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Abstract

The hypothesis was tested that zooplankton community size structure shifts toward an increased
relative biomass of microzooplankton with increased lake trophy at 12 sites in Quebec, The seasonal
mean abundance and biomass of ciliates, rotifers, nauplii, cladocerans, and cyclopoid copepods
were significantly (P < 0.1) related to lake trophy, but Calanoid copepod abundance and biomass
varied independently of lake trophy. Regressions of microzooplankton and macrozooplankton
biomass with total phosphorus (TP) were highly significant (P < 0.000 l), and TP explained a large
proportion of the total variation (microzooplankton: Y* = 0.72; macrozooplankton: r2 = 0.86). The
regression models for microzooplankton and macrozooplankton were not significantly different,
refuting the hypothesis that relative biomass changes with lake trophy. Further analysis with a
community structure index (the slope of the log weight-log abundance relationship) and mean
lengths of various taxa indicated that zooplankton community size structure was not correlated
with either TP or chlorophyll. On average, about 40% of the total zooplankton biomass is accounted
for by microzooplankton in the Quebec lakes. The inverse relationship between body size and
specific flux rates suggests that microzooplankton account for the major portion of zooplankton
community rates.

few studies have considered how these forms
may vary across lake trophic gradients as a
proportion of the total zooplankton community.
Microzooplankton
are defined as those
heterotrophic organisms in the size range of
20-200 pm (Sieburth et al. 1978) and in
freshwater consist primarily of ciliates, rotifers, and copepod nauplii. Because of the
smaller body size of microzooplankton
and
consequent higher specific rates of metabolism, it has been argued that oligotrophic
environments may contain insufficient energy to support small bacterivorous ciliates
and rotifers (Hall et al. 1976; Fenchel 1980;
Beaver and Crisman 1982; Pace 1982). It
has also been shown that the relative proportion of inedible net phytoplankton
increases with lake trophy (Watson and Kalff
198 l), suggesting that more eutrophic lakes
would support higher concentrations of detritus and thus enhance bacterial and microzooplankton
biomass and productivity
(Gliwicz 1969; Hillbricht-Ilkowska
1977;
Sprules 1980). These considerations lead to
the hypothesis that the biomass of microzooplankton increases relative to that of
macrozooplankton
as lake trophy increases.
Bays and Crisman (1983) found in 35 Florida lakes an increase in the percentage of
microzooplankton
relative to total zoo-

Zooplankton biomass and its distribution
among organisms of different size are important determinants
of grazing (Haney
1973; Gulati et al. 1982; Bogdan and Gilbert 19 82), nutrient regeneration (Hargrave
and Geen 1968; Peters and Rigler 1973;
Lehman 1980), and production (Banse and
Mosher 1980; Morgan et al. 1980; Downing
1984). Although empirical theories can predict zooplankton biomass from indices of
lake trophy, existing theories provide only
qualitative
suggestions about changes in
zooplankton community structure with lake
trophy. The relation of community
structure to community rates ofgrazing, nutrient
regeneration, and production among lakes
of different trophy is, therefore, not known.
The principal generalization concerning size
structure and lake trophy is that oligotrophic lakes are often dominated by Calanoid
copepods, eutrophic lakes by smaller cyclopoid copepods, rotifers, and cladocerans (e.g.
Brooks 1969; McNaught 1975). Although
microzooplankton
may account for a large
portion of the total zooplankton biomass,
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plankton biomass with lake trophic state, as
predicted by the hypothesis.
Here, I present empirical models to predict the change of zooplankton abundance
and biomass (including microzooplankton)
with lake trophy based on data collected
from 12 sites in Quebec. These models are
used to test the hypothesis that zooplankton
community size structure shifts across lake
trophic gradients. I also compare the accuracy and precision of sampling methods
for microzooplankton
and macrozooplankton.
I thank R. Anderson, E. Bentzen, P.
Clement, L. Glennie, E. McCauley, Y. Prairie, C. Ramcharan, and G. Sprules for help
in the field and laboratory. This study benefited from discussions with D. Currie, J.
Kalff, E. McCauley, R. Peters, and A. Vezina. Research support was provided by
grants from NSERC and FCAC to the Limnology Research Centre, McGill University.

