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Abstract
Dispersal is a major organising force in metacommunities, which may facilitate compositional responses of

local communities to environmental change and affect ecosystem function. Organism groups differ widely in

their dispersal abilities and their communities are therefore expected to have different adaptive abilities. In

mesocosms, we studied the simultaneous compositional response of three plankton communities (zoo-, phyto-

and bacterioplankton) to a primary productivity gradient and evaluated how this response was mediated by

dispersal intensity. Dispersal enhanced responses in all three planktonic groups, which also affected ecosystem

functioning. Yet, variation partitioning analyses indicated that responses in phytoplankton and bacterial

communities were not only controlled by dispersal directly but also indirectly through complex trophic

interactions. Our results indicate that metacommunity patterns emerging from dispersal can cascade through

the food web and generate patterns of apparent dispersal limitation in organisms at other trophic levels.
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INTRODUCTION

Dispersal is a major structuring force in metacommunities, also

affecting the composition, diversity and functioning of local commu-

nities (Loreau et al. 2003; Matthiessen & Hillebrand 2006; Duffy 2009;

Hillebrand & Matthiessen 2009; Howeth & Leibold 2010). The

qualitative and quantitative effects of dispersal are, however, difficult

to predict and depend on many factors, such as the intensity of

dispersal, the functional traits of the organisms, and the occurrence of

complex ecological interactions. Dispersal can lead to increased local

species richness because it allows new species to enter communities

and compensate for local extinctions (Loreau & Mouquet 1999).

Dispersal can also facilitate a rapid and efficient compositional

response of local communities to changing environmental conditions

through the process of species sorting. At the metacommunity level,

this process can lead to enhanced differentiation among communities

and an increase in beta diversity (Cottenie & De Meester 2004;

Leibold & Norberg 2004). Conversely, dispersal can also increase the

probability of invasions by superior competitors, predators or

parasites potentially causing extinctions of local populations or entire

metapopulations. In the case of mass effects, high dispersal rates

may result in the presence of species in unsuitable habitat patches, and

lead to a homogenisation of metacommunities (Mouquet & Loreau

2003).

Lack of dispersal, on the other hand, may impede species to reach

potentially suitable habitat patches (Loreau et al. 2003; Ozinga et al.

2005; McCauley 2006; Pärtel & Zobel 2007). At the local scale, this

reduces the capacity of resident communities to track environmental

change, which may have a profound impact on the performance of

entire functional groups or trophic levels and as such affect ecosystem

functioning. Although empirical evidence remains scarce, there are a

limited number of recent experimental studies that have demonstrated

such effects. Naeslund & Norberg (2006) found stronger responses of

zooplankton communities to a change in basal productivity if the

communities at the start of the experiment represented the entire

regional species pool instead of just local pools. They also found that

the communities resulting from the regional species pool treatment

exerted stronger top-down control on phytoplankton than the

communities resulting from local species pools. Howeth & Leibold

(2008, 2010) showed that dispersal can affect ecosystem stability and

dampen trophic cascade effects in plankton communities that are

subject to temporal fluctuations in the density of a top predator.

Metacommunity structure varies widely among organism groups

(Beisner et al. 2006). One potential reason for this is that dispersal

capabilities of organisms vary greatly (Bohonak & Jenkins 2003;

Jenkins et al. 2007). Microbial organisms, for example, are supposed to

have very high dispersal rates (Finlay & Clarke 1999; Finlay 2002), in

contrast to passively dispersing macroscopic organisms of which

dispersal rates tend to decrease with increasing body size (Jenkins et al.

2007; Shurin et al. 2009). An additional level of complexity may be

generated by indirect mechanisms, such as dispersal-mediated trophic

interactions. Indeed, the metacommunity structure of a group of
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organisms that is strongly affected by trophic interactions can also

reflect patterns resulting from spatial dynamics at other trophic levels.

In such case, an association between connectivity patterns and the

metacommunity structure of an organism group does not unequiv-

ocally reflect dispersal limitation or mass effects (Staddon et al. 2010).

With this study, we wanted to explore the direct and indirect effects

of dispersal on the composition and functioning of communities

representing different trophic levels within a metacommunity context.

