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Shifts in phytoplankton size structure and community composition
during grazing by contrasting zooplankton assemblages'

Ann M. Bergquist, Stephen R. Carpenter, and John C. Latino?
Department of Biology, University of Notre Dame, Notre Dame, Indiana 46556

Abstract

Contrasting zooplankton assemblages consistently produced different compositional shifts in a
phytoplankton community. Two experiments in 120-liter enclosures were used to assess the re-
sponses of the algae to two different-sized zooplankton communities. Grazing by a mixture of small
copepods, Bosmina longirostris, and rotifers led to increased growth of phytoplankters with greatest
axial linear dimensions <25 uym and ratios of surface area to volume <2.6, such as Chlamydomonas
and Chlorococcales. Larger phytoplankton taxa such as Asterionella formosa, Closteriopsis longis-
simus, and Synedra sp. declined in the presence of small zooplankters. In contrast, a mixture of
large zooplankters dominated by Daphnia pulex and Diaptomus oregonensis caused declines in
phytoplankters with greatest axial linear dimensions <60 um and ratios of surface area to volume
<2.75, while larger algae such as Aphanocapsa and Dinobryon increased. Discriminant analyses
showed that volume and surface area were the most effective characters for determining the response
of algae to grazers. Zooplankton community structure was important in determining the responses

of algal assemblages to grazing.

Body and cell size are factors frequently
involved in discussions of plankton dynam-
ics. Size distributions of herbivorous zoo-
plankton are regulated by predation (Hall
etal. 1976). Several allometric relationships
suggest that systematic shifts in zooplank-
ton size distribution should in turn alter the
phytoplankton size distribution (Carpenter
and Kitchell 1984): the range of cell sizes
ingested depends on zooplankter size (Burns
1968; Gliwicz 1980); nutrient excretion rates
are size-specific (Peters and Rigler 1973,
Ejsmont-Karabin 1983); and cell size influ-
ences rates of algal nutrient uptake (Shuter
1978; Smith and Kalff 1982), growth (Banse
1976, 1982), and sinking (Walsby and
Reynolds 1980).

Nevertheless, the importance of cell size
in the grazing response of algal communities
is not clearly understood. The size range of
particles ingested depends on zooplankter
size (Burns 1968; Gliwicz 1980), but within
the ingestible range selectivity is more com-
plex and varies among zooplankton taxa
(Peters and Downing 1984). In grazing ex-
periments with mixed assemblages, algal re-
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sponses appear to be size-related (Porter
1977), but the importance of size has not
been compared directly with that of other
algal properties such as spines, mucilage,
and coloniality, which may mitigate grazing
losses (Sournia 1982). Lehman and Sand-
gren (1985) emphasized that the response
of algae to zooplankton is a net result of
grazing loss and of growth, which may be
stimulated by recycled nutrients. They not-
ed that grazing responses were not strictly
size-dependent. When some algal taxa re-
sponded differently from one experiment to
the next, the differences were attributed to
changes in zooplankton size. Much of the
apparent variability in algal responses to
grazing may be due to differences in zoo-
plankton size or species composition. How-
ever, the effects of contrasting zooplankton
assemblages on a single phytoplankton as-
semblage have not been compared experi-
mentally.

In our experiments we sought answers to
two important unresolved questions about
the relationship of grazing to algal size. First,
how effective is cell size vs. other morpho-
logical characteristics in predicting the re-
sponse of algae to grazing? Second, are algal
responses and their relationship to cell size
familiar for contrasting zooplankton assem-
blages? To address these questions, we de-
termined species-specific and size-specific
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responses of phytoplankton to grazing. Like
Lehman and Sandgren (1985), who used 3-
4-day experiments, we used brief experi-
ments (5 days). Periods of a few days char-
acterize changes in algal species’ growth and
loss rates in lakes (Lehman and Sandgren
1985), yet are shorter than the intervals over
which grazing rates change significantly
(Harris 1980; Carpenter and Kitchell 1984).
Time-course experiments confirm that
changes in density of species and size classes
plateau in a few days, while zooplankton
biomass can be held essentially constant and
enclosure effects appear minimal (Lehman
1979; Lehman and Sandgren 1985; Berg-
quist in prep.). We examined the responses
of algal community composition and size
distribution to grazing by two natural zoo-
plankton assemblages with contrasting size
distributions, at zooplankton densities
comparable to those found in patches in the
lakes. Discriminant analyses compared the
usefulness of size-related variables and oth-
er morphological characters for predicting
responses of algae to grazers.

