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Abstract. Negative co-occurrence patterns are intriguing because they may reﬂect the
outcome of interspeciﬁc interactions and therefore signal how competition shapes
communities. However, other factors also contribute to these patterns. For example,
theoretical studies as well as two survey-based studies have all suggested that dispersal may
also impact these patterns. While natural communities commonly have nonrandom patterns
of negative co-occurrence, understanding how different processes drive these patterns requires
further research. We tested the inﬂuence of dispersal on co-occurrence patterns using a
zooplankton mesocosm experiment with four different dispersal treatments varying in the
number of dispersers delivered into mesocosms on regular intervals. Our dispersal treatments
were intended to adjust the relative importance of dispersal and competition experienced
within mesocosms (i.e., high dispersal results in a relatively low inﬂuence of competition on
species composition and vice versa). Higher dispersal translated into increased zooplankton
species richness and inter-mesocosm compositional similarity, and also changed species
occupancy patterns such that species occurrences were more even across mesocosms in higherdispersal treatments. Dispersal treatments also differed markedly in species co-occurrence
patterns. Negative co-occurrence patterns were signiﬁcant for all but the lowest-dispersal
treatment, peaked in the intermediate-dispersal treatments, and declined in the highestdispersal treatment. Stability analyses illustrate that co-occurrence differences are robust to
the exclusion of any single mesocosm in null model analyses. Dispersal treatments did not
signiﬁcantly differ with respect to abiotic variation, which has been recognized as a potential
driver of negative co-occurrence patterns. These results suggest that not only can dispersal
inﬂuence patterns of negative co-occurrence via changes to species richness and distribution
(occupancy patterns among mesocosms), but the degree to which they do so varies nonlinearly
with the strength of dispersal. Critically, because negative co-occurrence patterns were
nonsigniﬁcant when the contribution of dispersal was lowest, it is possible that dispersal
contributes strongly to many observed patterns of negative co-occurrence. Consequently,
great care should be taken prior to interpreting signiﬁcant co-occurrence tests as a product of
species interactions.
Key words: community assembly; competition; dispersal; Killarney Provincial Park, Ontario, Canada;
negative co-occurrence; null model; predation; species association; species segregation.

INTRODUCTION
A continuing goal in ecology is to understand how
processes like species interactions and dispersal contribute to observed patterns of species abundance and
distribution in natural communities (e.g., Diamond
1975, Shurin and Allen 2001, Gotelli and McCabe
2002, Seabloom et al. 2005). Considerable effort has
been put into trying to understand whether species
interactions result in distinct patterns of negative species
co-occurrence within natural systems (e.g., Gotelli and
McCabe 2002).
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Studies of species co-occurrence patterns in communities were brought to prominence by Diamond (1975),
and are of interest because it has been proposed that
they are principally driven by species interactions,
speciﬁcally competition. When species are recorded in
samples (e.g., sites, plots, islands), patterns of negative
co-occurrence can be quantiﬁed for the community by
assessing the degree to which a presence–absence matrix
is characterized by checkerboard patterns of species
distribution. For example, for a given pair of sites and
species, a checkerboard pattern consists of the presence
of each species in one site of the pair with neither
occurring in the same site. Co-occurrence patterns can
also be positive, with the same pair of species present in
one site, but jointly absent from another. These patterns
can be quantiﬁed for a focal community using a variety
of co-occurrence metrics (Stone and Roberts 1990,
Gotelli 2000). Some approaches have also been devel-
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oped that can be used to assess particular pairs of species
(e.g., Sfenthourakis et al. 2004, Veech 2013); however,
community-scale analyses are the focus here because of
their potential for understanding the overall contribution of species interactions to community structure.
Considerable effort has gone into determining what
methods are required to discern whether patterns of
negative co-occurrence are sufﬁciently different from
patterns that might be expected to result from chance
(e.g., Connor and Simberloff 1979, 1983, Stone and
Roberts 1990, Manly 1995, Sanderson et al. 1998,
Gotelli 2000, Gotelli and Entsminger 2001, Fayle and
Manica 2010, Gotelli and Ulrich 2012). This work has
contributed to gains in our understanding of the merits
of particular analyses (e.g., Gotelli 2000); however, there
remain signiﬁcant challenges (Gotelli and Ulrich 2012).
It has long been recognized, for example, that processes
other than competition may contribute to patterns of
negative co-occurrence (Diamond 1975, Gilpin and
Diamond 1982, Ulrich 2004, Bell 2005, Dullinger et al.
