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INTERACTIVE EFFECTS OF PREDATION AND DISPERSAL
ON ZOOPLANKTON COMMUNITIES
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Abstract. Communities of coexisting organisms are formed by both dispersal among
habitat patches in a region and local interactions within patches. The supply of colonists
from the regional pool has the potential to alter the outcome of local interactions by
providing species that fill different ecological roles. I examined the consequences of invasion
by fish (juvenile Lepomis macrochirus) and insect (Notonecta undulata) predators on ex-
perimental plankton communities that were either connected to or isolated from the regional
pool of zooplankton species. The effects of predators on zooplankton composition and
diversity depended on dispersal by members of the regional zooplankton species pool. Fish
and notonectids reduced the abundance of large zooplankton and thereby facilitated invasion
by new species from the surrounding region. Both predators reduced zooplankton species
richness in the absence of dispersal, while fish had positive effects and notonectids had no
effects with rapid dispersal. Fish facilitated invasion by more species than they excluded,
while similar numbers of species invaded with notonectids as were driven extinct. The
effects of predators on planktonic trophic structure (zooplankton size structure and biomass,
phytoplankton biomass) were independent of the level of dispersal. Both predators reduced
zooplankton mean body size, but only fish enhanced phytoplankton density. Invasion by
members of the regional species pool slightly increased zooplankton mean body size and
reduced phytoplankton biomass; however, the effects were small and independent of the
predator treatment. Predator-facilitated invasion of new species altered the effects of pred-
ators on zooplankton species composition and diversity, but not on plankton trophic struc-
ture. The results suggest that spatial heterogeneity in predator abundance promotes regional
coexistence among zooplankton. Connection to a diverse regional species pool via dispersal
may therefore be important for determining the impact of local interactions such as predation
on communities.

Key words: ecosystem function; immigration; local and regional processes; phytoplankton; plank-
tivory; species diversity; species invasions; trophic cascades; zooplankton.

INTRODUCTION

The influence of top predators on species abundance,
diversity, and biomass at lower trophic levels can vary
across spatial scales. Within relatively small, homo-
geneous areas (hereafter called local sites or patches),
predators often reduce the abundance of their prey,
sometimes to the point of exclusion, and may thereby
indirectly facilitate other species (Brooks and Dodson
1965, Paine 1966, Lubchenco 1978, Zaret 1980, Sih et
al. 1985, Kerfoot and Sih 1987, Carpenter and Kitchell
1993, Carson and Root 2000). Indirect facilitation can
take place through release from either competitors (i.e.,
keystone predation) or intermediate predators (i.e., tro-
phic cascades). Predators may either reduce or enhance
local diversity at lower trophic levels, depending on
whether more species are excluded or facilitated (Paine
and Vadas 1969, Hunter and Price 1992, Pacala and
Crawley 1992, Schoener and Spiller 1996, Gough and

Manuscript received 21 September 2000; revised 15 January
2001; accepted 23 January 2001.

1 Present address: National Center for Ecological Analysis
and Synthesis, University of California, 735 State Street,
Suite 300, Santa Barbara, California 93101 USA.
E-mail: shurin@nceas.ucsb.edu

Grace 1998, Proulx and Mazumder 1998). Community-
level effects may or may not be manifested in terms
of trophic structure (biomass of lower trophic levels),
depending on how the impact of the predator on a spe-
cies is related to its contribution to community pro-
ductivity or biomass. If the species that are most sus-
ceptible to predation are also highly productive, then
predators may have strong cascading effects on trophic
structure (Brooks and Dodson 1965, Carpenter and
Kitchell 1993, Brett and Goldman 1997). Alternatively,
if species that are indirectly facilitated compensate for
the production that is lost to predators, then the predator
may cause shifts in species composition but have no
effect on biomass at lower trophic levels (Crawley
1989, Strong 1992, Polis and Strong 1996, Persson
1999).

Because of their potential for strong local effects,
spatial variability in the abundance of predators can
have major impacts on community structure at the re-
gional scale. Models of food webs typically assume
that the top trophic level is limited primarily by its
resources (Hairston et al. 1960, Oksanen et al. 1981,
Holt et al. 1994, Leibold 1996). However, predators
may also be excluded from local habitats by distur-
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bance history or stochastic extinction (Tonn and Mag-
nuson 1982, Schoener 1989, Holt 1993, 1997, Werner
and McPeek 1994, Schneider and Frost 1996, McPeek
1998). The presence of habitats with heterogeneous
predator communities can promote regional coexis-
tence among species at lower trophic levels that cannot
coexist locally (Shurin 2000b). For instance, species
of amphibians, insects, and zooplankton often segre-
gate between ponds with and without fish or salamander
predators as a result of chains of indirect interactions
(Dodson 1970, 1974, Sprules 1972, Giguère 1979, Ar-
nott and Vanni 1993, Werner and McPeek 1994, Well-
born et al. 1996, McPeek 1998, Zimmer et al. 2000).
These patterns suggest that the effect of a predator on
a particular local community may depend on the iden-
tities of species in the regional pool, and the rate at
which they arrive via dispersal (Spencer and Warren
1996, Warren 1996, Shurin 2000b). The present study
is an experimental test of the role of dispersal from the
regional zooplankton species pool in determining the
impact of predators on planktonic community com-
position and trophic structure. I examined the effects
of planktivorous fish and insects on zooplankton com-
munities that were either isolated from or open to dis-
persal by a large number of species from the surround-
ing region.

