analyses for mortality
differences across several months of study (Evans et dl.,
1978).

Beginning in July 1977, we improved the statistical design
of these mortality studies (Fig. 1). Four (rather than two)
samples were collected from each intake and discharge
location. However, only three subsamples (0, 6 and 24-h)
were obtained from each sample, resulting in the same
number of subsamples being examined for each location
(12). Although this change in sampling design did not alter
the effort required to examine subsamples, the design change
did allow more efficient statistical examination of the data
including analyses, by month, of differences in intake and
discharge mortalities.

In the laboratory, each subsample was examined in a
circular counting dish under a stereozoom dissecting micro-

scope. Organisms which exhibited no visceral or appen-
dicular movements, even after gentle prodding, were
classified as “dead”. At the beginning of the mortality
studies, we investigated the feasibility of using vital stains:
however, none of the stains tested proved as reliable as using
the visual observation method (Evans, 1975). Organisms
were identified to suborder (nauplii), genus (Asplanchna spp,
immature copepodites), or species (adult copepods, cladoce-
rans). After identification and enumeration, dead animals
were placed in a separate vial and preserved with a
sugar—formalin solution (Haney and Hall, 1973). After
complete examination of the subsample, remaining live
zooplankton were preserved for later examination and
identification.

For each sample and incubation period, the percentage
(weighted mean) of dead zooplankton was calculated. Time
series plots of these data allowed us to investigate whether
or not mortalities varied seasonally or with differences in the
mode of plant operation (pumping rate, absolute thermal
elevation, discharge water temperature). We also calculated
mean zooplankton mortalities for intake and discharge
collections over the 8 years of study. These values also were
based on weighted means. Use of a weighted mean [total
number of dead animals in the various subsamples (or
samples) divided by the total number of live and dead
animals in the various subsamples (or samples)] corresponds
to the use of a ratio estimator (Raj, 1968; Cochran, 1977).
Weighted mean mortalities are preferred to simple means
because samples and subsamples were composed of unequal
numbers of zooplankton which were exposed, as groups, to
the stresses of collection and laboratory handling.

Prior to July 1977, when only two samples were collected
per location for a given sampling date (Fig. 1), it was not
possible to statistically compare intake and discharge mor-
talities by collection date and incubation period. Beginning
in July 1977, when the statistical design of the sample
collection program was improved (i.e. four rather than two
samples were collected from each location for each time,
Fig. 1), such analyses could be conducted. Since the sample
size was small (n =4) and the data did not meet the
assumptions of normality, the Smirnov upper-sided two-
sample test, a nonparametric test, was used. The test
compares the distribution functions associated with two
populations, F(x) or intake mortality and G(x) or dis-
charge mortality. The assumptions are that the samples are
randomly collected from the two populations, that they are
mutually independent, and that the measurement scale is at
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least ordinal. The test hypothesis is that F(x) < G(x), i.e.
intake mortalities tend to be smaller than discharge mor-
talities. The alternate hypothesis is that F(x)> G(x)
(Conover, 1980). Analyses were conducted only for those
zooplankton taxa which were abundant in the four replicate
samples. Nauplii, immature and adult Cyclops spp and
Diaptomus spp, Bosmina longirostris, Eubosmina coregoni
and Daphnia spp met this criterion during at least one
season (e.g. summer) of the year.

The upper-sided Wilcoxon signed rank test, another
nonparametric test, was used to investigate differences in
zooplankton mortality (by taxa and incubation period) over
the 8 years (1975-1982) of study. The data consisted on n’
observations (x,, y,), . . ., (x,;, y,) of the respective random
variates (X, ¥,),..., (X,, ¥,;), i.e. mean intake and dis-
charge mortalities for the given sampling dates, locations,
and incubation periods. The absolute difference
|D,l=Y,— X,| is computed for each pair of observations.
The test hypothesis is that the X}'s tend to be equal to or
smaller than the Y¥;’s while the alternate hypothesis is that
the Xs tend to be larger than the Y;s. The assumptions of
the test are that the distribution of each D, is symmetric, the
D;s are mutually independent, the D;’s all have the same
median, and that the measurement scale of the D’s is at least
interval (Conover, 1980).