2007, Reitalu et al. 2008, Heino 2013). More work is
needed to understand how these different processes can
contribute to patterns of negative co-occurrence. Of
particular interest here are recent suggestions, both from
theoretical analyses (Ulrich 2004, Bell 2005) and two
survey-based studies (Zalewski and Ulrich 2006, Heino
2013), that dispersal may contribute to these patterns.
Dispersal is recognized as an important process
capable of shaping ecological communities (MacArthur
and Wilson 1967, Belyea and Lancaster 1999, Leibold et
al. 2004, Cadotte 2006, Flinn et al. 2010). The
contribution of dispersal to community composition
varies, in some cases playing a major role (e.g., Ozinga et
al. 2005, McCauley 2006, Zalewski and Ulrich 2006,
Beaudrot and Marshall 2011), while in others playing a
minor one (e.g., Cottenie and De Meester 2004, Forrest
and Arnott 2006, Shurin et al. 2009, Heino et al. 2012,
Warfe et al. 2013). Increasing the local arrival of species
through dispersal has the potential to alter species
richness and abundance patterns in such a way that
species co-occurrence patterns may also be impacted.
It is well understood that dispersal can impact
community assembly by determining the pool of
available species that can colonize a given site (e.g.,
Belyea and Lancaster 1999). Recent work has suggested
that dispersal can indeed contribute to species cooccurrence patterns. For example, theoretical explorations have revealed that neutral dynamics may contribute to negative co-occurrence patterns (e.g., Ulrich 2004,
Bell 2005). Similarly, a study of co-occurrence patterns
on a series of islands that vary in relative isolation also
suggests that dispersal may contribute to co-occurrence
patterns, particularly for species that are found in few
sites (i.e., satellite species; Zalewski and Ulrich 2006).
Heino (2013) observed that dispersal mode, which can
limit dispersal of some species to some sites, impacts cooccurrence patterns of benthic invertebrates in a stream
metacommunity. Finally, other work suggests that mass
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effects may reduce competitive exclusion and contribute
to co-occurrence within macroinvertebrate communities
(Heino and Grönroos 2013). Consequently, the inﬂuence of dispersal on co-occurrence patterns may make
these patterns unsuitable for understanding the contribution of species interactions to species organization
within communities/metacommunities.
While it is clear that dispersal can impact cooccurrence patterns, there remains much to understand
about how it can do so. It is possible, for example, that
dispersal could slow or stop the process of competitive
exclusion, effectively keeping pairs of species together
that competition would otherwise drive apart, or
making co-occurrence more random. In either circumstance, dispersal may result in either neutral (Zalewski
and Ulrich 2006) or more positive co-occurrence
patterns within a community. However, as theoretical
studies have indicated, dispersal can also contribute to
negative co-occurrence patterns under neutral dynamics.
Additionally, differences among species in dispersal
mode (e.g., Heino 2013) can limit the potential of some
species such that they cannot reach all sites, which can
result in negative co-occurrence patterns (Pielou and
Pielou 1968). Even if the study system is sufﬁciently
small that dispersal limitations are unlikely and all
species may clearly disperse to all sites, dispersal may
still result in negative co-occurrence patterns. Limited
dispersal, for example, may continually maintain species
in a community at a low frequency (i.e., in a few
samples). This can contribute to negative co-occurrence
patterns, as these species will negatively co-occur with all
species not found in that location. Stronger dispersal
may increase the number of sites a species is found in,
which may contribute to neutral co-occurrence patterns,
or even positive co-occurrence patterns. While it is clear
that dispersal can inﬂuence species co-occurrence
patterns, it is not clear how co-occurrence patterns will
be affected along a gradient of dispersal strength, and to
our knowledge, no direct test has been conducted.
In this paper, we describe a direct experimental test of
the inﬂuence of dispersal on zooplankton co-occurrence
patterns using groups of mesocosms varying in the
degree to which dispersal supplies new species and
individuals. These treatments effectively represent a
gradient in the relative inﬂuence of dispersal and species
interactions on zooplankton community structure.
Zooplankton systems are ideal for such a test because
there is sufﬁcient evidence that dispersal and species
interactions are important in these systems (Shurin 2000,
Shurin and Allen 2001, Cottenie and De Meester 2004).
METHODS
Experimental design
To evaluate the effects of dispersal on species cooccurrence patterns and zooplankton community structure, we conducted a 12-week ﬁeld mesocosm experiment in Killarney Provincial Park, Ontario, Canada,
where we set up four dispersal treatments, each
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consisting of 15 mesocosms. All mesocosms were similar
in temperature and water chemistry throughout the
experiment, as well as in initial zooplankton community
structure. Treatments only differed in the number of
dispersers received throughout the experiment.