This experiment was designed to test two hypothe-
ses. The first was that the effects of planktivory on
local zooplankton species composition and diversity
depend on dispersal by species from a diverse regional
pool. Size-selective predators have been shown to fa-
cilitate small-bodied zooplankton through suppression
of competitors or intermediate predators (Brooks and
Dodson 1965, Dodson 1970, 1974, Hall et al. 1976,
Morin 1987, Vanni 1988, Carpenter and Kitchell 1993).
If predators promote invasion by small zooplankton
through interactions involving either competitors or in-
termediate predators, then we expect to find interactive
effects of dispersal and predation on zooplankton spe-
cies composition. That is, the first hypothesis predicts
that some species will be more abundant in the presence
of predators and dispersal, but not in either treatment
alone. The net effect of predators on local zooplankton
diversity depends on whether more species are exclud-
ed or facilitated. In the absence of dispersal, predators
may reduce local prey diversity by driving some spe-
cies extinct (Sih et al. 1985, Schoener and Spiller 1996,
Spiller and Schoener 1998). However, predator-facili-
tated invasion by members of the regional pool may
compensate for or reverse the loss of species due to
predation. The relationships between competitive abil-
ity, susceptibility to predation, and rate of dispersal
among members of the regional species pool determine
the net impact of predators on local diversity (Shurin
2000b). This experiment asked how the effects of pred-
ators on local prey diversity depend on connection of
the prey community to the regional species pool.

The second hypothesis was that the effects of pred-

ators on trophic structure (zooplankton size structure
and biomass, phytoplankton biomass) would be weak-
ened by invasion of new species from the region. Size-
selective predation, especially by fish, has been shown
to enhance phytoplankton biomass, and have idiosyn-
cratic effects on zooplankton community biomass in a
wide variety of lakes (Brooks and Dodson 1965, Car-
penter and Kitchell 1993, Mittelbach et al. 1995, Brett
and Goldman 1997). In addition, zooplankton mean
body size is often negatively related to increases in
planktivory, and positively associated with grazing
pressure on phytoplankton (Pace 1984, Soranno et al.
1993). Despite the generality of these patterns, the re-
sponse of lakes to manipulations of top predators is
often quite variable (Leibold et al. 1997, Elser et al.
1998, Persson 1999). One potential explanation for this
variability is that the effects of predators depend on
colonization by new species from the surrounding re-
gion (Leibold et al. 1997, Chase et al. 2000). For in-
stance, introduction of a predator into a novel com-
munity can potentially have very large effects on the
local biota (Fritts and Rodda 1998). This is especially
likely to be the case if the traits that favor coexistence
with predators are negatively correlated with traits that
are ecologically important in their absence. However,
if colonization by new species balances predator-in-
duced extinction, the effect of the predator on trophic
structure may be weakened by species turnover within
the prey community. In this case, changes in species
composition may play an important role in determining
the impact of predator introductions on trophic struc-
ture (Leibold et al. 1997, Chase et al. 2000).

I tested these hypotheses by examining the effects
of planktivorous fish and insects on experimental zoo-
plankton communities under two contrasting situations.
Predator-free plankton communities were established
in large outdoor enclosures (plastic cattle watering
tanks) by inoculating the tanks with zooplankton and
phytoplankton collected from four fishless ponds. In
this baseline assemblage, I imposed two cross-factored
predation regimes: the presence or absence of juvenile
bluegill sunfish (Lepomis macrochirus) and plankti-
vorous insects (Notonecta undulata). Bluegills and no-
tonectids are regionally abundant and frequently co-
exist in ponds and the littoral zones of lakes in North
America, although notonectids are sometimes sup-
pressed by fish (Bendell 1986, Bennett and Streams
1986). Both predators selectively consume large zoo-
plankton and can have major impacts on planktonic
community structure (Murdoch et al. 1984, Mittelbach
et al. 1995, Arner et al. 1998). The predator treatments
were crossed with two levels of dispersal (high or none)
by a large number of zooplankton species from the
surrounding region (a 2 3 2 3 2 factorial design). In
the no-dispersal treatment, no new zooplankton were
added. In the high-dispersal treatment, diverse mixtures
of species from many lakes and ponds in the area
(southwestern Michigan) were repeatedly introduced at
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low densities throughout the experiment. The no-dis-
persal treatment represented isolated communities with
little or no dispersal from the regional zooplankton
species pool, whereas the high-dispersal treatment sim-
ulated rapid immigration by new species.

METHODS

The experiment was performed during the summer
of 1999 at the W. K. Kellogg Biological Station (here-
after KBS) Pond Lab facility in Kalamazoo County,
Michigan, USA. Experimental mesocosms were cylin-
drical, plastic, cattle watering tanks, 1.6 m in diameter
by 1 m deep. The tanks were filled to a depth of 0.5
m (volume 1000 L) with well water on 28 April and
fertilized with NaNO3 (10.4 g) and NaH2PO4 (0.33 g).
These nutrient levels were the mean found in a survey
of 29 natural ponds around KBS (J. M. Chase and A.
L. Downing, unpublished data). A layer of sand was
provided for substrate. The tanks were covered at all
times with 1-mm mesh fiberglass screening to prevent
oviposition by insects. The tanks were inoculated on 1
May with zooplankton and phytoplankton collected
from four fishless experimental ponds at the KBS pond
lab. Nutrients (2.46 g NaNO3 and 0.12 g NaH2PO4)
were added weekly until 18 July, and biweekly there-
after, to maintain roughly constant levels of productiv-
ity. There were four replicate tanks per treatment.

Twenty-two adult Notonecta undulata were added to
each tank in the notonectid treatment on 25 June. This
density was the mean found in a survey of natural ponds
(J. M. Chase and A. L. Downing, unpublished data).
A mean of 21.6 animals (1 SD 5 4.4) were recovered
from the notonectid treatment at the end of the exper-
iment (29 September), indicating very little change in
density. Three juvenile bluegill sunfish (Lepomis ma-
crochirus, mean standard length 5 51.1 mm, 1 SD 5
5.0 mm) were added to the fish treatment on 9 July.
This density (1.5 fish/m2) is slightly below the 1.6 fish/
m2 reported by Mittelbach (1988) for juvenile bluegill
in the littoral zone of nearby Lawrence Lake. All of
the fish were recovered alive at the end of the exper-
iment and had grown by a mean of 9.6 mm (1 SD 5
5.6). The growth rate of fish (0.12 mm/d) was greater
than the maximum growth rate of 0.1 mm/d reported
by Osenberg et al. (1988) for wild Michigan bluegills
in the 45–50 mm size class. These results suggest that
both predators were stocked at densities comparable to
or below natural levels. No notonectids were present
in the notonectid 1 fish treatment at the end of the
experiment although they persisted through early Sep-
tember. The fish ate juvenile, but not adult, N. undulata,
so that there was recruitment by notonectids only in
the absence of fish (J. B. Shurin, personal observation).