RESULTS

Since our study was conducted over 8 years, the
data sets are extensive. As it is neither practical nor
necessary to present the complete data sets, our
graphic presentations of the seasonal aspects of zoo-
plankton mortality are limited to the 1977-1978 data
sets. These data are broadly representative of the
larger data sets. Detailed presentations of the full
data sets (graphs, tables, etc.) appear in the various
reports by Evans (see the introduction).

Intake water temperatures (Fig. 2) varied season-
ally, from <1°C to >24°C. Although intake tem-
perature seasonal cycles were similar between years,
some differences did occur. For example, an up-
welling occurred during the July 1978 mortality study
but not during the July 1977 study. Intake water
temperatures were warmer in August and September
1978 than a year earlier.
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Fig. 2. Intake and discharge water temperatures (°C) for
Unit 1 and Unit 2, 1977-1978. Unit 2 began operation in
April 1978 and both units occasionally were shutdown
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Discharge temperatures (Fig. 2) generally were
<12°C higher than intake temperatures, varying
seasonally with intake temperatures. In summer, tem-
peratures approached but generally did not exceed
35°C. The single exception over the eight years of
study occurred in September 1978 when intake waters
were unusually warm, averaging 26.7°C. Although
intake waters were heated by <9°C, discharge water
temperatures were high averaging 35.6°C for Unit 1
and 35.2°C for Unit 2. Over the 8-year study period,
the AT for Unit 1 averaged 9.9°C while the AT for
Unit 2 averaged 6.9°C. Unit 1 pumped at a rate
varying from 2090 to 3230 m’min~' and averaged
2964 m* min~!: Unit 2 pumped at a rate ranging from
3230 to 4484 m® min~! and averaged 3979 m*min~".
Thus, Unit 2 operated at a higher pumping rate
(approx. 34%) but at a lower AT than Unit 1.

Total zooplankton mortalities varied seasonally
(Fig. 3). There were no obvious relationships between
intake mortality and seasonality in water tem-
peratures. In general, discharge mortalities followed
intake mortality trends. Differences between intake
and discharge mortalities generally were small,
differing by only a few percent. The notable exception
was September 1978, when 0-h intake mortalities
averaged 17.5% whereas Unit 1 and Unit 2 discharge
mortalities averaged 39.5 and 31.6% respectively.
Overall, mortality differences did not increase in
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Fig. 4. Mean (A) abundance and (B) percent composition by month of zooplankton in the intake waters
of the Donald C. Cook Nuclear Power Plant, 1975-1982.

summer when discharge water temperatures were
higher.

Zooplankton exhibited strong seasonal variations
in abundance and composition (Fig. 4). The over-
wintering zooplankton community was dominated by
Cyclops spp (primarily immature) and Diaptomus spp
(primarily adult) copepodites. Both genera were dom-
inants during all months of the year. Conversely,
other copepods were common only during winter and
spring (Limnocalanus macrurus) and summer
(Eurytemora affinis) but were never major com-
ponents of the zooplankton, even during their period
of maximum abundance. Nauplii were major com-
ponents of the spring zooplankton community.
Cladocerans increased in dominance through late
spring with Bosmina longirostris the major taxon.
Other numerically important cladocerans were
Daphnia spp and Eubosmina coregoni.

During many months of the several-year study, at
least one zooplankton taxon had significantly
(o = 0.05) higher mortalities in discharge than intake
waters. However, there was not a consistent pattern
between significant mortality differences and water
temperature. This is illustrated by considering the
representative 0-h data for the July 1977-December
1978 period (Table 1). In August 1978 for Unit 1,
significant differences in mortalities between intake
and discharge waters were detected for nauplii, Cy-
clops spp copepodites (immatures and adults), and
immature Diaptomus spp copepodites. However, in

August 1977, differences were not statistically
significant even though Unit 1 discharge water tem-
peratures were similar between the two periods. In
September 1978, differences were statistically
significant for all taxa except Bosmina longirostris. In
September 1977, when discharge water temperatures
were lower, differences were statistically significant
for Bosmina longirostris.

Intake mortalities for total zooplankton at 0-h
averaged 10.2% while mean mortalities in Unit 1 and
Unit 2 discharge waters averaged 11.4 and 13.4%
respectively (Table 2). For the 6-h incubations, mean
mortalities were 10.6, 12.7 and 11.0% respectively
while, for the 24-h incubations, these values were
12.0, 14.5 and 12.8% respectively (no summary tables
are presented for the 6- and 24-h incubations but
appear in Evans ef al., 1986). Thus, there was no
evidence of increased mortality of plant-passed zoo-
plankton with time.