We thank J. and M. Elser, G. Sprules, and
an anonymous referee for comments; J.
Lehman for suggestions; R. Greene for ver-
ifying plankton identifications; and Mr. and
Mrs. O. J. Stewart for help and hospitality
at the field station.

Study sites

Peter and Tuesday Lakes are small (2.4
and 1.2 ha), but relatively deep (19 and 21
m) brown-water lakes. They are about 1 km
apart, in section 36, T45N R42W, Gogebic
Co., Michigan, on the University of Notre
Dame Environmental Research Center
properties. These lakes and their plankton
have been described elsewhere (Schmitz
1958; Stross and Hasler 1960; Kitchell and
Kitchell 1980). ‘

The two lakes have very different fish
communities (J. F. Kitchell and J. R. Hodg-
son per. comm.) and consequently distinct
zooplankton assemblages. Peter Lake, which
supports largemouth bass (Micropterus sal-
moides), has no zooplanktivorous fish, and
the zooplankton is dominated by large
Daphnia pulex and Diaptomus oregonensis.
Its phytoplankton is dominated by large
unicellular algae such as Micrasterias as well
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as colonial forms such as Sphaerocystis
schroeteri. Tuesday Lake has a fish fauna
which consists of three zooplanktivores:
mudminnows (Umbra limi), redbelly dace
(Chrosomus eos), and finescale dace (Chro-
somus neogaeus). Its zooplankton is dom-
inated by rotifers and small cladocerans and
copepods. Its phytoplankton is generally
smaller than that of Peter Lake and is dom-
inated by unicellular Chlorococcales.

Materials and methods

We did two experiments using the con-
trasting zooplankton communities of Peter
and Tuesday Lakes. In each experiment nine
120-liter polyethylene enclosures suspend-
ed from bicycle inner tubes were floated in
Tuesday Lake and filled with lake water fil-
tered through 75-um-mesh Nitex net, which
removed 82% of the ambient animals. The
remaining animals were small rotifers and
nauplii (49 animals liter—! in experiment 1
and 27 animals liter—! in experiment 2).
These were the only animals in the control
bags, to which no additional zooplankters
were added. Zooplankters from each lake
were collected and concentrated by vertical
hauls (80-um mesh). Some small rotifers
were not collected, but the mesh size was
chosen to maximize the nets’ efficiencies of
removing or concentrating zooplankton
without substantially altering phytoplank-
ton assemblages or zooplankton biomass.
The entire water column to a depth of 12
m was sampled in Peter Lake, but only epi-
limnetic (3 m) hauls were made in Tuesday
Lake. Zooplankters were acclimated over-
night to lake surface temperature. Dead or
injured animals (<10% of the total number
of cladocerans collected) were removed be-
fore the zooplankters were added to the bags.

Ambient zooplankton concentration in
Peter Lake was determined by sampling the
water column with a clear Van Dorn bottle
at 1.0-m intervals to a depth of 12 m. In
Tuesday Lake, the water column was sam-
pled at 0.5-m intervals to a depth of 3 m;
this marked the bottom of the thermocline
and zooplankters were absent below this
depth. Samples from each lake were filtered
through a 75-um-mesh Nitex net, pooled,
and enumerated. Zooplankton biomasses
were estimated by drying at 100°C for 96 h
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and weighing triplicate 250-ml samples of
zooplankters concentrated by tows and by
counting the number of individuals in a
fourth 25-ml sample for each lake. Concen-
trations were calculated as animals per liter
and dry weight biomass per liter.

In experiment 1 (31 July—4 August 1982)
zooplankton from Peter Lake was added to
three bags to give concentrations of 2.348
mg liter—! (5.2 times mean lakewide con-
centration). Tuesday Lake zooplankton was
added to another three bags to yield con-
centrations of 0.515 mg liter—! (3.9 times
mean epilimnion concentration). The high
zooplankton densities were used to elicit
strong, rapid responses from the phyto-
plankton while minimizing enclosure ef-
fects. The densities are similar to the con-
centrations of zooplankters aggregated in
patches in the lakes. Three bags did not re-
ceive zooplankton and served as controls.