Methods
Study sites -Twelve study sites were chosen in the Eastern Townships region of Quebec to represent a range of morphometric
and trophic conditions (Pace 1984). The
lakes share a similar glacial origin and climate but have different levels of nutrient
loading due to land use practices and sewage
and industrial inputs. Nine lakes (Argent,
Bowker, Brome, Brompton, Lovering, Magog, Massawippi, Orford, and Waterloo) and
three basins within Lake Memphremagog
(north, central, south) were sampled monthly during the ice-free season (May-September) of 1982. The Lake Memphremagog basins were treated as separate water bodies,
because they have different nutrient concentrations (Peters 1979) as well as different
levels of algal biomass (Watson and Kalff
1981) and primary productivity
(Ross and
Kalff 1975).

Comparison of zooplankton sampling
methods -1 compared several sampling
methods to develop routine methods that
were accurate, efficient, and reasonably precise. For macrozooplankton,
I compared
vertical net hauls with a 0.5-m-diameter,
75-pm-mesh net and a pooled series of
Schindler trap (volume = 3 1 liters) samples

taken at l-m intervals over the same depth
range on 15 occasions at five sites which
represented a spectrum of trophic conditions (Chl a concentration ranges from 1.6
to 24.9 pg liter-l). I also compared vertical
net hauls and vertically integrated pump
samples (described below). For microzooplankton, I made two sets of comparisons:
a plastic tube sampler (2-cm diam) vs. a
pooled series of water bottle samples (volume = 4 liters) at 1-m intervals and a pooled
series of water bottle samples vs. an integrated pump sample.
Routine sampling-Total
phosphorus,
chlorophyll a, microzooplankton,
and macrozooplankton
were sampled monthly at
each of the study sites. Sampling was done
at stations with water column depths of 810 m or at the deepest part of shallow lakes
(Zmax < 10 m) to a depth within 1 m of the
bottom .for all parameters. Integrated water
samples were taken with a plastic tube. A
loo-ml portion of the tube sample was preserved for planktonic ciliate counts with
HgC12 and stained with bromophenol blue
(Pace and Orcutt 198 1). The rest of the sample was stored in the dark at 4°C. In the
laboratory, triplicate subsamples (50-200
ml) were filtered on glass-fiber filters under
low vacuum and frozen. Chlorophyll a was
later extracted with acetone and measured,
with corrections for pheopigments, using a
fluorometer (Strickland and Parsons 1972).
The concentration of Chl a in material < 35
pm was also determined by gently sieving
triplicate subsamples through 3 5-pm Nitex
netting before filtration. A third set of triplicate subsamples from the original tube
sample was oxidized with potassium persulfate under pressure (Menzel and Corwin
1965) and then analyzed for total phosphorus with the ascorbic acid modification
of the molybdenum blue technique (Strickland and Parsons 1972).
Triplicate integrated zooplankton
samples were taken with an open diaphragm
bilge pump connected to a PVC hose (2.54cm diam). Water was drawn through the
pump while the hose was retrieved through
the water column, and the outflow was
passed through either a 75-pm-mesh net to
sample macrozooplankton
(the rotifer Asplanchna, postnaupliar
copepods, and
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cladocerans) or through a 35-pm sieve to
sample the net microzooplankton
(testate
and colonial ciliates, rotifers, copepod nauplii). One advantage of using the pump was
that the volume of water filtered could be
accurately measured by timing the duration
of pumping (regression: r" = 0.999, n = 20).
The pump was calibrated at each sampling
station by measuring the volume of one of
the timed samples. Vertical net hauls were
used to sample the macrozooplankton
for
the May sampling series; in this case, the
net was “calibrated”
at each station either
by pooling a vertical series (1 -m depth intervals) of Schindler trap samples or with
the pump. The mean net haul values were
then corrected by assuming that the trap or
pump sampled with 100% efficiency. In addition to samples for density, a single net
haul was also taken at each station to provide animals for length measurements. Zooplankton was anesthetized in the field with
carbonated water. Macrozooplankton
was
then preserved in a sucrose-Formalin
solution (Haney and Hall 1975) and microzooplankton with HgC12 (Pace and Orcutt
1981).
Zooplankters ~2 mm were occasionally
collected, including the cladocerans Polyphemus and Leptodora, the dipteran Chaoborus, and unidentified mites and ostracods.
Mysis relicta is also present in some of the
lakes but was not collected in any of the
routine samples. These larger zooplankters
require another type of sampling for quantitative collection and therefore were not
included in the estimates of abundance and
biomass below.