At the taxonomic level (Table 2), there was a weak
trend for the larger zooplankton to have a greater
mean difference between intake and discharge water
mortalities than smaller zooplankton. Largest mean
mortality differences were observed for the largest
taxa, i.e. immature and adult Limnocalanus macrurus
and Leptodora kindtii; adults of these species attain
lengths of 23-3.2mm and 18 mm respectively
(Edmondson, 1959). Mean mortality differences also
were large for Holopedium gibberum, a delicate clado-
ceran enclosed in a gelatinous sheath. However, the
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Table 1. Results of the Smirnov one-sided two-sample tests comparing discharge and intake 0-h sample mortalities for nine zooplankton
taxa categories by month of collection. — Indicates insufficient data for the test, NS indicates discharge mortalities were not significantly

(P > 0.05) higher than intake values, and *indicates discharge mortalities were significantly (P < 0.05) higher than intake values

Month
1977 1978
J A S O N D J F M A M J A S O N D
Unit 1
Copepod nauplii * NS NS NS NS — — NS NS — — — NS = * NS NS NS
Cyclops spp C1-C5 NS NS NS NS NS NS NS NS NS - — — N§ = * * NS NS
Cyclops spp C6 — NS — NS NS NS NS — — — — — NS * — NS NS NS
Diaptomus spp C1-C5 NS NS NS NS NS NS NS NS NS — — — NS = * * NS *
Diaptomus spp C6 NS NS NS — NS NS NS NS N§ - — — NS — — NS NS =*
Bosmina longirostris * NS * N * — — — — — — — NS NS NS NS NS NS
Eubosmina coregoni NS — NS * NS N§ — — — — — — — — — NS NS NS
Daphnia spp NS NS * NS * NS — — — — — — NS NS * NS NS NS
Total zooplankton * NS NS NS NS NS NS * NS — ~—~ — NS NS * NS NS NS
Unit 2

Copepod nauplii -_ = - — — — — — — NS NS NS NS NS * N§ — —
Cyclops spp C1-C5 - — — — — — — — — NS NS NS NS * NS NS — NS
Cyclops spp C6 - - - —- —- — — — — NS NS NS NS * — NS — NS
Diaptomus spp C1-C5 - = - - - — — — — — NS Ns * * * * — NS
Diaptomus spp C6 - - - - = - —~- — — * NS NS * — — NS — N§
Bosmina longirostris - = = - - - — — — — — NS * NS NS NS — NS
Eubosmina coregoni —_ = = = e = = = = = e = = * NS — NS
Daphnia spp - - - - - - - - - — -~ — — NS * NS — NS
Total zooplankton —- = = = = - = = - * NS NS * NS * NS — hd

mortality-size relationship was not consistent for
smaller ( <2 mm) zooplankton. This is best illustrated
by considering the mean mortalities for the four
Diaptomus species, i.e D. minutus, D. ashlandi, D.
oregonensis and D. sicilis. These species differ sub-
stantially in size with reported maximum lengths of
0.5-1.0,0.9-1.4, 1.3-1.5 and 1.1-1.9 mm, respectively
(Edmondson, 1959). However, mean mortality
difference for the four species did not increase with
animal size.

Over the long-term (8 years), many taxa had
significantly (¢ = 0.05) higher mortalities in discharge
waters than in intake waters (Table 3). For Unit 1
discharge, the larger of the two discharge data sets,
differences were statistically significant for total zoo-
plankton at all three incubation times. These mean
mortality differences were small, averaging less than
2.2%. Intake-discharge differences in mortality were
most strongly associated with calanoid copepods,
especially immature and adult Diaptomus species,

Table 2. Mean mortalities over the 1975-1982 period in the 0-h incubation samples calculated as weighed means (%,) for
29 zooplankton taxa in intake and discharge samples. » is the number of months represented. Mean percent composition
values are presented as weighed means (% Comp)