This experimental design was repeated in
experiment 2 (9-13 September 1982). Zoo-
plankton additions from Peter Lake were
1.600 mg liter—! (4.8 times mean lakewide
concentration) and from Tuesday Lake were
0.299 mg liter~! (4.3 times mean epilim-
nion concentration). These biomasses were
<70% of those used in experiment 1.

Bags were stirred before sampling. A 500-
ml initial and final water sample and 300-
ml phytoplankton sample were collected
from each bag and from Tuesday Lake with
a clear Van Dorn bottle at 0.5-m depth.
Subsamples for phytoplankton counts were
preserved in Lugol’s solution. Triplicate
zooplankton samples totaling 9.6 liters were
pooled, filtered through 75-um-mesh Nitex
net, and preserved with Formalin. Zoo-
plankters were counted until the standard
error was <10% of the mean for each sam-
ple and measured under a dissecting micro-
scope.

The entire phytoplankton sample from
each bag was settled for 3 days, and the
concentrated sample was subsampled into
Sedgwick-Rafter cells. At least four prepa-
rations were examined for each bag. Phy-
toplankton was identified according to Pres-
cott (1962). The only phytoplankton taxa
collected in zooplankton tows (Micrasterias
sp., S. schroeteri) were excluded from fur-
ther analyses. Other algal taxa were counted
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under an inverted microscope until the
standard error was <10% of the mean for
each sample. Greatest axial linear dimen-
sion (GALD) and the shortest axis perpen-
dicular to it were also measured. Twenty
specimens of each alga were measured in
detail so that volumes and surface areas
could be estimated. Algal shapes were ap-
proximated by composite geometric models
(Pip and Robinson 1982). Surface areas and
volumes for colonial or filamentous algae
were determined for the entire algal unit,
and the number of cells per unit was re-
corded.

For each algal taxon in each treatment
(control, Peter, or Tuesday) in each exper-
iment, final density was compared to initial
density by Student’s z-test (2 df). To test for
grazing effects, we compared the mean final
concentration (counts from three replicate
bags) for each algal taxon from each zoo-
plankton treatment (Peter or Tuesday) in
each experiment to the final mean concen-
tration (counts from three replicate bags) of
that alga in the control treatment (z-test, 4
df). Taxa with significant responses to graz-
ing were classified as “increasers” or ‘“de-
creasers.” Discriminant function analysis
was used to determine whether algal mor-
phology and size-related characters could be
used to distinguish between increasing and
decreasing algal taxa under grazing by each
of the two zooplankton assemblages. Nine
algal characteristics were used as classifi-
cation variables. Five of these (cell wall,
projections, motility, gelatinous covering,
and armor) were recorded as present or ab-
sent for each taxon. The remaining four
(volume, surface area, GALD, and cells per
algal unit) were logarithmically trans-
formed.

Results

The zooplankton assemblages differed
substantially. The major species in Peter
Lake were D. pulex and D. oregonensis,
while Tuesday Lake was dominated by ro-
tifers and smaller cladocerans and copepods
(Table 1). Consequently, the zooplankton
size distributions in the two treatments dif-
fered markedly (Fig. 1). Tuesday Lake zoo-
plankters were substantially smaller, the
majority <0.5 mm long. The Peter Lake
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Table 1. Initial composition (animals per liter +
SE) of zooplankton added to bags by experiment and
lake source. Taxa are arranged by body length from
longest to shortest. Minor species each constitute <1%
of the sample.