Counting procedures and biomass estimation -To determine densities, I counted
subsamples of each replicate with an inverted microscope (120 x magnification) for
net microzooplankton
and with a dissecting
microscope (3 7.5 x ) for macrozooplankton.
Replicate subsample counts were analyzed
by the method of Elliott (1977) to determine
whether the counts were distributed
according to a Poisson series. In 11 out of 12
cases, agreement with the Poisson series was
found, indicating that confidence limits can
in general be estimated by assuming that
the variance equals the mean (McCauley
1984). I therefore counted at least 400 in-
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dividuals
in each replicate zooplankton
sample so that the estimated 95% C.I. for
each replicate was _+10% of the abundance.
To estimate weight, I measured the length
of the most abundant taxa for each sampling
date. Mean lengths were then converted to
mean dry weights using published lengthdry weight regressions in the case of crustaceans (McCauley 1984) and volumetric
formulae in the case of rotifers and the large
ciliates (Ruttner-Kolisko
1977; Pace 1982).
The ciliates measured in this way were those
testate and colonial forms retained on the
35-pm sieve used for microzooplankton
sampling. All microzooplankton
measurements were made with the inverted microscope to the nearest 2.3 pm for ciliates and
4.6 pm for rotifers and nauplii. Macrozooplankters were measured with the system of
Sprules et al. (198 1) which consists of a dissecting microscope with a viewing screen
and an electronic caliper linked via an analog-digital converter to a microcomputer.
Additional
macrozooplankton
measurements were made with the dissecting microscope (37.5 X) to the nearest 0.026 mm,
except for the small cladocerans Bosmina
and Chydorus which were measured to the
nearest 0.013 mm. Generally, 20-25 animals were measured for the two most abundant taxa in each size fraction, and 10 animals were measured in the case of rarer
taxa.
The biomass and density of ciliates in the
whole water sample was determined by settling 5-50 ml of the sample and counting
and measuring each cell encountered by the
Utermohl
inverted microscope
method
(Lund et al. 1958). At least 50 individuals
were counted and sized (maximum length
and width) to the nearest 2.4 ,um in each
sample. Cell volumes of the ciliates were
estimated by assuming that all cells approximated prolate spheroids, and volumes
were then converted to dry weight assuming
0.279 pg dry wt ,um-3 (Gates et al. 1982).
Samples for ciliates were not replicated so
no estimate of the variance in ciliate density
and biomass was possible.
For the macrozooplankton,
mean body
lengths were also determined at each station
for the two principal taxonomic groupscladocerans and postnaupliar copepods. The
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Table 1. Geometric mean abundance (No. liter-l) and biomass &g dry wt liter-l) of microzooplankton for
the study sites in 1982. Sites are listed in order of increasing lake trophy as determined from mean total
phosphorus concentrations.
Ciliates
Site

Bowker
Or-ford
Brompton
Lovering
North basin
Central basin
Argent
South basin
Massawippi
Brome
Mwx
Waterloo
* The rotifer

Asplunchna

Density

3,318
4,380
4,492
5,996
7,217
8,404
6,718
8,769
8,549
5,815
13,771
21,556
is not included