Intake Discharge 1 Discharge 2

Taxon X, n X, n X, n % Comp.
Copepod nauplii 14.02 85 13.25 73 17.68 39 13.03
Cyclops spp C1-C5 09.38 85 10.29 72 12.96 39 17.20
Cyclops bicuspidatus thomasi C6 06.49 81 08.09 66 11.72 38 02.98
Cyclops vernalis C6 05.07 31 03.36 26 03.03 14 00.17
Tropocyclops C1-C5 19.54 25 11.21 25 15.38 9 00.12
Tropocyclops prasinus mexicanus C6 05.47 51 05.61 47 04.97 17 01.57
Diaptomus spp C1-C5 17.11 85 22.70 73 27.23 39 08.73
Diaptomus ashlandi C6 08.31 75 09.08 56 10.72 31 06.14
Diaptomus minutus C6 05.42 76 11.85 65 09.23 35 01.75
Diaptomus oregonensis C6 06.18 46 07.57 47 09.52 22 01.99
Diaptomus sicilis C6é 04.62 49 07.31 44 04.75 25 02.13
Epischura C1-C5 29.57 39 31.84 33 27.96 18 00.46
Epischura lacustris C6 26.19 18 21.21 18 11.54 8 00.05
Eurytemora C1-C5 08.81 47 10.28 39 11.63 22 0t.21
Eurytemora affinis C6 16.67 31 10.53 26 14.81 8 00.15
Limnocalanus C1-C5 35.31 23 42.62 24 50.92 13 00.50
Limnocalanus macrurus C6 06.64 32 13.55 27 25.90 19 01.96
Bosmina longirostris 08.71 69 08.49 62 08.85 30 28.98
Ceriodaphnia quadrangula 04.44 8 17.54 9 09.23 6 00.09
Chydorus sphaericus 03.30 32 02.32 28 03.02 17 00.58
Daphnia galeata dotae 14.18 41 17.24 38 11.24 21 00.54
Daphnia retrocurva 17.41 47 18.36 44 12.64 23 02.4i
Diaphanosoma leuchtenbergianum 46.34 18 40.36 20 14.29 4 00.16
Eubosmina coregoni 06.94 50 07.40 49 12.80 23 05.33
Holopedium gibberum 36.92 20 37.78 17 53.33 5 00.09
Leptodora kindtii 26.47 13 41.86 12 40.00 2 00.04
Polyphemus pediculus 30.56 12 13.33 9 30.77 4 00.04
Asplanchna spp 06.05 46 04.15 44 09.93 21 01.28
Total zooplankton 10.23 85 11.37 73 i3.41 39
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Table 3. Zooplankton taxa for which discharge mortalities were significantly higher

than intake mortalities over the 1975-1982 period as determined by the Wilcoxon

sign-rank test. Intake and discharge values from a month were used only if both

values were based on the observation of at least ten animals. » is the number of

monthly pairs of values examined, P is the attained level of significance, and d is the
mean monthly difference in mortalities, discharge minus intake

d
Incubation Taxon n P (%)
Discharge Unit 1

0-h Diaptomus spp C1-CS 53 <0.001 9.56

Diaptomus minutus C6 27 0.021 4.61

Eurytemora affinis C1-C5 17 0.039 1.74

Limnocalanus macrurus C6 11 <0.009 8.57

Daphnia retrocurva 20 0.040 5.16

6-h Diaptomus spp C1-C5 53 <0.001 6.27

Diaptomus minutus C6 21 0.003 6.53

Diaptomus oregonensis C6 14 0.025 3.03

Limnocalanus macrurus C6 11 <0.016 3.82

Daphnia galeata 12 <0.017 6.82

Eubosmina coregoni 19 0.016 4.51

24-h Diaptomus spp C1-C5 50 0.001 6.41
Diaptomus ashlandi C6 32 0.050 1.96

Diaptomus minutus C6 21 0.050 3.96

Discharge Unit 2

0-h Diaptomus spp C1-CS 23 0.005 8.99

Total zooplankton 26 0.043 2.49

24-h Diaptomus spp C1-C5 19 0.016 5.36
Total zooplankton 26 0.033 2.06

Eurytemora affinis and Limnocalanus macrurus. How-
ever, these mean mortality differences were not
strongly related to animal size with immature Di-
aptomus spp copepodites having the greatest mean
differential mortality. Cyclopoid copepods were less
vulnerable to plant passage; no statistically significant
differences were detected for Unit 1 data. Among the
Cladocera, significant differences were detected only
for Daphnia species and Eubosmina coregoni for Unit
1 discharge. Although Bosmina longirostris was the
most abundant cladoceran, intake and discharge
mortalities for this species were not significantly
different. The Unit 2 discharge data set was smaller
because this unit was operational for a shorter period
of time than Unit 1. Significant differences were
detected only for total zooplankton and for immature
Diaptomus species. Overall, mortality differences did
not increase with incubation period for either dis-
charge location. Furthermore, there was no evidence
that zooplankton mortalities were substantially
different between the two units.