Zooplankton for the high-dispersal treatment were
collected from 7 to 10 (mean 5 8.2) lakes and ponds
around KBS on five days during the experiment. The
live zooplankton were gently mixed together in a car-
boy and distributed into inocula that were added to the

high-dispersal tanks. Heat-killed inocula were added to
the no-dispersal treatment to control for the addition
of nutrients and water. Inocula were added to the tanks
within 4 h of collection to minimize stress to the an-
imals. Zooplankton were introduced on the day after
sampling so that the individuals added would not ap-
pear in the samples. A mean of 43.6 species (11.6 cla-
docerans, 4.2 copepods, and 27.8 rotifers, not counting
nauplii and unidentifiable cyclopoid copepodid stages,
Appendix A) were introduced on each date with a mean
of 152.2 individuals per species. Animals were added
to the high-dispersal treatment in low densities; not
counting nauplii or cyclopoid copepodids, the mean
density of species introduced in the inoculum was 0.15/
L (median 5 0.02/L), while the mean total density of
new animals was 6.4/L (range: 2.4–13.5/L, Appendix
A). The mean total density of zooplankton found in the
tanks during the experiment was 279.0 animals/L; thus,
the addition of the inoculum did not greatly elevate
zooplankton density. The mean volume of the zoo-
plankton samples was 4.1 L. Samples were collected
between 14 and 21 d after the inoculum was added
(mean 5 18.6 d). This interval is longer than the gen-
eration time of most of the organisms (2–10 d for most
cladocerans and rotifers, although longer for some co-
pepods; Lynch 1980, Stemberger and Gilbert 1985).
Since animals were introduced at low densities that
were below detection and the tanks were sampled 14–
21 d later, is unlikely that the new species found in the
high-dispersal treatment represented sink populations
(sensu Pulliam 1988) being sustained by immigration.

Because little is known about zooplankton dispersal
rates, it is difficult to compare the magnitude of im-
migration in the high-dispersal treatment with natural
levels. Experimental evidence (Shurin 2000a) suggests
rapid dispersal by many species as 11 natural fishless
pond communities resisted invasion by most members
of the regional species pool. Jenkins and Buikema
(1998) found that 57 crustacean and rotifer species col-
onized 12 newly constructed ponds in one year. It is
likely that natural ponds vary considerably in their de-
gree of connection to the regional species pool. Be-
cause the number of colonists received by real ponds
is unknown, I did not try to mimic natural levels of
dispersal. Rather, the goal of the dispersal treatment
was to bracket the range of potential variation (none
vs. high).

Depth-integrated zooplankton and phytoplankton
samples were collected six times over 100 d, including
once before the treatments were established, with 20
(;5.08 cm) diameter PVC tube samplers. A different
sampler was used for each tank to prevent cross con-
tamination. Water for chlorophyll a analysis was col-
lected from the center of the tank, filtered through
Whatman GF filters, extracted in ethanol, and analyzed
by fluorimetry (Welschmeyer 1994). Replicate zoo-
plankton samples were taken from seven locations in
the tanks, filtered through a 44-mm Nitex mesh, and
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combined into a single sample for analysis. A mean of
4.1 L of water from each tank was filtered for zoo-
plankton samples (1 SD 5 0.56 L). Zooplankton sam-
ples were fixed at the time of collection with Lugol’s
iodine solution. Macrozooplankton (cladocerans and
adult copepods) were counted by species at 30 3 mag-
nification under a dissecting microscope. Each sample
was examined in its entirety and species with ,500
individuals per sample were counted. Subsamples were
taken with a wide-bore pipette for counting individuals
of species with .500 individuals per sample. Rotifers
and copepod nauplii were counted under a compound
microscope at 40–1003 Mean biomass density for each
species was estimated by measuring 25–50 haphazardly
chosen individuals and applying length–mass regres-
sions for crustaceans and length–volume relations for
rotifers (McCauley 1984).

Data analysis

The effects of the three treatments and their inter-
actions on zooplankton species composition were test-
ed by redundancy analysis (RDA). RDA is a relatively
new and powerful approach to the analysis of multi-
variate response data in factorial experiments (Legen-
dre and Anderson 1999). RDA is a form of direct gra-
dient analysis that assumes linear relationships between
the experimental treatments and the species (Jongman
et al. 1995, Legendre and Legendre 1998). Legendre
and Anderson (1999) describe the use of RDA for an-
alyzing multispecies responses in experiments, the cal-
culation of test statistics and probability levels. RDA
is computationally similar to MANOVA with two im-
portant differences. First, RDA uses a Monte Carlo
permutation procedure to calculate F statistics and is
therefore free from distributional assumptions. Second,
MANOVA is limited to situations where the number
of dependent variables is smaller than the number of
replicates, whereas RDA is not (Legendre and Ander-
son 1999:9). RDA allows for assessment of the amount
of total variation in species densities among replicates
that can be explained by each treatment and interaction
(Jongman et al. 1995, Legendre and Legendre 1998).
Ordination diagrams based on RDA can also be used
to interpret the relationship between species and ex-
perimental treatments (i.e., whether a species is more
or less abundant in a given experimental treatment).