Rotifers
Biomass

in total

Density

14.0
13.5
13.5
12.3
18.3
29.1
18.7
33.2
32.5
22.5
55.8
44.3
microzooplankton

Nauplii
Biomass

100
161
99
212
476
683
193
915
805
255
587
703

2.5
4.2
3.7
5.4
23.9
17.3
6.4
28.9
19.3
7.6
16.3
7.0

Density

Biomass

9
12
25
48
57
32
39
54
68
41
64
75

6.5
8.8
18.2
34.8
40.8
25.9
29.8
41.1
50.0
30.7
46.0
54.4

Microzooplankton biomass*

23.9
33.9
36.2
55.9
83.1
75.8
55.6
87.4
116.6
65.9
147.7
112.2

biomass.

lengths of at least 100 crustaceans were determined by measuring individuals
as encountered in the samples. Additional measurements were then made as necessary so
that at least 50 cladocerans were measured.
Cladoceran lengths were from the top of the
carapace to the base of the tail spine, but
for daphnids the anterior end-point of the
measurement was the top of the eye. Copepods were measured from the anterior
margin of the head to the base of the caudal
rami (excluding setae).
Statistical analysis-Equations
relating
zooplankton
abundance and biomass to
measures of lake trophy were established
with ordinary least-squares regression. For
functional interpretation of regressions, I did
model 2 analyses using the geometric mean
method (Ricker 19 7 3). Because variance
tended to increase with mean estimates of
abundance and biomass, the data were logtransformed to stabilize the variance and
meet the normality assumptions of regression analysis. The data were fit to the model
1OEhoY= a + b log,,x. Regression statistics
were computed with the Statistical Analysis
System (SAS) programs (SAS Inst. 1982).

Re,rults
Accuracy and precision of sampling
methods-The sampling methods differed
considerably in their relative accuracy. The
mean densities of macrozooplankton
obtained with triplicate net hauls were lower
than that of a pooled series of trap samples

for 12 of 14 trials. Net hauls also underestimated mean densities relative to the pump
samples. Mean densities (No. liter-l + 95%
C.I.)were59-t5vs.
104&43and28+17vs.
116 &9 for net and pump samples in two
comparisons. For microzooplankton,
mean
densities were significantly lower (t-test, t =
3.6, P < 0.025, n = 4) for the plastic tube
samples than for a pooled series of water
bottle samples. Mean densities were also
lower (t-test, t = 3.2, P < 0.05, n = 3) for
water bottle samples than for the pump. It
appears, therefore, that the pumping system
has a higher accuracy for both micro- and
macrozooplankton,
although it is conceivable that the pump in some unknown way
overestimates densities.
The pumping system was also reasonably
precise. The median coefficients of variation (C.V.) for all of the triplicate microzooplankton and macrozooplankton
samples were 11.8 and 13.5%, and C.V. values
were < 20% in > 70% of the samples. There
were no significant correlations between the
C.V. values and zooplankton density or lake
trophy as measured by total phosphorus.
The relative variance of the replicate pump
samples was, therefore, independent of the
two main factors considered in this study.

Prediction of zooplankton abundance and
biomass-A wide range of trophic conditions was represented by the study sites.
Lakes Bowker, Orford, and Brompton were
oligotrophic,
with seasonal mean total
phosphorus (TP) concentrations of 3.7-6.5

Zooplankton and lake trophy
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Table 2. As Table 1, but of macrozooplankton.