The above analyses were repeated at coarser tax-
onomic levels, i.e. at the genus and suborder levels.
Taxonomic data were combined to increase sample
size, possibly allowing for the detection of an in-
creased number of mortality differences. It further
tested for differential sensitivity to plant passage for
a broader class of organisms. For Unit 1 discharge
(Table 4), results were similar to those conducted
using finer levels of taxonomic identification. Cala-
noid copepods, especially Diaptomus species, were
especially sensitive to plant passage. Mortality
differences were smaller and less consistent for cyclo-
poid copepods and for cladocerans (Daphnia species).
Similar results were obtained for the Unit 2 discharge

comparisons. Overall, there were no large differences
in zooplankton mortalities between Unit 1 and Unit
2 discharge samples.

DISCUSSION

Our results suggest that plant passage is lethal to
a small percentage of zooplankton which pass
through the condenser cooling system of the Donald
C. Cook Nuclear Plant. The mean 0-h mortality
difference for total zooplankton in Unit 1 and Unit
2 discharges averaged <3%. These relatively small
mean mortality differences are similar to those ob-
served at other power plants on Lake Michigan
(Industrial Bio-Test Laboratories, 1974a; Wetzel,
1975; Limnetics, 1975, 1976). Furthermore, there was
no evidence that delayed mortality effects were
significant, either over a 24-hour period (this paper)
or over a period of weeks (Evans er al., 1978).
Similarly, Davies et al. (1976) did not observe a
significant long-term (2 weeks) increase in zoo-
plankton mortalities after plant passage.

There was strong evidence that calanoid copepods
were most sensitive to plant passage. Diaptomus,
Eurytemora and Limnocalanus all had significantly
higher discharge water than intake water mortalities.
Cladocerans were intermediate in sensitivity to plant
passage with Eubosmina coregoni and Daphnia, the
most sensitive taxa within this group. In contrast,
cyclopoid copepods were relatively resistant to dam-
age inflicted as a result of plant passage. Similar
differential sensitivity among zooplankton taxa to
plant passage has been observed in other studies
(Davies and Jensen, 1974; Wetzel, 1975; Schubel et
al., 1978). Comparative laboratory studies have
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Table 4. Major zooplankton categories for which discharge mortalities were

significantly higher than intake mortalities over the 1975-1982 period as determined

by the Wilcoxon sign-rank test. n is the number of monthly pairs of values examined,

P is the attained level of significance, and d is the mean monthly difference in
mortalities, discharge minus intake

Major zooplankton category results

d
Incubation Taxon n P (%)
Discharge Unit 1
0-h Calanoids C1-C6 60 <0.001 6.02
Calanoids C1-C5 60 0.001 6.00
Diaptomus spp C1-C6 60 <0.001 6.69
Diaptomus spp C6 55 0.029 4.02
Total zooplankton 60 0.005 1.56
6-h Calanoids C1-C6 59 <0.001 5.81
Calanoids C1-C5 59 <0.001 6.66
Diaptomus spp C1-C6 59 <0.001 5.47
Diaptomus spp C6 55 0.016 3.06
Total zooplankton 59 <0.001 2.13
24-h Cyclopoids C1-C6 60 0.015 1.75
Calanoids C1-C6 60 0.002 5.12
Calanoids C1-C5 60 0.003 5.85
Diaptomus spp C1-C6 60 0.001 5.16
Daphnia spp 41 0.041 3.37
Total zooplankton 60 0.023 1.87
Discharge Unit 2
0-h Calanoids C1-C6 26 0.006 6.00
Calanoids C1-C5 26 0.004 8.77
Diaptomus spp C1-Cé 26 0.005 6.06
24-h Cyclopoids C1-C6 26 0.016 2.90
Calanoids C1-C6 26 0.019 3.76
Diaptomus spp C1-C6 26 0.031 3.86