%+ SE
Exp. 1 Exp. 2
Peter Lake
Daphnia pulex 68+6.0 28+3.5
Holopedium
gibberum - 4+0.5
Diaptomus
oregonensis 80+6.1 36+2.2
Eucyclops sp. 9+0.8 12+1.0
Asplanchna
priodonta 2+0.1 4+0.3"
Cyclops varicans
rubellus 9+0.7 16+0.9
Chydorus sp. 3+0.4 -
Copepodites 27+0.9 30+0.8
Nauplii 53+3.2 29+2.6
Keratella cochlearis 39+1.9 35+2.0
Minor species 6+0.9 8+1.1
Total 296 202
Tuesday Lake
Diaphanosoma
leuchtenbergianum - 6+0.6
Diaptomus sp. 11£0.8 7+0.9
Cyclops varicans
rubellus 22+2.0 19+1.5
Trichocerca
cylindrica 99+7.3 51+4.6
Bosmina longirostris 55+5.8 51+5.3
Trichocerca
multicrinis 23+1.8 26+2.1
Copepodites 44122 52+1.9
Polyarthra vulgaris 199+14.1 64+5.8
Nauplii 144+12.0 84+7.9
Keratella cochlearis 409+28.3 199+12.6
Minor crustaceans 22+2.4 13+£3.0
Minor rotifers 77+8.5 71+£6.9
Total 1,105 643

assemblage was dominated by much larger
zooplankton, with many D. pulex >2.0 mm
long. Although animal densities were much
lower in the Peter Lake bags (Table 1), the
zooplankton biomass was much greater. In
experiment 1 the biomass of the larger Peter
Lake zooplankton was 4.56 times that of
the smaller animals of Tuesday Lake. In
experiment 2 the biomass was 5.35 times
as great.

Each zooplankton assemblage changed
little between experiments. Although den-
sities were lower in experiment 2 than in
experiment 1 for both treatments (Fig. 1),

Bergquist et al.

EXP |

EXP 2

ANIMALS/LITER

TUESDAY

(0]
01 04 0.8

11* 014 0.4 0.8 1.1
BODY LENGTH (mm)

Fig. 1. Initial abundances (animals per liter) by size
class of zooplankton added to bags in experiments 1
and 2.

species composition remained similar (Ta-
ble 1). Daphnia pulex, the largest grazer in
Peter Lake, dropped in abundance from 23%
of the assemblage in experiment 1 to <14%
in experiment 2, and consequently, the size
distribution of Peter Lake zooplankton
shifted to slightly smaller classes (Fig. 1).
Rotifers comprised 73% of the animals in
the Tuesday Lake assemblage in experiment
1 and 64% in experiment 2. The Tuesday
Lake zooplankton showed increases in its
larger size classes in experiment 2.

Bag-to-bag variability within treatments
was small in both experiments. Coeflicients
of variation for algal units per milliliter in
sets of three replicate bags were 14.5-21.3%
in experiment 1 and 8.7-17.5% in experi-
ment 2. Consequently, standard errors were
small relative to the means (<12.3% in all
cases) and 65 of 126 tests for algal response
gave significant results (Table 2).

The contrasting zooplankton assemblages
in both experiments consistently caused op-
posite shifts in phytoplankton size distri-
bution (Fig. 2). Large phytoplankters (> 100
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Table 2. Phytoplankton responses by major algal
taxon arranged from shortest to longest average GALD.
Bags with Peter Lake zooplankton —P; bags with Tues-
day Lake zooplankton—T; bags without zooplank-
ton—C. D—Decreaser (P < 0.05); I—increaser (P <
0.05); N—no significant change; A —absent. Responses
in columns P and T are relative to control densities
and column C responses are relative to initial lake
density.

Exp. 1
P T C P

Exp. 2
T C

Chlorococcales (unicel-
lular, nonmotile)
Chlamydomonas
Cosmarium sp.
Scenedesmus
quadricauda
Euglena sp.
Tetraedron regulare
Cerasterias
staurastroides
FEuglena gracilis
Gleodinium sp.
Aphanocapsa sp.
(GALD < 60 pm)
Frustulia sp.
Staurastrum sp.
Microcystis incerta
Peridinium limbatum
Dinobryon spp.
(GALD < 70 pm)
Schroderia setigera
Tabellaria sp.
Aphanocapsa sp.
(GALD = 60 um)
Asterionella formosa
Closteriopsis
longissimus
(GALD < 110 pm)
Chrysosphaerella
longispina
Dinobryon spp.
(GALD = 70 um) 1
Synedra sp. A
Fragillaria crotonensis A
Zygonema sp. A
Closteriopsis
longissimus
(GALD = 110 pm) N
Mougeotia sp. A
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um), which included colonial and filamen-
tous as well as unicellular algae, responded
to grazing by Peter Lake zooplankton by
increasing in density, while smaller algae
(<20 um) were severely depressed in num-
bers. Small algae (<20 um) increased in
density in bags with Tuesday Lake zoo-
plankton, and densities of large algae (> 100
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EXP 1

150

100

50

ALGAL UNITS/m1

TUESDAY

100 .