On 14 May 2010, 60 378-L Rubbermaid stock tanks
were ﬁlled with 350 L of water from George Lake,
Ontario that was ﬁltered through a 50-lm mesh net to
remove zooplankton but allow most phytoplankton to
pass through. Mesocosms were placed in a shaded area
more than 500 m from the nearest body of water and
covered with a 1-mm mesh to minimize exogenous
colonization from large insects and other animals during
the experiment. Nutrients (535.9 mg NaNO3 and 17.4
mg NaH2PO4 ) were initially added to each mesocosm to
achieve the average nutrient level of the ﬁve lakes used
for the dispersal treatment. Every 7 d throughout the
experiment, 18.76 mg NaNO3 and 0.59 mg NaH2PO4
were added to each mesocosm to make up for loss of N
and P to periphyton. On 16 May 2010, each mesocosm
was inoculated with zooplankton of ambient density
from George Lake.
Four dispersal treatments (0.1%, 1.3%, 2.5%, and
9.6% of the mesocosm volume, every 11 d) were
distributed haphazardly across the tanks and were
chosen to cover a range of natural dispersal levels
(Michels et al. 2001). Dispersers were collected from ﬁve
nearby lakes that varied in their physical and chemical
attributes (Appendix: Table A1) to simulate dispersal
from a diverse regional species pool to individual lakes.
Zooplankton were collected from each lake by taking
two 4-m vertical hauls with a 35 cm diameter, 50-lm
mesh net. Zooplankton were placed in two 2-L
containers of lake water and transported to the
mesocosm site in coolers. All dispersers were combined
in 60 L of 50-lm ﬁltered George Lake water.
Aliquots for each mesocosm were taken from the pool
of dispersers, and based on calculating the volume of
water ﬁltered from each lake, compared to the volume of
the mesocosm. We used an aliquot that represented 70
mL from each lake (0.1% dispersal by volume in total)
for low dispersal, 91 mL (1.3%) for medium dispersal,
1750 mL (2.5%) for high dispersal, and 6720 mL (9.6%)
for very high dispersal.
Each week, starting on 17 May 2010, we measured
temperature, dissolved oxygen (DO), pH, and conductivity (starting 16 June) in the center of the mesocosm
using either a YSI 550A DO probe (YSI, Yellow
Springs, Ohio, USA) and a Hanna pHep probe (Hanna
Instruments, Woonsocket, Rhode Island, USA; 17
May–10 June) or a YSI 600R multiparameter probe
(16 June–11 August).
The experiment ended after 88 d, 10 d following the
ﬁnal dispersal event. Crustacean zooplankton and
Rotifera zooplankton in each mesocosm were sampled
at that time. Mesocosms were sampled starting with the
lowest-dispersal treatment and ﬁnishing with the highest-dispersal treatment. Each mesocosm was gently
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mixed with a canoe paddle before taking two samples
with a 3-L tube sampler. The water in the tube sampler
was gently poured through a 50-lm mesh. Zooplankton
retained on the mesh were anesthetized with Alka Seltzer
(Bayer Schering, Berlin-Wedding, Germany) and preserved with 70% ethanol.
Water samples for chlorophyll a analysis were
collected ;10 cm below the surface in each mesocosm
at the end of the experiment. Phytoplankton were
collected by passing 300 mL of water through a GF/C
Whatman (Sigma-Aldrich, St. Louis, Missouri, USA)
glass ﬁber ﬁlter. Filters were stored in the freezer, then
chlorophyll a was extracted in methanol for 24 h, and
analyzed using a TD 700 Fluorometer (Turner Designs,
Sunnyvale, California, USA; Welschmeyer 1994).
Zooplankton were identiﬁed and counted in ﬁve or six
subsamples (;60% of the total sample), and the
remainder of the sample was examined for rare species.
Samples were examined at 20–253 magniﬁcation using a
MZ125 dissecting microscope (Leica, Solms, Germany).
Cladoceran species were identiﬁed using the keys of
Edmondson (1959), Witty (2004), and Balcer et al.
(1984), and DeMelo and Hebert (1994) was used to
identify bosminids. Smith and Fernando (1978) and
Hudson et al. (1998) were used for the identiﬁcation of
copepods.
Smaller subsamples (;3% of the total sample) were
examined to identify members of the Rotifera. Six
successive subsamples (number determined based on the
asymptote of species accumulation curves) were examined in full at 2003 magniﬁcation, using a Leitz Biomed
compound microscope (Leica). Rotifers were identiﬁed
to genus using Edmondson (1959) and Stemberger
(1979).