shown that the cyclopoid Cyclops bicuspidatus thom-
asi has broader thermal tolerances than the calanoid
Diaptomus spp, (Industrial Bio-Test Laboratories,
1974b). Furthermore, C. bicuspidatus thomasi is more
tolerant of high concentrations of chlorine than
Limnocalanus macrurus, another calanoid copepod
(Latimer et al., 1971). Overall, cyclopoids may be
more robust animals than calanoids and may have
greater tolerances to physical and chemical environ-
mental stresses, including those which are encoun-
tered during plant passage.

At the Donald C. Cook Nuclear Plant, zoo-
plankton mortalities were a result of thermal and/or
mechanical stresses. Biocides were not a significant
source of mortality. The power plant infrequently
chlorinated cooling waters to control biofouling until
1978 when treatment was discontinued. As chlo-
rination was infrequent, mortality studies did not
coincide with biocide application. Entrained sand,
which provided sufficient scouring action to negate
the use of biocides, may also have contributed to the
mechanical stresses (abrasion, collision) experienced
by zooplankton passing through the plant (Marcy er
al., 1978).

There was little evidence that thermal stresses were
the major cause of zooplankton mortality at the
Donald C. Cook Nuclear Plant. Two sets of evidence,
in the form of previous studies on zooplankton
thermal tolerances and the relationship between zoo-
plankton mortalities and thermal regime, suggest that
the power plant generally operated within the thermal
tolerance ranges of Lake Michigan zooplankton.

Mortalities did not increase in summer when dis-
charge water temperatures were highest and zoo-
plankton most likely to experience thermal regimes at
(or above) their upper critical thermal limit. The
single exception to this statement, September 1978,
will be discussed later. Nor did zooplankton mor-
talities increase in winter when cold-adapted species
were prevalent.

Mortalities in discharge water were not
significantly correlated with AT (Evans et al., 1982).
Since AT showed little seasonal variation, this was
not unexpected. Nor were differences between dis-
charge and intake mortalities significantly correlated
with discharge water temperature (Evans et al., 1982).
We conclude that the moderate thermal elevations
(AT < 12°C) and short-term (min) exposures to dis-
charge water temperatures below 35°C were not the
major source of stress to zooplankton which passed
through the condenser cooling system of the Donald
C. Cook Nuclear Plant.

Results of previous field and laboratory studies
support this conclusion. Short-term exposures to
moderate thermal elevations do not become stressful
to most zooplankton until a critical upper
temperature is reached. For many organisms, this
temperature is in the 30’s°C (Drost-Hansen, 1969)
although latitudinal variations in tolerance occur
(Brown, 1929). Moreover, thermal tolerance varies
with acclimation temperature (Heinle, 1969; Schubel
et al., 1978). Diaptomus spp copepodites reared at
1°C have a median lethal temperature of 32.6°C
(2-min exposure, AT of 31.6°C) whereas animals
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reared at 20°C have a median lethal temperature of
34.5°C (2-min exposure; AT of 14.5°C) (Industrial
Bio-Test Laboratories, 1974b). Furthermore, Cyclops
spp copepodites are more tolerant of elevated tem-
peratures than Diaptomus spp copepodites (Industrial
Bio-Tech Laboratories, 1974b).

One important aspect of thermal tolerance is the
sharp decrease in survivorship which may occur as
water temperatures are increased by as little as a
1-2°C. Brown and Crozier (1927-1928) observed that
Daphnia pulex will live and reproduce near 30°C but
will die at 32°C; thus a sharp transition in sur-
vivorship occurred near 31°C. Therefore, a power
plant may inflict minimal mortalities on zooplankton
by operating at discharge water temperatures 2 or
3°C below the upper critical temperature. However,
a slight increase in temperature may result in a
dramatic increase in zooplankton mortalities. Such
an increase apparently was observed at the Donald C.
Cook Nuclear Plant in September 1978 when dis-
charge water temperatures slightly exceeded 35°C and
0-h net mortalities were 14% for Unit 2 (discharge
water temperature 35.2°C) and 22% for Unit 1
(discharge water temperature 35.6°C). Other studies
have shown that when discharge water temperatures
reach 40°C, mortalities may exceed 80% (Reeve,
1970; Brauer et al., 1974).