Density

Bowker
Orford
Brompton
Lovering
North basin
Central basin
Argent
South basin
Massawippi
Brome
Magog
Waterloo
* The rotifer

Asplunchna

3.0
8.2
5.5
1.7
2.3
1.3
3.0
1.9
0.1
20.7
2.2
1.3
is included

Cladocerans

Cyclopoids

Calanoids
Sites

Biomass

18.4
25.6
13.4
6.1
6.2
4.4
16.3
8.4
2.5
57.6
16.9
18.5

in total macrozooplankton

Density

1.7
1.9
4.5
10.4
16.1
11.8
8.2
16.6
20.5
5.7
20.2
11.0

Biomass

Biomass

Density

2.8
6.6
5.8
8.6
13.7
6.8
5.7
12.3
3.8
10.6
41.8
32.6

9.1
. 10.9
7.1
23.6
37.2
43.0
27.6
44.2
67.3
25.1
91.1
65.4

5.8
29.0
13.5
20.5
35.2
14.8
29.9
34.0
2.9
48.6
87.4
101.8

Macrozooplankton biomass*

37.7
80.1
45.4
59.6
114.4
77.3
85.9
103.3
86.9
144.5
235.5
243.9

biomass.

pg liter-l and mean chlorophyll (Chl) concentrations of 1.3-2.0 pg liter-l. Lovering,
north, central, Argent, south, Massawippi,
and Brome were mesotrophic, with mean
TP and Chl ranges of 7.0-15 and 2.5-5.6.
Lakes Magog (seasonal means: TP = 47,
Chl = 15) and Waterloo (seasonal means:
TP = 56, Chl = 29) were eutrophic. There
was no relationship between trophic conditions and morphometry
for these sites
(Pace 1984).
Microzooplankton
was consistently more
abundant than macrozooplankton
at all
sites, but the biomass of the latter was greater in all lakes except Massawippi (Tables 1
and 2). Ciliates were numerically dominant
in all the lakes, and together with nauplii
accounted for 66-88% of the mean microzooplankton biomasses. Rotifers were, in

general, a minor portion of the microzooplankton biomass. Calanoid copepods were
most important in terms of density and biomass in the three most oligotrophic lakes.
Mesotrophic Lake Brome also had a relatively high concentration of calanoids and
a lower-than-expected
ratio of chlorophyll
to total phosphorus that was related to zooplankton community structure (Pace 1984).
Cyclopoid copepods were particularly
important for the mesotrophic sites of Lovering, north, central, Argent, south, and
Massawippi. At these sites cyclopoid biomass constituted 32-77% of the macrozooplankton biomass. Cladocerans were important
in all lakes (15-44%
of the
macrozooplankton
biomass) except Massawippi.
The independent variables TP, Chl, Chl

Table 3. Summary of regression models for zooplankton abundance and biomass using Chl a as an independent variable. For each regression n = 12.
Independent

variable

Abundance
Ciliates
Rotifers
Nauplii
Calanoids
Cyclopoids
Cladocerans
Biomass
Ciliates
Rotifers
Nauplii
Calanoids
Cyclopoids
Cladocerans

Log intercept

Slope

r-2

F

P

3.547
2.136
1.241
0.603
0.561
0.553

0.538
0.658
0.559
-0.393
0.612
0.699

0.95
0.56
0.57
0.09
0.44
0.66

205.2
12.5
13.0
1.0
8.0
19.6

<0.0001
0.0053
0.0048
0.3427
0.0182
0.0013

1.074
0.703
1.120
1.081
1.036
0.972

0.486
0.430
0.548
-0.023
0.730
0.693

0.79
0.25
0.57
0.01
0.68
0.39

37.8
3.2
13.0
0.0
20.9
6.3

< 0.000 1
0.1021
0.0048
0.9380
0.0010
0.0305
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Fig. 1. Relationships of total phosphorus (TP) to
zooplankton biomass (ZB). A- For microzooplankton:
1ogZB = 1.221 + 0.567 log TP, F = 25.5, P = 0.0005;
B-for macrozooplankton: log ZB = 1.292 + 0.648 log
TP, F = 59.9, P < 0.0001; C-for total zooplankton:
1ogZB = 1.582 $ 0.643 logTP, F = 59.1, P < 0.0001.
For each regression n = 12.