The algebra of RDA was performed as follows. First,
the density of each taxa was averaged over the last four
sampling dates for each replicate. The time-averaged
density of each species in the 32 tanks was square-root
transformed to reduce the influence of extreme obser-
vations and then regressed on a 7 3 32 matrix of dum-
my variables representing the three treatments plus four
interactions. Separate multiple regressions were per-
formed for each of the 44 taxa found in the experiment
(11 cladocerans, 5 copepods, and 26 rotifers, plus nau-
plii and unidentifiable cyclopoid copepodids). An 8 3
44 matrix of fitted values for each species in each treat-

ment combination was constructed based on individual
multiple regressions. This matrix of predicted densities
was then subjected to principal components analysis
(PCA) to reduce its dimensionality. The significance
of each treatment and interaction was determined by
sequentially entering a dummy variable representing
the treatment into the matrix of predictor variables by
forward selection and repeating the above procedure.
On each step, the samples were permuted 999 times
and the observed F statistic compared with the rank
distribution from the Monte Carlo simulations. RDA
was performed using the CANOCO v. 4.02 computer
package (ter Braak and Smilauer 1999). Finally, uni-
variate analyses (three-way full factorial ANOVAs on
species densities averaged over the last four sampling
dates) were performed for the 22 species that responded
most strongly to the treatments, as indicated by the
RDA. Species densities were ln(x 1 1) transformed to
normalize variance and a Bonferroni adjusted signifi-
cance level of 0.0023 (0.05/22) was used. RDA mea-
sures the effects of the treatments on overall zooplank-
ton community composition, while the univariate tests
indicate the significance of the response by individual
species.

The effects of the treatments and their interactions
on zooplankton species richness, mean body size, total
community biomass, and phytoplankton biomass (chlo-
rophyll a concentration) were tested by a full factorial
repeated measures ANOVA based on the five post-
treatment sampling dates. Deviations from normality
were tested by a Liliefore’s test and dependent variables
that were non-normal were loge transformed. I tested
the a priori hypothesis that predators would reduce zoo-
plankton richness in the no-dispersal treatment, and
that the effects would be weakened or reversed in the
high-dispersal treatment (i.e., there would be signifi-
cant predator-by-dispersal interactions). Predators were
also predicted to reduce zooplankton mean body size
and enhance phytoplankton biomass, and these effects
were expected to be greater in the no-dispersal than in
the high-dispersal treatment. These hypotheses predict
significant interactive effects of the predator and dis-
persal treatments on zooplankton richness, mean size,
and phytoplankton biomass. Effects of the treatments
on zooplankton community biomass were also tested,
however other studies have found complex and often
counterintuitive effects of predators on zooplankton
biomass (e.g., Soranno et al. 1993). In addition, zoo-
plankton size structure, but not biomass, has been
found to influence the relationship between chlorophyll
and phosphorous and may therefore be a better indi-
cation of grazing (Pace 1984). Two-tailed tests of sig-
nificance were therefore used for the main effects of
predators and their interactions with dispersal for zoo-
plankton biomass, whereas one-tailed tests were used
for mean body size and phytoplankton biomass.
Planned orthogonal contrasts, based on the values for
each dependent variable averaged over the last four
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FIG. 1. Canonical ordination (redundancy analysis) of
species abundances with respect to the treatments. The re-
sponse variables are the mean densities (square-root trans-
formed) of all 44 taxa found in the experiment in each rep-
licate on the last four sampling dates. Only dispersal, fish,
and their interaction contributed significantly to the fit of the
model by a forward selection criterion based on 999 Monte
Carlo simulations (Table 1). Only the 22 species that were
most correlated with the treatment axes are shown. Species
codes are shown in Table 2. Font sizes of the species symbols
are proportional to mean dry body mass, as shown in the
lower right. The first canonical axis (RDA axis 1) explains
75.6% of the species–treatment relationship, and the second
axis (RDA axis 2) explains 10.8%.

TABLE 1. Redundancy analysis of the abundance ([animals/
L]1/2) of the 44 zooplankton taxa found, averaged over the
last four sampling dates.

Variable l F P

Fish
Notonectids (Noto)
Dispersal (Disp)
Fish 3 Noto
Fish 3 Disp
Noto 3 Disp
Fish 3 Noto 3 Disp

0.10
0.01
0.11
0.01
0.07
0.02
0.01

3.60
0.30
3.59
0.40
2.72
0.46
0.69

0.02
0.85
0.02
0.72
0.04
0.73
0.52

Notes: The eigenvalue for each treatment or interaction, l,
indicates the portion of the total variance in the species data
explained by each treatment. F statistics are from a forward
selection criterion, and P values are based on 999 Monte Carlo
simulations. Statistical significance (P , 0.05) is indicated
by bold type.

sampling dates, were used to test the effects of pred-
ators under each of the two dispersal regimes.

RESULTS

Fish and dispersal had both independent and inter-
active effects on zooplankton species composition. A
redundancy analysis (Fig. 1) found that variation in
species abundance among replicates was associated
with the fish and dispersal treatments, as well as their
interaction (Table 1). These three axes accounted for
28.0% of the total variation in species composition,
and 85.5% of the explained variation (that accounted
for by all three treatments and four interactions). Spe-
cies composition was not significantly related to the
notonectid treatment, or to any interaction terms as-
sociated with it. Fig. 1 shows the relationships between
species and the treatment axes and Fig. 2 shows the
mean densities of the 22 species that had the highest
correlations with the treatments in the RDA.

To determine a species’ response to an experimental
treatment, project the position of the species in the
ordination space perpendicular to the treatment axis.
The solid lines in Fig. 1 show the treatment axes in
the positive space while the dashed lines show the neg-
ative space. The direction of the arrow indicates in-

creasing positive values along the treatment axis. Spe-
cies that have positive positions on a treatment axis
were more abundant in the presence of the experimental
factor, while species with negative positions were less
abundant. For instance, to determine the response of
Bosmina (C1) to the fish treatment, draw a line from
Bosmina’s position at a right angle to the fish axis.
Bosmina falls on the positive portion of the fish axis,
therefore this species was more abundant with fish than
without. The lengths of the treatment axes indicate the
strength of the relationship between the independent
variable and the species data. Species that are farther
from the origin responded more strongly to the treat-
ment than those closer to the origin. For instance, Ma-
crothrix laticornis (B4) has a larger positive position
on the dispersal axis than Monostyla bulla (B5), there-
fore M. laticornis was more strongly affected by the
dispersal treatment than M. bulla. The angles between
the treatment axes and the ordination axes (RDA 1 and
2) indicate the correlations between the treatments and
the ordination axes. That is, the fish treatment is pos-
itively correlated with both RDA 1 and 2, while the
dispersal treatment and fish-by-dispersal interaction are
negatively correlated with RDA 1 and positively cor-
related with RDA 2.