50+ ]

0 56 86 120' 10 56 80 120"
GALD (um)

Fig. 2. Final phytoplankton concentrations by size
class for each experiment. Bar with arrows shows change
with time by size class in control bags. Arrows appear
only for significant (P < 0.05) changes and the orien-
tation reflects the direction of the change. Key: solid
bars—increase above control level, hatched bars—de-
crease below control level. Pooled SE +7.9 for exper-
iment 1 and £9.5 for experiment 2.

um) fell below control levels. Results were
similar in both experiments.

Comparisons of initial and final phyto-
plankton densities in control bags showed
that small size classes increased during the
experiment, while large size classes de-
creased (Fig. 2). These trends were magni-
fied in bags with Tuesday Lake zooplank-
ton, but reversed in bags with Peter Lake
zooplankton. In the latter bags, phytoplank-
ters with values of GALD <20 um declined
in density while phytoplankters with values
of GALD >100 um increased in density
during both experiments.

Comparisons of final phytoplankton den-
sities in control bags with ambient Tuesday
Lake conditions at the end of each experi-
ment gave some indication of enclosure ef-
fects on the organisms. Small algal taxa (<20
wum) were generally in higher concentrations
in control bags than in the lake at the end
of experiment 1, but similar at the end of



1042

experiment 2. Large algal taxa tended to be
reduced in number in both experiments in
the bags. Two algal taxa did not appear to
grow well in the bags under any circum-
stances: Euglena gracilis and Peridinium
limbatum.

Of'the 27 common algal taxa, 22 respond-
ed significantly to at least one of the zoo-
plankton treatments (Table 2). Three taxa
(Aphanocapsa sp., Closteriopsis longissi-
mus, and Dinobryon spp.) showed signifi-
cant size shifts during one or more experi-
ments. These taxa were divided into size
classes that responded differently to grazing,
and in subsequent analyses we treated these
size classes as distinct groups with respect
to response to grazing. No algal taxa in-
creased under grazing by either zooplankton
assemblage, but some, such as small Aph-
anocapsa sp. and P. limbatum, decreased
with both treatments. Chlamydomonas and
small unicellular chlorococcalean algae de-
creased in density with large grazers, but
increased in bags with small zooplankters.
Eight of the taxa showed no change in den-
sity when exposed to Tuesday Lake zoo-
plankton, but increased in density in bags
with Peter Lake grazers; all of these except
Cerasterias staurastroides had GALD val-
ues >60 um. Only five taxa showed no re-
sponse to either treatment.

In Tuesday Lake bags, 15 of the 16 sig-
nificant responses to grazing occurred when
there was either no significant change in the
control bags or grazers amplified the growth
response in control bags (i.e. the increase in
grazed bags was greater than the increase in
the control bags, or the decrease in grazed
bags was greater than the decrease in control
bags) (Table 2). However, in 12 of 26 cases
Peter Lake zooplankton reversed the growth
responses observed in controls. Final den-
sities after grazing by Peter Lake zooplank-
ton significantly exceeded initial densities
for large Aphanocapsa, Chrysosphaerella
longispina, large C. longissimus, large Di-
nobryon, and Mougeotia in all cases where
these phytoplankters were enhanced over
the controls. Significant declines in density
during experiments with Peter Lake zoo-
plankton were recorded for Chlamydomo-
nas, Chlorococcales, and Scenedesmus
quadricauda. Three taxa (Asterionella for-
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mosa, Tetraedron regulare, and Zygonema)
changed significantly relative to the controls
even though their densities did not change
significantly during grazing by Peter Lake
zooplankton, because controls showed sta-
tistically significant changes during the ex-
periment (Table 2).

We can draw no conclusions about graz-
ing of algal taxa that did not change signif-
icantly (N in Table 2). These taxa usually
were rare (<5 per ml) or showed high bag-
to-bag variability. Therefore we excluded
these taxa from discriminant analyses in-
tended to compare the effects of selected
morphological features on grazing response.