Mechanical stresses probably were the major
source of zooplankton mortality at the Donald C.
Cook Nuclear Plant. Some zooplankton clearly were
physically damaged by plant passage (and by the
collection process). Antennae and urosomes were
torn, carapaces bent backwards, and the body wall
ruptured. Studies conducted at the Nanticoke Gener-
ating Station showed clear quantitative evidence that
zooplankton were physically damaged by plant pas-
sage although mortalities were not determined
(Standke and Munroe, 1981). Other studies have
implicated mechanical stresses as the significant
source of mortality both to zooplankton (Carpenter
et al., 1974; Marcy et al., 1978) and fish (Marcy, 1973)
at power plants where organisms are exposed to
moderate thermal elevations for short periods of
time.

Factors causing mechanical stress are poorly un-
derstood. While some researchers have suggested that
mortalities are a linear function of zooplankton size
(Wetzel, 1975), the relationship probably is best
described by a second- or third-order function. We
observed that, for small (< 1.5mm) zooplankton,
mortalities were not size related. For such taxa,
mortalities appear to be a function of inherent tax-
onomic sensitivies, i.e. calanoids were relatively more
sensitive to plant passage than cyclopoid copepods.
However, as zooplankton size increases (> 1.5 mm),
the mortality—size relationship may become stronger.
Other studies have suggested that larger zooplankton
are more vulnerable to plant passage than smaller
zooplankton (Schubel et al., 1978).

Power plants are highly variable in their mode of
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operation (AT, discharge water temperature, pump-
ing rate, flow-through rate, use of biocides, etc.).
Comparative studies conducted by the same research-
ers using the same methods have shown that plant
operating characteristics have a significant effect on
zooplankton mortalities; rates generally are highest
for plants with the greatest AT and where discharge
water temperatures reach the mid-30’s°C (Davies and
Jensen, 1974; Icanberry and Adams, 1974). At the
Donald C. Cook Nuclear Plant, where the AT
(<12°C) is moderate and discharge water tem-
peratures generally do not exceed 35°C, zooplankton
mortalities as a result of plant passage are low
(<3%).

The numerical loss of zooplankton resulting from
passage through the Donald C. Cook Nuclear Plant
is a function of the mean percentage mortality of
zooplankton in Units 1 and 2 cooling waters, the
volumetric concentration of zooplankton in these
waters, and the total volume flow for each unit. There
were no substantial differences in the mean per-
centage mortality (or concentration) or zooplankton
in the cooling waters of Units 1 and 2. However,
because Unit 2 utilized approx. 34% more water than
Unit 1, more zooplankton were killed passing
through Unit 2 over a given interval of time than
Unit 1. Our data suggest that, were Unit 2 originally
designed to operate under the same conditions as
Unit 1 (i.e. at a lower flow rate but a somewhat higher
AT), the plant would use approx. 15% less water
{[(3979-2964) x 100]/(3979 + 2964)} and the daily
loss rate of zooplankton would decrease by approx.
15%. Schubel er al. (1978) suggest that this low
volume concept is most effective in reducing the
adverse effects of plant operation when physical
stresses are the major source of mortality.

Preoperational (1970-1974) studies were conduc-
ted to determine zooplankton population dynamics
and spatial patterns prior to plant operation. During
much of the year, there were large inshore-offshore
gradients in zooplankton community structure
(Evans, 1975). These gradients continued to persist
during the operational (1975-1982) period (Evans er
al., 1980, 1986). The major feature of these gradients
was the dominance of the inshore zooplankton com-
munity by small-bodied taxa while larger taxa be-
came more abundant in offshore waters (Hawkins
and Evans, 1979; Evans et al., 1980). We hypoth-
esized that inshore-offshore gradients in fish plank-
tivores had a significant role in shaping inshore—
offshore gradients in zooplankton community
structure.