The species can be considered in three groups based
on their response to the treatments. The species in the
lower left of Fig. 1 (labeled ‘‘A’’) are large (except
Lepadella patella, A5, Table 2) and were less abundant
in the presence of fish (i.e., their positions on the fish
axis are negative). These effects are reflected by sig-
nificant (Simocephalus serrulatus, A6) or nearly sig-
nificant (Daphnia pulex [A3] and Ceriodaphnia retic-
ulata [A2]) responses to fish in the univariate ANOVAs
(Fig. 2). These species generally fall close to the origin
on the dispersal axis (Fig. 1), indicating that they were
relatively unaffected by the dispersal treatment (Fig.
2). Species in the upper left in Fig. 1 (labeled ‘‘B’’)
are positively associated with the dispersal and fish-
by-dispersal interaction axes. These species are pri-
marily rotifers and small cladocerans (Table 2) that
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FIG. 2. Effects of the treatments on the 22 species that were most strongly correlated with the treatment axes in the RDA.
Densities are means of the last four sampling dates (1 1 SE). The x-axis treatment labels are control (C), fish (F), notonectid
(N) and fish 1 notonectid (NF). White bars indicate the no-dispersal treatment, and black bars the high-dispersal treatment.
Significant treatment effects (f 5 fish, n 5 notonectid, d 5 dispersal) and interactions, based on three-way ANOVAs, are
shown on the panels. Significant effects at the Bonferroni adjusted level of 0.0023 are in bold. *P , 0.05; **P , 0.01; ***P
, 0.001.

invaded the high-dispersal treatment. Their positive po-
sitions on the fish-by-dispersal axis indicate that their
densities were greatest in the high-dispersal treatment
in the presence of fish. Of these, only Macrothrix la-
ticornus (B4) and Monostyla quadridentatus (B9) were
significantly affected by the dispersal treatment in the
univariate ANOVA (Fig. 2). Species on the right half
of Fig. 1 (labeled ‘‘C’’) were most abundant with fish
and either unrelated (Bosmina longirostris [C1] and
Scapholeberis mucronata [C2]) or negatively related
(Keratella cochlearis [C3] and Alona spp. [C4]) to the
dispersal treatment (Fig. 2). Although the fish-by-dis-
persal interaction term contributed significantly to the
fit of the RDA model, this term was not significant in
any of the univariate ANOVAs at the Bonferroni cor-
rected critical level of P , 0.0023 (Fig. 2).

The impact of predators on zooplankton species rich-
ness depended on the dispersal treatment (i.e., both
predator-by-dispersal interaction terms were significant
in the repeated measures ANOVA, Fig. 3A and B, Table
3). In the no-dispersal treatment, zooplankton richness
declined in the presence of both predators, although
the overall effect of fish was not significant (Fig. 3A
and B, planned orthogonal contrasts for the means of
the last four sampling dates; fish F1,24 5 2.692, one-
tailed P 5 0.057; and notonectids F1,24 5 5.364, P 5
0.015). In the high-dispersal treatment, zooplankton
richness was greater in the presence of fish but not
notonectids (Fig. 3B; fish F1,24 5 6.056, P 5 0.011;
and notonectids F1,24 5 0.189, P 5 0.334). Overall,
predators had negative effects on zooplankton diversity
in the absence of dispersal (the contrast between the
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TABLE 2. Codes for the species labels in Fig. 1.

Code Species

A1
A2
A3
A4
A5
A6

Acanthacyclops vernalis
Ceriodaphnia reticulata
Daphnia pulex
Eucyclops agilis
Lepadella patella
Simocephalus serrulatus

Bl
B2
B3
B4
B5

Asplanchna sp.
Lecane leontina
Lecane luna
Macrothrix laticornis
Monostyla bulla

B6
B7
B8
B9
B10
B11
B12

Monostyla closterocerca
Monostyla cornuta
Monostyla lunaris
Monostyla quadridentatus
Plaryias patulus
Polyarthra vulgaris
Skistodiaptomus oregonensis

C1
C2
C3
C4

Bosmina longirostris
Scapholebris mucronata
Keratella cochlearis
Alona spp.

control and tanks with predators in the no-dispersal
treatment, F1,24 5 8.075, P 5 0.005), and positive ef-
fects in the high-dispersal treatment (F1,24 5 3.279, P
5 0.042). The results were qualitatively the same when
an index of diversity (Fisher’s alpha) was used instead
of species richness, although the notonectid-by-dis-
persal interaction was not significant (F1,24 5 0.345, P
5 0.562).

Predators had cascading effects on lower trophic lev-
els that were independent of the dispersal treatment.
Fish and notonectids reduced the mean body size of
the zooplankton community (Fig. 3C and D, Table 4),
although fish had a larger effect (Fig. 3D). The effect
of notonectids on zooplankton body size was reduced
in the presence of fish (i.e., there was a significant fish-
by-notonectid interaction term in the repeated measures
ANOVA, Table 4). Notonectids, but not fish, had a
significant effect on zooplankton community biomass,
however, the notonectids effect was only apparent in
the no-dispersal treatment (Fig. 3E and F, Table 5). That
is, zooplankton biomass was lower with notonectids in
the no-dispersal treatment (F1,24 5 11.424, P 5 0.002),
but not with high dispersal (F1,24 5 0.029, P 5 0.866).
This effect is reflected by the nearly significant noto-
nectid-by-dispersal interaction term in the repeated
measures ANOVA (Table 5). There were nearly sig-
nificant positive main effects of dispersal on mean zoo-
plankton body size (Fig. 3D, Table 4) and negative
effects on zooplankton biomass (Fig. 3F, Table 5). Fish,
but not notonectids, enhanced phytoplankton biomass
(Fig. 3G and H, Table 6). There was a nearly significant
(Fig. 3G and H, Table 6) negative main effect of the
dispersal treatment on phytoplankton biomass. The ef-
fects of the predators on plankton trophic structure
(zooplankton body size, biomass, and phytoplankton

biomass) were not influenced by the dispersal treatment
(P . 0.05 for all interactions between the dispersal and
predator treatments, Tables 4–6).