Standardized discriminant function coef-
ficients consistently weighed volume and
surface area more heavily than other char-
acteristics in determining responses of algae
to grazing (Table 3). The presence or ab-
sence of a cell wall was also of some im-
portance in responses of algae to Peter Lake
zooplankton. The variable armor was im-
portant for Peter Lake bags in experiment
1: most of the increasers had loricas or sim-
ilar covering, while only one of the decreas-
ers was so protected. Projections were im-
portant in the response to Tuesday Lake
zooplankton in experiment 1: three decreas-
ers but no increasers had this trait.

Each discriminant function was quite suc-
cessful in classifying algal taxa as increasers
or decreasers. In experiment 1, classifica-
tion was 100% correct. In experiment 2, cor-
rect classifications were obtained for 14 of
the 15 algae in bags with Peter Lake zoo-
plankton. The misclassified alga was C.
staurastroides, a small projection-bearing
phytoplankter. The discriminant function
for Tuesday Lake zooplankton in experi-
ment 2 successfully classified 5 of 6 algal
taxa. The only misclassified alga was S.
quadricauda, a small increaser with spines.

Algal community data are commonly
summarized by the GALD value (which is
easily measured), the ratio of surface area
to volume (S:V), or both. Although the
GALD value varies 3—4 orders of magni-
tude among phytoplankters, S:V usually
varies only about tenfold and is apparently
conserved (Lewis 1976; Reynolds 1984).
Because untransformed S:V (dimensions:
length—!) decreases with increasing cell size,
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Table 3. Characters used in the discriminant analyses and the values of their standardized discriminant
function coeflicients. Within a column, the highest coefficients (by absolute value) correspond to the variables
that were most influential in distinguishing between taxa that increased or decreased under grazing. Bags with
Peter Lake zooplankton—P; bags with Tuesday Lake zooplankton—T.

Exp. 1 Exp. 2
Character P T P T

Volume —3.340 26.195 4.245 1.094
Surface area 3.317 —18.752 —3.518 0
Cell wall —1.055 —4.726 0.788 0
Projections 0.670 15.090 0.237 0.251
GALD (greatest axial linear

dimension) —0.663 0 —-0.673 0
Motility —0.442 2.842 0.382 —0.358
Gelatinous sheath or mucilage 0.901 —2.129 —-0.211 0.061
Armor (plates or shell) 1.531 —0.219 -0.210 ‘ 0
Cells per algal unit 0 0 0.204 0

shape and size are confounded. Differences
in shape, which may be important in grazing
responses, can be investigated with Vogel’s
(1981) dimensionless S:V (square root of
surface area divided by cube root of vol-
ume).

We plotted dimensionless S:V against
GALD to assess the relationship to grazing
responses (Fig. 3). Shape was conserved in
these phytoplankton assemblages: dimen-
sionless S:V varied only twofold, GALD
more than tenfold. Effects of algal size and
shape on response to grazing were strikingly
different for the two zooplankton assem-
blages. In enclosures with Peter Lake zoo-
plankton, 13 of 14 decreasing taxa had
S:V <2.75 and GALD <60 um; the single
exception was Schroderia setigera. All of the
increasers except C. staurastroides had a
GALD value >60 pum. On the other hand,
in bags with Tuesday Lake zooplankton, in-
creasershad S: V <2.6 and GALD <25 um.
Euglena sp. was very close to this threshold,
but, like the larger E. gracilis, was a de-
creaser.

Discussion

Our experiments showed that phyto-
plankton taxa and size classes respond dif-
ferently to different zooplankton commu-
nities. Grazing by two zooplankton
assemblages that had very different size dis-
tributions consistently elicited opposite
shifts in phytoplankton size distribution
(Figs. 2, 3). Small taxa increased in density
when grazed by small zooplankton, but de-

creased in density when grazed by large zoo-
plankton. Conversely, large phytoplankters
became less abundant in the presence of
small zooplankters, but increased in density
in the presence of large zooplankters. These
shifts are consistent with observed differ-
ences in the summer phytoplankton of Peter
and Tuesday Lakes (Bergquist et al. unpubl.
data).