~35 pm were highly

correlated

(TP : Chl,

r = 0.96; TP : Chl ~35 I.cm, r = 0.92; Chl :
Chl ~35 pm, r = 0.99; for all P < 0.0001,
n = 12). Consequently, there was little dif-

ference in the predictive ability of regressions for zooplankton abundance and biomass derived from these independent
variables. Overall, Chl and Chl < 35 pm
were slightly better predictors of abundance
and biomass of particular taxonomic groups,
while TP was a better predictor of total biomass (data not shown). Since TP and Chl
are frequently measured and used in comparisons among lakes, I will focus on results
obtained with these two independent variables and consider them as indicators of
lake trophy.
With the exception of Calanoid copepods,
the density and biomass of the zooplankton
taxonomic groups were positively related to
lake trophy (Table 3). Regressions were
highly significant (P < 0.0001) for ciliate
abundance and biomass. For nauplii, cyclopoids, and cladocerans, regressions were
significant
(P < 0.05), and a moderate
amount of the total variance was explained
(range of r2 = 0.39-0.68).
Rotifer abundance was significantly related to Chl, but
biomass was not. This result was partially
due to the effect of the large rotifer Asplanchna which was most abundant at some
of the mesotrophic sites. If Asplanchna biomass is removed from total rotifer biomass,
then a regression with Chl approaches significance (log rotifer biomass = 0.631 +
0.482 log Chl, r2 = 0.3 1, F = 4.6, P = 0.06).
Regressions of microzooplankton,
macrozooplankton, and total zooplankton biomass against TP were all highly significant,
with a high proportion of the total variance
among lakes explained by the model (Fig.
1). Model 2 slopes for all three cases range
from 0.67 to 0.70, and the approximate 95%
confidence intervals do not overlap 1 (Fig.
1). Since relationships of TP and Chl typically have slopes > 1 (Nicholls and Dillon
1978), zooplankton biomass increases less
rapidly than phytoplankton
biomass with
increases in lake trophy. A similar result has
been derived for crustacean zooplankton
(McCauley and Kalff 198 1; Hanson and Peters 1984), bacteria (Bird and Kalff 1984),
benthos (Hanson and Peters 1984), and fish
(Hanson and Leggett 1982).

Changes in zooplankton community
structure with lake trophy- If microzooplankton

biomass increases relative to ma-

Zooplankton and lake trophy
loo-

Table 4. Spearman rank correlations between the
community structure index and total phosphorus and
chlorophyll for all the data collected in 1982 and for
the seasonal mean values.
Chl

TP
r

All data
Seasonal
means

P

n

0.106 0.43 57
-0.105

0.75 12

r

-0.175
-0.420

80 -

0.18 60

’
2
.m”

0.17 12

8

P

n

crozooplankton
biomass with lake trophy,
the slope of the regression equation for microzooplankton biomass with TP should be
greater than the slope for the macrozooplankton equation. The model 2 slopes
(295% C.I.) for microzooplankton
(0.67 +
0.25) and macrozooplankton
(0.70 10.19)
are equivalent and confidence intervals for
the intercept estimates overlap (microzooplankton: 1.14 kO.28, macrozooplankton:
1.24-10.21). There is, therefore, no difference in these two regressions, and no evidence for a shift in the relative biomasses
of microzooplankton
and macrozooplankton as originally hypothesized.
Bays and Crisman (1983) reported an increase in the relative biomasses of microzooplankton with lake trophy in 39 Florida
lakes. They used a trophic index based on
chlorophyll (Carlson 197’7) as an independent variable and microzooplankton
biomass as a percentage of total zooplankton
biomass as their dependent variable. I repeated their test for the Quebec lakes, using
TP as an independent variable and percent
microzooplankton
biomass as a dependent
variable. Both transformed and untransformed data were considered, and there was
no significant change in the percent microzooplankton biomass in either case (Fig. 2).
The tests of shifts in zooplankton community structure depend on the classification of zooplankton into micro and macro
categories. Size structure, however, may
change independently
of a shift between
these two categories. For example, bosminids might become more important in eutrophic lakes with a corresponding reduction in community
size structure which
would not be reflected’ in the relative biomass of micro- and macrozooplankton.
I
therefore calculated an index of community
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Fig. 2. Seasonal mean values of microzooplankton
biomass as a percentage of total biomass for the 12
study sites.