From counts of all adults in samples, we determined
zooplankton species richness and species evenness using
species abundance data for each mesocosm. We also
calculated community compositional distances based on
Sørensen similarity, and further explored compositional
similarity among mesocosms within dispersal treatments. We used Evar as a measure of evenness because
it is uncorrelated with species richness (Smith and
Wilson 1996), and the Sørensen coefﬁcient to measure
compositional similarity between all pairs of mesocosms
in each treatment. The Sørensen coefﬁcient (SS) was
calculated as SS ¼ 2c/(a þ b þ 2c), where c is the number
of species that two mesocosms share, a is the number of
species unique to the ﬁrst mesocosm, and b is the
number that are unique to the second mesocosm
(Legendre and Legendre 2012). Compositional similarity was calculated using presence–absence data because
these were the data that contributed to any observed
differences in co-occurrence patterns. Total abundance
in each mesocosm was the sum of all adult individuals in
samples. We also examined the abundance of predatory
species per mesocosm to better understand how dispersal may shape systems via changes in predators.
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Statistical analyses
We used repeated-measures analysis of variance (RM
ANOVA) to ensure abiotic conditions (temperature,
DO, pH, and conductivity) were similar among treatments, as it is recognized that environmental variation
can contribute to zooplankton community structure
(e.g., Cottenie et al. 2003). Chlorophyll a, an indication
of food resources for herbivores, was compared among
dispersal treatments on the last day of the experiment
using a one-way ANOVA. Because previous work has
indicated that dispersal can inﬂuence community structure (Shurin and Allen 2001, Cottenie and De Meester
2004), we used one-way ANOVAs to assess differences
in species richness, total abundance, and species
evenness among the dispersal treatments. Differences
in species composition among dispersal treatments were
assessed using the nonparametric MANOVA method
described by Anderson (2001), using the adonis function
from the vegan package. All ANOVAs were run using R
version 3.0.1 (R Core Team 2013).
Species co-occurrence
We used an established null model test to determine
whether co-occurrence patterns among mesocosms
within our dispersal treatments were signiﬁcantly
different than what would be expected by chance. These
analyses were performed twice, ﬁrst on all zooplankton,
and then separately on only herbivorous zooplankton,
to understand the contribution of predators to cooccurrence patterns. We used the C score metric as our
measure of co-occurrence within treatments; this metric
is recognized as having good statistical properties
(Gotelli 2000). The C score quantiﬁes the mean number
of checkerboards
P observed for all pairs of species and is
calculated as (Si  Q)(Sj  Q)/((R)(R  1)/2), where Si
is the sum of row i, Sj is the sum of row j, Q is the
number of sites in which both species in a given pair are
present, and R is the number of rows in the matrix
(Stone and Roberts 1990). We compared the C score for
each treatment to null distributions of 5000 C scores
generated by randomizing the presence–absence matrix
using the ﬁxed-ﬁxed independent swap algorithm with
30 000 swaps (Lehsten and Harmand 2006). A dispersal
treatment was considered to have signiﬁcant negative or
positive co-occurrence patterns when the C score for
that treatment was greater than (signiﬁcant negative cooccurrence), or less than (signiﬁcant positive co-occurrence) 97.5% of C scores for 5000 randomized matrices
(a two-tailed P value). We compared co-occurrence
patterns across dispersal treatments using the standardized effect size (SES; e.g., Sanders et al. 2003). This
measure is calculated as the number of standard
deviations that the observed C score (Cobs) for the study
community is away from the mean C score in the null
distribution (Csim), deﬁned here by 5000 randomized C
scores using (Cobs  Csim)/Ssim, with Ssim representing
the standard deviation of simulated C scores (Sanders et
al. 2003).
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Because co-occurrence tests produce a single value for
each treatment, we were unable to test for statistical
differences between co-occurrence patterns among our
dispersal treatments. However, we tested the stability of
the SES for each of our dispersal treatments using a
jackkniﬁng procedure in which we systematically re-ran
our null model tests for each treatment in the absence of
a single mesocosm (i.e., all combinations of 15  1
mesocosms). This method gives a measure of how stable
our co-occurrence estimates are by determining how
sensitive they are to the inclusion of any single
mesocosm, and consequently allows an improved
evaluation of whether differences among treatments
are spurious or reliable. Thus, we ran 15 null model tests
for each treatment. While this use of jackkniﬁng is not
common for co-occurrence patterns, it is a tool that is
used to examine the stability of phylogenetic hypotheses
(Lanyon 1985).