Possible explanations for the contrasting
size shifts of the phytoplankton are differ-
ences in grazing selectivity (Peters and

-
41 PETER o,
o [ ]
> a " -
A
ﬁ 21% EENLE. i
2 30 60 90 120 150 190
=
[72]
Z 41 TUESDAY P
E a
o 34 .
% a A
2 C’J a0 a
30 60 90 120 150
GALD (um)

Fig. 3. Dimensionless S:V (square root of surface
area divided by cube root of volume) vs. GALD (great-
est axial linear dimension) for algal taxa significantly
(P = 0.05) increasing or decreasing under experimen-
tal conditions. Key: A—exp. 1 decreaser; A—exp. 2 de-
creaser; [J—exp. 1 increaser, ll—exp. 2 increaser.
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Downing 1984) and nutrient recycling rate
(Peters 1983) between our experimental
zooplankton assemblages. Neither process
affects algae of different sizes equally. Models
of size-structured plankton communities
predict shifts to small algae at low biomass
of small grazers and shifts to larger algae as
grazer size or biomass increase (Carpenter
and Kitchell 1984), consistent with our ex-
perimental results. However, further exper-
iments are needed to distinguish the effects
of nutrient recycling and selective grazing
in natural plankton.

Algal size was the most reliable predictor
of algal responses in our experimental treat-
ments of differing zooplankton assemblages
(Table 3, Fig. 3). The misclassified algal taxa
can be explained by other morphological
characteristics. Cerasterias staurastroides,
despite its small size, was an increaser in
bags with Peter Lake zooplankton; its te-
tragonal shape composed of four projec-
tions suggests that the alga was difficult for
grazers to handle. Large algae are often at-
tenuate in shape to preserve a favorable ra-
tio of surface area to volume (Reynolds
1984); these algae, with large GALD values
but relatively small volume, increased in
abundance in the presence of Peter Lake
zooplankton. The major algal increasers in
Porter’s (1973, 1976) experiments were ge-
latinous green algae, many of which were
colonial. No increasing algae met this de-
scription in our experiments, although col-
onies of Aphanocapsa (a cyanophyte) >60
um in GALD increased in number.

The erroneous classification of S. quad-
ricauda indicates that the effectiveness of
spines as a grazing deterrent depends on the
relative size of the grazer and alga. Scene-
desmus quadricauda (GALD < 25 um) con-
sistently decreased in the presence of large
zooplankton, but increased in the presence
of small zooplankton in experiment 2. The
discriminant function for small zooplank-
ton in experiment 2 misclassified S. quad-
ricauda because two Euglena species, sim-
ilar in size to S. quadricauda but without
spines, decreased. Apparently spines pre-
vented grazing by the small zooplankton but
not by the large zooplankton. Gifford et al.
(1981) showed that a spinose form of a small
diatom (<25 um) was similarly grazed pref-

Bergquist et al.

erentially by a large marine calanoid cope-
pod.

Our study shows that particle size distri-
butions are closely coupled to grazing dy-
namics in plankton communities. In a sta-
tistical sense, size explained much of the
variance in algal community response to
grazing. This observation is consistent with
theoretical results showing dependence of
phytoplankton size distributions on both
biomass and size distribution of zooplank-
ton (Carpenter and Kitchell 1984). Models
of size-dependent energy flow that neglect
nutrient recycling by herbivores (Sheldon et
al. 1977, Silvert and Platt 1980) may not
be adequate for predicting consequences of
limnetic alga-grazer interactions for size
structure.

Our results have practical consequences
for lake management techniques that ma-
nipulate food webs to decrease algal density
(Shapiro 1980). In our study, large grazers
promoted the growth of large algae. This is
similar to the effect of D. pulex on colonial
Aphanizomenon flos-aquae in eutrophic
lakes (Lynch 1980) and may involve nu-
trient transfer through zooplankton from
small to large algae. Such size shifts can alter
Secchi disk transparency (Edmondson 1980)
and productivity (Carpenter and Kitchell
1984). Consequences of food web manip-
ulations may best be understood in terms
of size structure shifts; certainly such ex-
periments are a useful context in which to
test ideas about the dynamics of size struc-
ture in plankton.
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