structure for each sample by regressing the
log of mean abundance against the log of
mean weight for all of the taxa used to calculate biomass (Pace 1984). The negative
slopes of these regressions provided a comparative measure of the zooplankton size
structure that did not depend on classification into two size categories. I tested the
slopes of these regressions for correlations
with lake trophy (TP and Chl) using both
the individual slopes and the seasonal mean
values for each site (Table 4). A significant
negative correlation would indicate that as
lake trophy increased the zooplankton tended to be smaller (i.e. a more negative slope
of the log abundance-log weight regression).
There were no significant correlations of the
slopes with either TP or Chl (Table 4).
As a final test for shifts in size structure,
I hypothesized that within taxonomic categories there would be a decrease in average
size with an increase in lake trophy. This
hypothesis is consistent with observations
by Ejsmont-Karabin
et al. (1980) of decreases in the average body length of daphnids in lakes undergoing fertilization.
Because of the way my data were collected, I
could not test for size changes within species.
Instead, the following taxonomic categories
were considered: ciliates, Polyarthra spp.,
Keratella spp., nauplii, Daphnia spp., bosminids, cladocerans, copepods, and crustaceans. Only ciliate length tended to be
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negatively
correlated
with lake trophy
(length : TP, r = -0.49, P = 0.107; length :
Chl, r = -0.57, P = 0.052). The weakness
of these correlations and the lack of any
significant negative correlations for the other taxonomic
groups indicate that zooplankton size does not decrease with increases in lake trophy.

Discussion
All of the tests for changes in zooplankton
community
structure indicated that there
was no increase in the relative biomass of
smaller zooplankton
in more eutrophic
lakes. Bays and Crisman (1983) found an
increase in the relative biomass of microzooplankton in Florida lakes. The disparity
between my results and theirs may be related to several factors, including the range
and number of lakes examined, the possibility of fundamental differences between
temperate and subtropical lakes, and methods. Bays and Crisman ( 1983) did incorporate both a larger number of lakes (39 vs.
10) and a greater range of lake trophy (l120 vs. l-29 pg Chl liter-‘), so that their
results may be considered more general. The
differences in results, however, do not appear to be due to the highly eutrophic lakes
included in the Florida lake study, because
the trend toward an increased relative biomass of microzooplankton
is apparent over
the same range of lake trophy as considered
in the Quebec lake study (see figure 1: Bays
and Crisman 1983, lakes with trophic indices of 30-60). The differences may also
reflect fundamental
ecological differences
between subtropical and temperate lakes.
Biomasses of both micro- and macrozooplankton are considerably lower in the subtropical Florida lakes than in the Quebec
lakes. For example, the zooplankton biomass is about four times greater for a hypothetical mesotrophic lake (TP = 15) calculated with the regression model for Quebec
lakes than that calculated with the Florida
lakes model. Tropical and warm temperate
lakes often contain filter-feeding fish (e.g.
Tilapia, Hypothalmus, Dorosoma) which
prey on both phytoplankton
and zooplankton (Zaret 1980; Drenner et al. 1982; Bays
and Crisman 1983). These fish, acting as
predators and competitors of zooplankton,