RESULTS
Environmental variables
Temperature, pH, dissolved oxygen, and conductivity
varied signiﬁcantly (P , 0.05) over the course of the
experiment (RM ANOVA, time, P , 0.001 for all
factors) but were not signiﬁcantly different among
dispersal treatments (RM ANOVA, time 3 dispersal
for temperature, P ¼ 0.43; pH, P ¼ 0.75; dissolved
oxygen, P ¼ 0.53; conductivity, P ¼ 0.43; Appendix:
Table A2). Environmental variables showed no significant difference between dispersal treatments at the end
of the experiment (ANOVA, df ¼ 3, 56; temperature, P ¼
0.81; pH, P ¼ 0.79; dissolved oxygen, P ¼ 0.77;
conductivity, P ¼ 0.39; chlorophyll a, P ¼ 0.15).
Community structure and dispersal
A total of 42 species of Crustacea and 20 genera of
Rotifera were identiﬁed among the 60 mesocosms. At
the conclusion of the experiment, species richness
signiﬁcantly differed (P , 0.05) across dispersal
treatments (ANOVA, df ¼ 3, 56, P ¼ 0.004; Fig. 1a),
with richness higher in 2.5% compared to 0.1%
treatments (Tukey HSD, P ¼ 0.04), and 9.6% higher
than 0.1% treatments (Tukey HSD, P ¼ 0.003). There
was no signiﬁcant difference in mean species evenness
per mesocosm across treatments (ANOVA, df ¼ 3, 56, P
¼ 0.16; Fig. 1b). Compositional similarity was generally
higher in higher-dispersal treatments, although the lack
of independence among mesocosm pairs makes statistical comparisons inappropriate (Fig. 1c). This similarity
was driven in large part by changes in species richness,
as mesocosms in the high-dispersal treatment contained
a signiﬁcantly larger proportion of the species pool.
There was, however, a difference in species composition
across dispersal treatments (nonparametric ANOVA, df
¼ 3, 56, P , 0.001), with the highest-dispersal treatment
(9.6%) having different species composition from the
lowest-dispersal treatment (nonparametric pairwise
comparison, P , 0.001) and the second-highest-disper-
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Predatory zooplankton abundance was signiﬁcantly
greater in mesocosms in the three highest-dispersal
treatments (Kruskal-Wallace ANOVA on ranks, df ¼
3, P , 0.001; Fig. 2b), although there was no signiﬁcant
difference between the richness of predatory zooplankton species across dispersal treatments (Kruskal-Wallace
ANOVA on ranks, df ¼ 3, P ¼ 0.08). Total zooplankton
abundance in mesocosms did not differ signiﬁcantly
across dispersal treatments (ANOVA, df ¼ 3, 56, P ¼
0.46; Fig. 2a).
Co-occurrence patterns and dispersal
Co-occurrence patterns were evaluated at the end of
the experiment using ﬁnal census for all 15 mesocosms in
each treatment. When all zooplankton were included,
analyses of the full mesocosm data sets for each
treatment highlighted signiﬁcant (P , 0.05) negative
co-occurrence patterns for the 1.3% dispersal (P ,
0.001), 2.5% dispersal (P , 0.001), and 9.6% dispersal (P
¼ 0.005) treatments (Fig. 3a). The weakest dispersal
treatment (0.1%) was also characterized by negative cooccurrence patterns; however, patterns were not significantly different from what was expected by chance (P ¼
0.078; Fig. 3a). This pattern was similar when only
herbivorous zooplankton were included in the analysis;
however, the highest-dispersal treatment also did not
have signiﬁcant negative co-occurrence (P ¼ 0.13; Fig.

FIG. 1. Boxplots illustrating (a) the median species richness
per mesocosm (number of species), (b) the median species
evenness (Evar) per mesocosm in each dispersal treatment, and
(c) the median compositional similarity among pairs of
mesocosms (Sørensen coefﬁcient) for zooplankton under four
different dispersal treatments. Zooplankton addition treatments
are percentage of the mesocosm volume. Horizontal lines in the
center of each box indicate the 50th percentile (median) of the
data, the extent of the boxes indicates the 25th and 75th
percentiles of the data, and the whiskers indicate the 5th and
95th percentiles. Boxes with different letters above them were
signiﬁcantly different (P , 0.05) according to a Tukey HSD
test. No statistical test was applied to (c) compositional
similarity data because of the lack of independence among
pairs of mesocosms.