The inshore region serves as an important nursery
ground for many species of fish including the alewife
(Alosa pseudeoharengus), yellow perch (Perca
favescens) and smelt (Osmerus mordax) (Wells,
1968). The early life history stages of these fish are
planktivorous while adult smelt and yellow perch are
facultative planktivores: alewives remain plank-
tivorous as adults (Scott and Crossman, 1973).
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Planktivores exert size-selective predation pressures
on the zooplankton community, altering zoo-
plankton community structure towards a greater
dominance by small species (Brooks and Dodson,
1965; Zaret, 1980). Thus, we hypothesized that the
dominance of the inshore region zooplankton com-
munity by small-bodied species was a consequence of
the high concentrations of fish planktivores in this
region (Evans er al., 1980). This implies that fish
predation was a major factor affecting zooplankton
mortality in the inshore region, especially for large-
bodied species.

Our long-term (1970-1982) ecological studies sug-
gest that power plant operation was not a significant
factor affecting zooplankton survivorship in the in-
shore region. We were unable to detect any temporal
or spatial alterations in zooplankton community
structure in the vicinity of the plant which could be
attributable to plant-induced mortality (Evans, 1981;
Evans er al., 1982, 1986); only minor effects were
detected for the epibenthic and benthic micro-
crustacean communities (Evans, 1984). This inability
to detect any losses due to plant operation is readily
understood when consideration is given to the per-
centage mortality of zooplankton in the cooling
waters, the mixing characteristics of the thermal
plume, and the inherent variability of zooplankton
populations. Since the power plant utilizes subsurface
discharge jets, heated water is rapidly cooled through
dilution. The water column immediately over the
discharge jets contains, on average, a mixture of 30%
condenser-passed and 70% plume-entrained waters.
Assuming that the average mortality of zooplankton
passing through the plant is 3%, <1% of the zoo-
plankton sampled over the discharge jets are dead as
a direct result of plant passage. As the thermal plume
moves out into the lake and is further diluted, this
percentage rapidly decreases. These small decreases
in zooplankton abundances are below detection lim-
its (Evans and Sell, 1983). Thus, the spatial and
temporal characteristics of zooplankton populations
remained similar during the preoperational and much
of the operational period. Although some changes
were detected in zooplankton community structure
between the preoperational and operational periods,
these changes occurred both in the plume and control
regions and thus could not be attributed to plant
operation (Evans er al., 1986). Furthermore, these
changes magnified in the late 1970s and early 1980s
as other known environmental pertubations to the
lake increased in amplitude.

Lake Michigan has been exposed to many environ-
mental perturbations in addition to thermal pollu-
tion, i.e. eutrophication, overfishing, and the invasion
of exotics such as the alewife (4/osa pseduoharengus)
(Beeton, 1969; Christie, 1974). In areas where eutro-
phication has been minimal (including southeastern
Lake Michigan), the alewife has had a strong effect
on the zooplankton community (Wells, 1970). Tem-
poral changes in alewife populations have been fol-
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lowed by changes in zooplankton community struc-
ture (Brooks and Dodson, 1965; Wells, 1970).
Furthermore, alewife predation may affect spatial
gradients in zooplankton community structure
(Evans et al., 1980).

In the late 1970s the early 1980s, alewife popu-
lations declined markedly in Lake Michigan waters.
Concurrent with this was an increase in yellow perch
populations in the inshore region and bloaters (Core-
gonus hoyi) in the offshore region (Jude and Tesar,
1985; Evans and Jude, 1986). As these changes
occurred, there were major alterations in zoo-
plankton community structure with the nature of
these changes differing between the inshore and
offshore regions as a function of spatial differences in
the abundances of the various fish planktivores. In
the inshore region, Daphnia spp abundances declined
markedly over summer and autumn 19821984, aver-
aging only 10% of their 1972-1981 abundances. This
decrease was attributed to the strong increase in
yellow perch abundances (Evans and Jude, 1986).
Furthermore, total summer zooplankton standing
stocks were depressed to 10% of their earlier values
(Evans, 1986). Thus, the only long-term changes
which we were able to detect in zooplankton popu-
lations in the inshore region over the 1975-1982
operational period (and small studies conducted in
1983 and 1984) were those attributable to changes in
the fish community.

In summary, our long-term studies have shown
that a small percentage of zooplankton are killed as
a result of passage through the condenser cooling
system of the Donald C. Cook Nuclear Plant. Such
small losses cannot be detected in the lake. Our
long-term ecological studies suggest that the fish
predation rather than power plant operation is the
greater source of mortality to zooplankton inhabiting
the inshore region during much of the year.
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