may reduce the biomass of tropical zooplankton relative to that of zooplankton in
cold temperate lakes. Sampling techniques
may also partially account for the lower zooplankton biomasses measured by Bays and
Crisman. In the Florida study ciliates were
sampled with a water bottle, the rest of the
zooplankton with one or two vertical 80pm net hauls at each sampling time. From
results reviewed by Bottrell et al. (1976) and
the comparisons made here, it is clear that
net hauls underestimate zooplankton abundance. The error is not constant but appears
to be a function of zooplankton size, ability
to avoid the net, and the concentration of
phytoplankton. These sources of error would
be especially serious in studies of many lakes
where community structure and lake trophy
vary considerably. Differential sampling of
zooplankton of different sizes might also introduce bias concerning the relative abundance of micro- and macrozooplankton.
I
took considerable care to obtain accurate
and unbiased samples of the zooplankton
community.
This required different sampling techniques for ciliates, net microzooplankton, and macrozooplankton.
I conclude that the disparities in zooplankton
biomass and the relationship of micro- and
macrozooplankton
between Quebec and
Florida lakes are due to methodological differences and possibly to ecological differences between temperate and tropical lakes.
An additional difficulty associated with
my study and with other empirical analyses
(McCauley and Kalff 198 1; Bays and Crisman 1983; Hanson and Peters 1984) is that
of estimating zooplankton biomass. Problems with measuring zooplankton biomass
include but are not limited to variablility
in
length-weight relations, assumptions concerning the estimation of volume, and assumptions concerning the conversion of
volume to weight. In addition, the variance
associated with measurements of length and
abundance place severe constraints on the
confidence associated with any estimate of
zooplankton
biomass (McCauley
1984).
Improvement of the relationships presented
here and of our ability to test hypotheses
about zooplankton
communities
requires
technical innovations in measuring the biomass of micro- and macrozooplankton.

Zooplankton and lake trophy
Macrozooplankton
community structure
in the Quebec lakes did change with lake
trophy: calanoids decreased and cyclopoids
increased in relative biomass. This pattern
has been reported before (Gliwicz 1969; Patalas 1972; Gannon and Stemberger 1978;
Bays and Crisman 1983) and may be related
to an increased availability
of larger food
particles for the raptorial cyclopoids. This
change in community
structure, however,
was not reflected in size. No systematic
change in either the relative abundance or
size of daphnids and bosminids was observed with changes in lake trophy. Within
the microzooplankton
community, only ciliates tended to be smaller in more eutrophic
lakes, and this correlation was weak. These
results provide evidence contrary to the hypothesis of Gliwicz (1969) that changes in
resources related to eutrophication
cause a
shift in zooplankton community size structure.
Failure to detect a pattern in community
size structure with lake trophy could be due
either to the lack of such a pattern or to data
inadequate for detecting it (type 2 error).
Although the latter possibility can never be
completely dismissed, the highly significant
regressions of micro- and macrozooplankton biomass with lake trophy (Fig. 1) argue
that my data were adequate. None of the
several different tests I used revealed a significant difference in the size structure of
zooplankton in relation to lake trophy or to
the biomass of other zooplankton.
One generalization
from the regression
models for the Quebec lakes was that the
microzooplankton
accounted for - 40% of
the total zooplankton biomass. Because specific rates of metabolism are inversely proportional to body size (Peters 1983), microzooplankton
probably
accounts
for a
significant, if not the major, portion of community rates of productivity,
grazing, and
nutrient regeneration. Although there is a
considerable literature on the productivity
and flux rates of macrozooplankton,
little is
known about the rates of microzooplankton, particularly in freshwater. The best current estimates, however, of in situ rates of
rotifer feeding (Bogdan and Gilbert 1982)
and production
(Makarewicz and Likens
1979) argue that these microzooplankton
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constitute a significant component of community metabolism. Further confirmation
of this hypothesis might be gained by simultaneous measurement with appropriate
techniques of micro- and macrozooplankton flux rates in the field.

Conclusions
This study indicates that while the biomass of zooplankton is predictable from lake
trophy the size structure of zooplankton
communities is independent of lake trophy.
Changes in community structure were observed, with Calanoid copepods declining
and cyclopoid copepods increasing in relative abundance, but these shifts were not
related to size structure. My results do not
support previous qualitative
hypotheses
suggesting that changes in resources during
eutrophication
should favor smaller zooplankton. Instead, the regression models of
Quebec lakes represent quantitative
hypotheses about zooplankton biomass and
the distribution
of biomass among zooplankton size classes and taxonomic groups.
Comparison of models such as these with
data from other lakes may establish important general patterns and identify significant
hypotheses about lake ecosystems.
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