We used freshwater plankton in mesocosms as a model system and

performed an experiment combining varying degrees of dispersal with

an important environmental gradient (i.e. a gradient in primary

productivity) according to an orthogonal design. The main objectives

of our study were to (1) study the extent to which dispersal can

mediate the response of plankton organisms to a change in basal

productivity, (2) compare these responses among three functional

groups of plankton organisms that differ widely in body size, life

strategy and expected dispersal rates (i.e. zoo-, phyto- and bacterio-

plankton), (3) evaluate the consequences of dispersal on food web

structure and a crucial ecosystem function (i.e. zooplankton grazing

on phytoplankton) and (4) evaluate whether the response of the

functional groups to the dispersal gradient is caused directly by

dispersal itself or rather indirectly by changes in trophic interactions

that are caused by dispersal-mediated community shifts at other

trophic levels. In the absence of positive size-selective predators,

grazing by large-bodied cladoceran zooplankton can strongly affect

community composition of phytoplankton and bacterioplankton

(Jürgens 1994; Lampert 2006). We therefore expect that dispersal-

enhanced differentiation of zooplankton communities along a

productivity gradient may generate patterns of community differen-

tiation at lower trophic levels that appear to be caused by dispersal

limitation, but in fact are generated by indirect dispersal-mediated

trophic interactions.

MATERIAL AND METHODS

Experimental design

Using mesocosms (n = 96), we studied the simultaneous interactive

effects of nutrient addition and dispersal on communities of

planktonic bacteria, phytoplankton and zooplankton. For this, we

first collected plankton from 16 lakes (LAKE ID) representing

a broad gradient in trophic state and limnological characteristics. The

plankton of each of these lakes was used to inoculate six mesocosms

per lake (6 · 16 = 96 mesocosms) at the start of the experiment

(see Appendix S1). In each of these sets of six mesocosms, we created

two levels of nutrient addition and three levels of dispersal intensity,

so that the entire experimental set-up accorded to a cross-factorial

randomised block design (with LAKE ID as blocks). With the

dispersal treatment, we tried to achieve a broad range of dispersal

intensities among our experimental containers, ranging from no

dispersal (NDISP) to strong dispersal. In each block, the NDISP and

low dispersal (LDISP) mesocosms were inoculated with plankton

originating from one single lake. In contrast, the high dispersal

(HDISP) mesocosms were initially inoculated with a plankton mixture

from all 16 lakes (see below for details). During the entire experiment,

we tried to prevent any input of organisms from other mesocosms

into the NDISP-mesocosms. The communities in these mesocosms

thus consisted solely of species collected from one individual lake,

although some airborne exchange of phytoplankton and bacteria

could probably not be entirely excluded. For the other two dispersal

levels, we achieved dispersal by manually exchanging water among

mesocosms. For this, we collected water from all mesocosms of the

respective dispersal level (n = 32) and redistributed the pooled

volume in equal parts over the same mesocosms again. In this way,

a level of LDISP was achieved through the exchange of 40 mL,

whereas the highest dispersal (HDISP) was generated by exchanging

2 L volumes. We initially applied the dispersal treatment on a weekly

basis, but switched to a biweekly treatment from day 59 on until the

end of the experiment. The NDISP treatment was meant to represent

a metacommunity without dispersal among habitat patches. The

LDISP treatment was designed to represent a situation where locally

abundant species can disperse in low numbers among habitat patches,

with sporadic exchange of locally rare species. The HDISP treatment

represents metacommunities with relatively high exchange rates

among local communities, where each species has historically had

the occasion to enter each habitat patch, but where current dispersal

rates are not high enough to cause mass effects (Michels et al. 2001;

Howeth & Leibold 2008).

At day 1 of the experiment (23 May 2006), we filled plastic containers

(volume: 200 L) with a mixture of 120 L distilled water and 60 L tap

water. The nutrient treatments were established on days 4 and 5 through

addition of phosphate (KH2PO4) and nitrogen (NaNO3). Initial

nutrient additions were equivalent to 1000 lg P L)1 and 16 000 lg N

L)1 in the high nutrient (HNUT) containers and 10 lg P L)1 and 160 lg

N L)1 in the low nutrient (LNUT) containers. As earlier mesocosm

experiments have indicated that nutrient gradients can decline with time,

we continued with a weekly addition of a tenth of these concentrations

throughout the experiment.

We added phytoplankton and bacterioplankton to the containers on

the fifth day of the experiment. For this, we collected a 30 L volume

of lake water and filtered it twice (mesh sizes: 100 lm and 50 lm

respectively) to remove zooplankton. NDISP and LDISP mesocosms

were all inoculated with an inoculum originating from one individual

lake, whereas the inoculum of HDISP mesocosms consisted of a

mixture of all 16 lakes (each experimental container received an equal

amount of chlorophyll a and for the HDISP mesocosms there was an

equal representation of lakes in terms of chlorophyll a). From the

moment, we observed a consistent difference in phytoplankton

biomass between LNUT and HNUT mesocosms (day 32), we

inoculated the zooplankton. Total zooplankton biomass was the same

in all inocula. Similar as with the phytoplankton inoculation, we

inoculated NDISP and LDISP mesocosms with inocula from

individual lakes, whereas HDISP containers received an inoculum

for 80% consisting of the respective lake and for 20% consisting of

a mixture of all 16 lakes. Throughout the experiment, mesocosms

were covered by mosquito netting to prevent contamination by

macro-invertebrates. The experiment ended at day 87.