DISCUSSION

This experiment suggests that local and regional pro-
cesses interact to produce patterns of species compo-
sition and diversity in freshwater pond ecosystems. At
the regional level, disturbances such as winter kill
events or drying, coupled with colonization limitation,
generate a mosaic of ponds with and without predators
such as fishes or salamanders (Tonn and Magnuson
1982, Werner and McPeek 1994, Mittelbach et al. 1995,
Schneider and Frost 1996, Wellborn et al. 1996,
McPeek 1998). The presence of ponds with heteroge-
neous predator communities may create spatial refugia
that promote regional coexistence by species that can-
not coexist locally (Shurin 2000b). Connection to this
diverse regional species pool may therefore be impor-
tant for determining the impact of predation on local
communities (Spencer and Warren 1996, Warren 1996).
The results of the present experiment supported this
contention. Predation and dispersal had interactive ef-
fects on the composition of local zooplankton com-
munities (Table 1). A number of species were more
abundant in the presence of fish and dispersal than
predicted by an additive expectation based on the two
treatments alone. Predators extirpated a number of
large-bodied species, and thereby weakened the resis-
tance of the zooplankton community to invasion by
small species (Figs. 1 and 2). These results suggest that
small zooplankton coexist regionally with larger spe-
cies because of their ability to coexist locally with size-
selective predators such as fish.

The effects of predators on local zooplankton di-
versity depended on dispersal by members of the re-
gional pool. Both fish and notonectids reduced zoo-
plankton species richness by precipitating extinctions
when introduced into assemblages that were isolated
from the regional species pool. In communities that
were open to dispersal by a diverse group of species,
fish promoted colonization by more species than were
excluded, resulting in a net increase in local diversity
(Fig. 3B). Invasion by members of the regional pool
compensated for the loss of species due to notonectids,
resulting in no effect on diversity in the high-dispersal
treatment. Although some species invaded the high-
dispersal tanks in the absence of predators (e.g., Ma-
crothrix laticornis, Fig. 2), the dispersal treatment had
no effect on zooplankton richness in the control (Fig.
3B). These results support predictions of a metapo-
pulation model of predator-mediated coexistence
among competitors (Shurin 2000b). The model predicts
that the effects of predators on local diversity depend
on the relationships among dispersal rates, competitive
abilities, and susceptibility to predator-induced extinc-
tion among members of the regional species pool. Pred-
ators tend to reduce local diversity when species that
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FIG. 3. Effects of the treatments on zooplankton species richness (A, B) and plankton trophic structure (C–H) through
time (left panels) and averaged over the last four sampling dates (1 1 SE; right panels). Dependent variables are zooplankton
species richness (A, B), mean zooplankton body size (C, D), total zooplankton community biomass (E, F), and chlorophyll
a (G, H). Open symbols and dashed lines indicate the no-dispersal treatment; solid symbols and solid lines are the high-
dispersal treatment. Symbols refer to the treatments in the time series as follows: control (circles), fish (triangles), notonectid
(squares), and fish 1 notonectids (diamonds). Notation for the bar graphs is as in Fig. 2. Repeated-measures ANOVAs are
shown in Tables 3–6.

are facilitated by their presence have low dispersal rates
and to enhance diversity in the opposite case (Shurin
2000b).

This experiment may help to resolve the apparent
disparity among different studies of the impact of pre-
dation on local prey species richness. Experimental
predator manipulations have found both positive (Paine

1966, Sih et al. 1985, Proulx and Mazumder 1998,
Carson and Root 2000) and negative effects (Paine and
Vadas 1969, Sih et al. 1985, Schoener and Spiller 1996,
Spiller and Schoener 1998) of predators on local prey
diversity. Two studies (Gough and Grace 1998, Proulx
and Mazumder 1998) suggest that the response depends
in part on productivity, with predators tending to pro-
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TABLE 3. Repeated-measures ANOVA for the effects of the
treatments on zooplankton species richness.

Source SS df F P

Between subjects
Fish†
Notonectids†
Dispersal†
Noto 3 Fish
Disp 3 Fish†
Disp 3 Noto†
Noto 3 Disp 3 Fish
Error

0.007
0.136
1.475
0.031
0.337
0.355
0.019
1.874

1
1
1
1
1
1
1

24

0.094
1.738

18.892
0.399
4.322
4.551
0.245

0.381
0.100

,0.001
0.533
0.024
0.022
0.625

Within subjects
Date
Date 3 Fish
Date 3 Noto
Date 3 Disp
Date 3 Noto 3 Fish
Date 3 Disp 3 Fish
Date 3 Disp 3 Roto
Date 3 Noto 3 Disp

3 Fish
Error

0.690
0.031
0.056
0.302
0.038
0.136
0.127
0.041

2.742

4
4
4
4
4
4
4
4

96

6.046
0.274
0.492
2.644
0.332
1.192
1.114
0.360

,0.001
0.894
0.742
0.038
0.856
0.319
0.355
0.836

Notes: P values , 0.05 are shown in bold. Values were ln-
transformed.

† Treatments where one-tailed tests were used. All others
are two-tailed tests.

TABLE 5. Repeated-measures ANOVA for the effects of the
treatments on zooplankton community biomass.

Source SS df F P

Between subjects
Fish
Notonectids
Dispersal
Noto 3 Fish
Disp 3 Fish
Disp 3 Noto
Noto 3 Disp 3 Fish
Error

2.686
11.272

3.913
4.738
0.175
3.826
0.079

26.061

1
1
1
1
1
1
1

24

2.474
10.381

3.604
4.363
0.161
3.523
0.073

0.129
0.004
0.070
0.048
0.692
0.073
0.790

Within subjects
Date
Date 3 Fish
Date 3 Noto
Date 3 Disp
Date 3 Noto 3 Fish
Date 3 Disp 3 Fish
Date 3 Disp 3 Noto
Date 3 Noto 3 Disp

3 Fish
Error

9.290
2.099
2.594
1.693
0.977
5.365
1.438
4.436

48.842

4
4
4
4
4
4
4
4

96

4.565
1.031
1.274
0.832
0.480
2.636
0.706
2.180

0.002
0.395
0.285
0.508
0.750
0.039
0.589
0.077

Notes: P values , 0.05 are shown in bold. Values are ln-
transformed.