sal treatment (2.5%) being different from the low- and
medium-dispersal treatments (nonparametric pairwise
comparisons, P , 0.001 and P ¼ 0.043, respectively;
Appendix: Fig. A1).

FIG. 2. (a) Mean abundance of zooplankton in mesocosms
and (b) mean abundance of predatory zooplankton in
mesocosms across the four dispersal treatments. Error bars
identify the 95% conﬁdence limits; bars with different letters
above them were signiﬁcantly different (P , 0.05) according to
a Tukey HSD test (on ranks for panel b).
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FIG. 3. (a) Standardized effect sizes for co-occurrence null model tests for each of the four dispersal treatments in the
experiment. The ﬁrst, in dark gray, represents scores for all zooplankton species; the second, in light gray, illustrates scores for only
herbivorous zooplankton. Null model tests used the C score metric and the independent swap algorithm with 30 000 swaps. Error
bars represent 95% conﬁdence intervals for effect sizes of co-occurrence tests. These intervals result from a jackkniﬁng procedure in
which co-occurrence tests were performed for each dispersal treatment for all possible combinations of mesocosms with a single
mesocosm removed. This was done to establish the stability of the co-occurrence score for each treatment; no test for signiﬁcant
differences among treatments was performed, as there was a single metacommunity replicate per dispersal treatment. Values
presented above each bar represent the standardized effect size for co-occurrence tests of all 15 mesocosms per treatment. The
dashed horizontal line is at 1.96, which is the 97.5 percentile point for a standard effect size (z score). (b) Rank abundance
distribution for all zooplankton species (predators and herbivores) in each dispersal treatment. Abundance is here measured as the
number of mesocosms each species occupies, an important component of variation in the presence–absence matrices that are
responsible for co-occurrence patterns. We also report in the key how evenly species occurrences are distributed among mesocosms
in each treatment (Evar).

3a). The stability analysis of our co-occurrence effect
sizes suggests that differences in co-occurrence patterns
across experimental dispersal treatments are not sensitive to the inclusion of any single mesocosm in analysis;
this was consistent, regardless of whether predatory
species were included or excluded from the analysis (Fig.
3).

Rank abundance distributions, using the number of
occurrences of each species across mesocosms in each
treatment as a measure of abundance, differed across
dispersal treatments (Fig. 3b). Higher-dispersal treatments were characterized by a more even distribution of
species occurrences among mesocosms (Fig. 3b). Differences in rank abundance patterns across dispersal
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treatments were greatest for species with lower abundance ranks. These species were found in more
mesocosms in the higher-dispersal treatments (Fig. 3b).
DISCUSSION
Community structure and dispersal
Abiotic variables did not signiﬁcantly differ across
dispersal treatments, indicating that the observed
differences in community structure (Fig. 1) and composition (Appendix: Fig. A1) were the result of dispersal
treatments rather than physical or chemical differences
that developed over the course of the experiment. This is
important, as it has been observed that zooplankton
composition is responsive to such differences (e.g.,
Cottenie et al. 2003), and abiotic differences among
sites can translate into differences in species cooccurrence patterns (e.g., Dullinger et al. 2007, Reitalu
et al. 2008, Heino 2013). Thus, we can accept that the
observed differences in co-occurrence patterns are
primarily the result of our treatments, not variation in
the suitability of species to mesocosms in different
treatments (Pielou and Pielou 1968).
Zooplankton species richness per mesocosm was
signiﬁcantly different among treatments, with higher
dispersal generally associated with higher species richness (Fig. 1a). This supports the assertion that dispersal
can maintain species within mesocosms that might
otherwise be eliminated through antagonistic interactions among species. Evidence has accumulated in
support of dispersal as a mechanism for increasing the
number of species within a system (Cadotte 2006, Myers
and Harms 2009). We also found that dispersal
inﬂuenced species composition, resulting in species
differences between treatments with high and low levels
of dispersal. Zooplankton species evenness within
mesocosms, measured using abundance data, did not
signiﬁcantly change across dispersal treatments, indicating that dispersal did not signiﬁcantly impact the
distribution of resources across species. In part, this
may be explained by the fact that increased richness in
mesocosms in higher-dispersal treatments appears to
have increased compositional similarity (Fig. 1c). This
suggests that dispersal had a homogenizing impact on
our experimental zooplankton communities (e.g., Pedruski and Arnott 2011, Vogt and Beisner 2011). These
results conform to the general ﬁnding that dispersal can
make a signiﬁcant contribution to community structure
(e.g., Zalewski and Ulrich 2006, Beaudrot and Marshall
2011, Heino 2013). Regional-scale processes like dispersal can be expected to positively impact species
richness in contrast to the likely negative impact of
local-scale, antagonistic interactions (e.g., Ricklefs 1987,
Cornell and Lawton 1992, Caley and Schluter 1997,
Olsen and Klanderud 2014).