TABLE 4. Repeated-measures ANOVA for the effects of the
treatments on zooplankton mean body size.

Source SS df F P

Between subjects
Fish†
Notonectids†
Dispersal
Noto 3 Fish
Disp 3 Fish†
Disp 3 Noto†
Noto 3 Disp 3 Fish
Error

20.023
7.531
4.519
7.457
0.876
0.294
0.003

25.970

1
1
1
1
1
1
1

24

18.504
6.960
4.176
6.891
0.810
0.271
0.003

,0.001
0.007
0.052
0.015
0.189
0.304
0.959

Within subjects
Date
Date 3 Fish
Date 3 Noto
Date 3 Disp
Date 3 Noto 3 Fish
Date 3 Disp 3 Fish
Date 3 Disp 3 Noto
Date 3 Noto 3 Disp

3 Fish
Error

3.460
2.512
5.606
1.095
3.195
6.902
0.565
3.191

47.500

4
4
4
4
4
4
4
4

96

1.748
1.269
2.833
0.553
1.614
3.487
0.286
1.612

0.146
0.287
0.029
0.697
0.177
0.011
0.887
0.177

Notes: Values are ln-transformed. P values , 0.05 are
shown in bold.

† Treatments where one-tailed tests were used. All others
are two-tailed tests.

TABLE 6. Repeated-measures ANOVA for the effects of the
treatments on chlorophyll a.

Source SS df F P

Between subjects
Fish†
Notonectids†
Dispersal
Noto 3 Fish
Disp 3 Fish†
Disp 3 Noto†
Noto 3 Disp 3 Fish
Error

44.984
1.903

12.356
1.584
0.677
0.278
1.025

72.743

1
1
1
1
1
1
1

24

14.841
0.628
4.077
0.523
0.223
0.092
0.338

,0.001
0.218
0.055
0.477
0.320
0.382
0.566

Within subjects
Date
Date 3 Fish
Date 3 Noto
Date 3 Disp
Date 3 Noto 3 Fish
Date 3 Disp 3 Fish
Date 3 Disp 3 Noto
Date 3 Noto 3 Disp

3 Fish
Error

20.571
2.050
2.382
2.045
1.273
0.888
0.829
0.663

48.226

4
4
4
4
4
4
4
4

96

10.237
1.020
1.185
1.018
0.633
0.442
0.413
0.330

,0.001
0.401
0.322
0.402
0.640
0.778
0.799
0.857

Notes: P values , 0.05 are shown in bold. Values are ln-
transformed.

† Treatments where one-tailed tests were used. All others
are two-tailed tests.

mote diversity at high productivity more than at low
productivity. The present study suggests that the effects
of predators on local diversity also depend on the traits
of species in the regional pool and their rates of dis-
persal among sites. Invasion of predators such as fish
may reduce prey diversity in the short term. However,
colonization by species from nearby fish ponds may
compensate for the initial loss of species and result in
a long term positive effect if there is sufficient dispersal

among local habitats. The outcome of other types of
local interactions may also depend on spatial hetero-
geneity and movement of species at broad regional
scales.

The hypothesis that invasion by members of the re-
gional pool would compensate for the productivity that
was lost to predators, and thereby weaken control of
predators over trophic structure, was not supported.
The effects of predators on zooplankton mean body
size, community biomass, and phytoplankton biomass
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were independent of the dispersal treatment. Both pred-
ators reduced zooplankton mean body size, although
fish had larger effects than notonectids (Fig. 3C and
D). This result is consistent with a number of studies
showing that size selective predation shifts the size
structure of zooplankton communities in favor of
smaller species (Brooks and Dodson 1965, Hall et al.
1976, Carpenter and Kitchell 1993, Brett and Goldman
1997). There was a nearly significant (P 5 0.052) pos-
itive main effect of the dispersal treatment on zoo-
plankton size (Table 4). This effect arose because zoo-
plankton in the fish treatment were, on average, 0.14
mg larger with dispersal than without (Fig. 3D). Zoo-
plankton were very slightly (0.04 and 0.005 mg) smaller
with dispersal in the control and notonectid treatments,
respectively. This result suggests that the species that
were facilitated by fish may have shifted the size struc-
ture of the zooplankton community toward larger bod-
ied species to a small degree. The difference in mean
size may also account for the apparent negative effect
of the dispersal treatment on phytoplankton biomass
(Fig. 3H, Table 6). However, the effects of dispersal
were slight compared to the reduction in mean body
size by fish or notonectids, or the effect of fish on
phytoplankton (Fig. 3D and H). These results suggest
that the species that were negatively affected by pred-
ators were functionally distinct from those that were
facilitated in that they had greater impacts on zoo-
plankton size structure and phytoplankton biomass.

Although both predators consistently reduced mean
zooplankton body size, their effects and those of the
dispersal treatment on community biomass were some-
what idiosyncratic. This result is similar to those found
by other studies, including Soranno et al. (1993:182)
who stated, ‘‘More often than not, total biomass re-
sponded oppositely to predictions.’’ Soranno et al. pro-
pose a number of plausible explanations for the variable
effects of planktivores on community biomass, and ar-
gue that mean zooplankton body size responds much
more predictably to planktivory than biomass, and is
a better indicator of grazing (see also Pace 1984). Sim-
ilarly, in this experiment, both predators reduced zoo-
plankton body size (Fig. 3C and D) while only noto-
nectids affected total biomass (Fig. 3E and F). The
effect of notonectids appeared to be driven by the pat-
tern that biomass was greater in the no-dispersal treat-
ment in both the control and fish treatments (Fig. 3F).
There was a nearly significant (Table 5) negative main
effect of dispersal on biomass. The reason for the ap-
parent increase in zooplankton biomass in the absence
of dispersal is unknown. However, the results of this
study support the contention of Soranno et al. (1993)
that zooplankton community biomass responds in com-
plex and sometimes counterintuitive ways to changes
in predation.

Although invasion by members of the regional pool
did not weaken the effects of fish on trophic structure,
this result depended on both the initial local assemblage

and the regional pool from which colonists were drawn.
The mean initial local richness of 9.5 crustaceans spe-
cies per tank was representative of natural fishless
ponds in the area (a mean of 8.3 and a range of 4–16
from 11 ponds, Shurin 2000a), while the number of
rotifers (2.5 per tank) was relatively low (mean 5 10.9,
range 5 4–16). The low rotifer diversity may be due
to the absence of major zooplankton predators in the
initial assemblage. Drawing species for the high-dis-
persal treatment from a larger regional pool would have
increased the number of potential invaders, and pos-
sibly the impact of the dispersal treatment on trophic
structure as well (Shurin et al. 2000). Zooplankton for
the high-dispersal treatment were collected from a
mean of 8.2 ponds within an area of ;100 km2. Since
the distances over which species disperse is unknown,
the spatial extent of the regional pool could not be
reliably defined. However, previous work (Shurin
2000a) suggested high rates of dispersal among eleven
ponds within a 100 km2 region.

Indirect facilitation of small species by fish took
place either through suppression of competitors or in-
termediate predators, or by some combination of the
two. The species that declined in the fish treatment were
almost entirely large cladocerans and cyclopoid co-
pepods (Figs. 1 and 2). Large zooplankton consume a
broader size spectrum of particles and have lower
threshold food density below which they cannot main-
tain metabolic demands (Burns 1968, Hall et al. 1976,
Gliwicz 1990). Cyclopoids such as Acanthacyclops
vernalis and Eucyclops agilis are omnivorous, preying
on protozoans and rotifers as adults, however most
stages are primarily herbivorous (Adrian and Frost
1993). In addition, fish enhanced phytoplankton bio-
mass, suggesting that more resources were available to
invaders in the fish treatment (Fig. 3H).

The new species found in the high-dispersal treat-
ment were not simply sink populations in the process
of going extinct. The species that accounted for the
increased diversity in the high-dispersal treatment were
introduced in very low numbers. For instance, the sev-
en species that were found exclusively in the high-
dispersal treatment (Macrothrix laticornis, Brachionus
angularis, B. quadridentatus, Lecane leontina, Mon-
ostyla bulla, Ploesoma hudsoni, Polyarthra vulgaris)
were added in mean densities of 0.12/L (range 0.001–
0.58/L; see Appendix). Of these, Polyarthra vulgaris
was added in the greatest numbers (0.58/L; see Ap-
pendix); however, it was only found in the high-dis-
persal treatment in the presence of fish (Fig. 2). In
addition, its mean density in the high-dispersal treat-
ment with fish was 2.4 animals/L (Fig. 2), indicating
that the population generally increased in the presence
of fish. Finally, many species that were introduced in
the greatest densities were unaffected by the dispersal
treatment (e.g., Bosmina longirostris, Daphnia dubia,
Diaphanosoma brachyuurum, Mesocyclops edax, Tro-
pocyclops prasinus, Polyarthra major; Fig. 2; see Ap-
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pendix). These results indicate that the patterns asso-
ciated with the dispersal treatment resulted from in-
vasions by new species and not from sink effects due
to the individuals added in the inoculum.

The two predators influenced planktonic community
structure and invasibility differently, indicating that
fish and notonectids are functionally distinct in their
effects on lower trophic levels (sensu Morin 1995).
Fish had greater impacts on the densities of large zoo-
plankton (Figs. 1 and 2) and reduced mean body size
to a greater extent (Fig. 3D). These effects resulted in
a larger increase in phytoplankton biomass (Fig. 3H)
and greater facilitation of invaders in the dispersal
treatment (Fig. 1). Fish and notonectids had nonaddi-
tive effects on zooplankton body size (i.e., the effects
of the two predators together were smaller than ex-
pected based on their independent effects, Table 4).
This likely reflects a reduced impact of notonectids in
the presence of fish, probably due to consumption of
juvenile notonectids by fish. Although both predators
are size selective, preferentially consuming large-bod-
ied zooplankton, the magnitude of the effects of fish
were generally greater, indicating that fish may be more
important than notonectids in promoting regional co-
existence among zooplankton.

This study suggests that regional processes play an
important role in determining the outcome of local in-
teractions such as predation in communities. Studies
of the effects of species diversity on ecosystem func-
tion and response to environmental change have fo-
cussed largely on the importance of diversity at the
local scale (e.g., Hooper and Vitousek 1997, McGrady-
Steed et al. 1997, Tilman 1999). However, immigration
from a pool of species with diverse traits may buffer
local communities against environmental changes such
as the invasion of predators (Leibold et al. 1997). For
instance, Hairston (1996) suggested that zooplankton
egg banks represent reserves of genetic and species
diversity that may be important for regulating the re-
sponse of lake ecosystems to environmental fluctua-
tions. Spatial heterogeneity in local conditions, such as
refugia from predators, may serve a similar function.
In the present study, dispersal by species from the re-
gional pool reversed the negative effects of predators
on local zooplankton diversity. Ecologists have long
debated the question of what properties of communities
influence their response to environmental perturba-
tions. I argue that regional species diversity and com-
position affect local zooplankton assemblages and may
therefore be important for determining the long-term
effects of changes such as predator invasions. The iso-
lation of local communities, for instance through hab-
itat fragmentation, may therefore alter the impact of
extrinsic perturbations even if it has no direct effect on
the local biota.
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APPENDIX

A table containing taxa and numbers of individuals introduced to each tank in the high-dispersal treatment is available in
ESA’s Electronic Data Archive: Ecological Archives E082-039.