Total zooplankton abundance per mesocosm did not
signiﬁcantly differ across dispersal treatments, suggesting that mesocosms had reached carrying capacity (Fig.
2c). Because zooplankton species vary considerably in
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size, we also tested whether total mesocosm estimates of
biomass differed across treatments. This post hoc
assessment compiled biomass values calculated from
length–weight regressions for our species (J. A. Rusak,
B. E. Beisner, M. J. Paterson, and S. E. Arnott,
unpublished data), and indicated that mean total biomass
per mesocosm did not signiﬁcantly differ across dispersal treatments (ANOVA, df ¼ 3, 56, P ¼ 0.86). Based on
these results, it appears that our dispersal treatments all
reached a carrying capacity at which interactions can be
expected to have played a role.
Predation can promote local diversity among prey
species in aquatic systems (e.g., Shurin and Allen 2001)
through a number of mechanisms associated with
reducing competitive interactions (Chase et al. 2002),
although there is ample evidence that the introduction of
predators can also reduce species richness (e.g., Yan et
al. 2002, Cadotte et al. 2006). It is possible that the
observed increase in species richness in higher-dispersal
treatment mesocosms (Fig. 1a) resulted from a combination of increased predation and dispersal. In our
experiment, mesocosms in the three highest-dispersal
treatments contained signiﬁcantly more predators (Fig.
2b), but did not have a lower total abundance of
herbivores, suggesting that the effect of predators on
herbivorous zooplankton diversity was limited.
Co-occurrence patterns and dispersal
Dispersal treatments had a signiﬁcant impact on cooccurrence patterns (Fig. 3). More pronounced and
signiﬁcant patterns of negative co-occurrence were
observed for the two intermediate-dispersal treatments,
as well as in the highest-dispersal treatment when
predators were included in the analysis (Fig. 3).
Interestingly, patterns of zooplankton co-occurrence
were nonsigniﬁcant in the lowest-dispersal treatment,
in which the most pronounced effects of interspeciﬁc
interactions that could contribute to negative cooccurrence were anticipated (Fig. 3). It is also possible
that interactions were less pronounced in the lowdispersal treatment because not all species were as likely
to reach mesocosms where competitive interactions
could occur. While it might be expected that increased
dispersal would produce positive co-occurrence patterns, this was not the case; rather, higher-dispersal
treatments were generally characterized by signiﬁcant
negative co-occurrence patterns (Fig. 3). Our results
clearly indicate that dispersal can have clear and
signiﬁcant impacts on species co-occurrence patterns,
and may be a prominent contributor to previously
reported signiﬁcant negative co-occurrence patterns
(e.g., Gotelli and McCabe 2002). The impact of dispersal
treatments on co-occurrence patterns does not appear to
have been mediated by predatory zooplankton. The top
three dispersal treatments did not signiﬁcantly differ in
predator abundance or species richness, but clearly
differed in patterns of co-occurrence. Furthermore,
patterns of co-occurrence followed a similar trend
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whether predatory zooplankton were included or
excluded from analysis (Fig. 3a).
Gotelli and Rohde (2002) noted that a lack of
signiﬁcant co-occurrence patterns may be normal for
small-bodied taxa with low vagility as a consequence of
reduced likelihood of niche saturation and low population densities at which interspeciﬁc interactions are
weak. However, there is some evidence of signiﬁcant
negative co-occurrence patterns for small organisms
(e.g., Heino 2013). Additionally, it is not likely that this
applies to zooplankton systems, as they are not
recognized as being poor dispersers; furthermore, given
the evidence suggesting our mesocosms reached carrying
capacity, it is not likely that a low potential for
interactions can explain insigniﬁcant co-occurrence
patterns in our low-dispersal treatment.
The impact of dispersal on co-occurrence patterns
peaked in low-intermediate-dispersal treatments, and
then declined (Fig. 3). This may be related to the fact
that the three highest-dispersal treatments did not
signiﬁcantly differ in species richness, although there
was a general trend upward (Fig. 1a). Thus, it appears
clear that the impact of dispersal on co-occurrence
patterns will not simply be a positive function of
dispersal strength. The impact of dispersal may level
off as it increases, with further increases having a limited
or negligible effect. This may result from the expected
homogenization at very high levels of dispersal. Crucially, all signiﬁcant negative co-occurrence patterns
were in the three highest-dispersal treatments. Given the
observed inﬂuence of dispersal on co-occurrence patterns and the recognition that dispersal varies in
inﬂuence among communities (e.g., Ozinga et al. 2005,
Heino et al. 2012), it may not be possible to attribute
signiﬁcant negative co-occurrence patterns observed in
nature to antagonistic interactions among species, even
if other processes recognized as contributing to negative
co-occurrence patterns could be controlled for.
Our results are consistent with theoretical explorations that indicate that stochastic processes such as
dispersal can drive signiﬁcant negative co-occurrence
patterns (e.g., Ulrich 2004, Bell 2005), as well with ﬁeld
tests for the potential inﬂuence of dispersal on cooccurrence patterns (Zalewski and Ulrich 2006, Heino
2013). Our study is an experimental extension of the
work by Zalewski and Ulrich (2006), who explored cooccurrence patterns on islands that varied in their
relative isolation and consequently in the relative
importance of dispersal and local interactions. In that
case, co-occurrence patterns were a function of the
relative isolation of particular communities. One difference, however, is that Zalewski and Ulrich’s results
(2006) may have been impacted by differences among
species in how suitable they were for each habitat (e.g.,
Pielou and Pielou 1968, Gotelli and Rohde 2002), while
abiotic similarity among dispersal treatments in this
study circumvents this potential inﬂuence on co-occurrence patterns. Additionally, we were able to control for
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rates of dispersal in our study, something not possible
using the ﬁeld approach taken by Zalewski and Ulrich
(2006). Our results are the ﬁrst experimental assessment
of the impact of dispersal on co-occurrence patterns,
and conﬁrm the potential for dispersal to interfere with
the ability of researchers to attribute signiﬁcant negative
co-occurrence patterns to interspeciﬁc interactions.
There are two central elements of the presence–
absence matrix that contribute to negative co-occurrence
patterns: species richness per mesocosm (Fig. 1a), and
the distribution of species occupancies among mesocosms (Fig. 3b). While it is unclear at this time how
subtle changes in these characteristics translate into
changes in the signiﬁcance of co-occurrence patterns, it
is clear that dispersal can impact these two characteristics of natural systems in ways that are of importance
in this regard. The solution to this problem lies in a
general need for understanding how particular changes
in the richness and abundance distributions (i.e.,
occupancy patterns) among sites (mesocosms/habitats/
plots) in the presence–absence matrix contribute to
changes in the signiﬁcance of relevant co-occurrence null
model tests.
Out of practical necessity, our experiment was not
replicated beyond a single metacommunity per dispersal
treatment. Consequently, we are restricted to demonstrating that dispersal can strongly impact co-occurrence
patterns. However, higher dispersal in our experiment
resulted in increased species richness and modest
increases in inter-mesocosm similarity. Evidence suggests that dispersal regularly inﬂuences systems in this
way (Cadotte 2006, Myers and Harms 2009, Pedruski
and Arnott 2011, Vogt and Beisner 2011); as such, we
feel our ﬁndings are sound and broadly applicable.
Furthermore, the stability of our observed patterns in
the face of our jackkniﬁng procedure suggests that
differences in co-occurrence across our treatments are
not spurious.
Conclusions
Variation in the number of dispersers signiﬁcantly
impacted the species richness and composition of
zooplankton in our experimental mesocosms. Changes
in community structure elicited by our dispersal
treatments also had a powerful impact on zooplankton
species co-occurrence patterns. The lowest-dispersal
treatment, under which species interactions should
theoretically have been most important, was the only
treatment for which there was consistently no evidence
of signiﬁcant negative co-occurrence patterns; higher
dispersal generally resulted in more signiﬁcant and
pronounced negative co-occurrence patterns, although
this declined at the highest dispersal level. Our results
suggest that even in the absence of signiﬁcant environmental heterogeneity, which is known to impact cooccurrence patterns (e.g., Dullinger et al. 2007, Reitalu
et al. 2008, Heino 2013, McCreadie and Bedwell 2013),
dispersal appears capable of driving patterns of signif-
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icant negative co-occurrence. Previously, dispersal limitation has been identiﬁed as a process that can inﬂuence
co-occurrence patterns; however, it is clear from our
results that dispersal can contribute to these patterns
even when all dispersers are equally capable of reaching
all sites. Consequently, we recommend that extreme
caution be taken when interpreting signiﬁcant negative
co-occurrence patterns, even in relatively homogeneous,
small-scale communities, as evidence of the importance
of antagonistic interactions among species.
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