Sampling and sample analysis

We measured chlorophyll a on a weekly basis with a fluorometer

(Trilogy Laboratory Fluorometer, Turner Designs, Sunnyvale, CA,

USA). Near the end of the experiment, we sampled the zoo-, phyto-,

and bacterioplankton communities. At day 77, we sampled phyto-

plankton with a 250 mL jar approximately 10 cm below the water

surface. The phytoplankton samples were preserved with a mixture of

Lugol�s solution, formaldehyde and sodium thiosulfate (Sherr & Sherr

1993) and counted using an inverted microscope to the genus level.
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Desmodesmus was a dominant phytoplankton taxon in some treatments

of the experiment. Desmodesmus colony size has been shown to be a

defence against zooplankton grazing and may therefore serve as an

indicator for the prevailing zooplankton grazing regime (Vanorme-

lingen et al. 2009). We therefore characterised the size distribution of

Desmodesmus by counting the number of cells per colony in each

sample. At day 79, we sampled the bacterioplankton. Samples were

filtered over a 0.22-lm filter and stored at )80 �C for later analysis

with denaturing gradient gel electrophoresis (DGGE). DGGE

analysis followed Van der Gucht et al. (2007); details are given in

Appendix S2. In short, DNA was extracted directly using the bead-

beating method concomitant with phenol extraction and ethanol

precipitation and purified on a Wizard column. A small rDNA

fragment was amplified with primers specific to the domain Bacteria

(357F-GC-clamp and 518R). PCR products were analysed on a 35–

70% denaturant DGGE-gel, and DGGE-gels were stained with Sybr

Gold solution. The 96 samples were analysed on 12 parallel DGGE-

gels, which were aligned with Bionumerics 5.10 (Applied Maths

BVBA, Kortrijk, Belgium) using three standard lanes (known mixtures

of DNA from nine clones from a clone library) on each gel. A matrix

was compiled based upon the relative contribution of individual bands

to the total band signal in each lane, with bands corresponding to

Operational Taxonomic Units (OTUs). Zooplankton samples were

taken at day 86 and 87 of the experiment. Two samples were taken in

each container with a Schindler Patalas (volume: 12 L; mesh size:

30 lm) and preserved with acid lugol solution. One sample was used

to measure zooplankton dry weight. These samples were weighed after

drying at 100 �C during 24 h. The other sample was used for the

assessment of species composition and population densities. A

minimum of 300 individuals were counted. Taxa were identified to

species level for cladocerans using Flössner (2000); for copepods we

made a distinction between cyclopoids and calanoids.

Grazing experiment

Zooplankton grazing is widely acknowledged as a key characteristic of

the aquatic food web that determines patterns of energy and material

flows and underwater light climate, and may mediate regime shifts in

ponds and shallow lakes (Scheffer 1998). To evaluate its importance as

potential driving force underlying phyto- and bacterioplankton

community responses to the experimental treatments, we performed

assays to assess zooplankton grazing pressure on phytoplankton at day

81. In each mesocosm, we incubated two bottles (250 mL) with

mesocosm water, one with ambient zooplankton densities and one

without zooplankton (water filtered over 64 lm mesh). The bottles

were incubated at the bottom of the mesocosms and gently shaken

twice a day to keep the phytoplankton in suspension. At day 1 and day

11 of the experiment, we measured the chlorophyll a concentrations

with a fluorometer. Per bottle, we calculated the change in chlorophyll

a, using the formula: (ln[chl a]t11 ) ln[chl a]t0)/time and used the

difference between the treatments as a measure of zooplankton

grazing pressure.

Data analysis

We applied mixed model ANOVA to evaluate the impact of our

experimental treatments on chlorophyll a concentration, Desmodesmus

colony size, total zooplankton biomass (dry weight) and in situ

zooplankton grazing pressure. In these analyses, we specified LAKE

ID as a random factor. For chlorophyll a, we analysed the time

weighted averages so as to give more weight to data that are collected

later during the experiment. These averages were calculated for each

mesocosm by multiplying each chlorophyll a value with the time that

had passed since the start of the experiment (expressed in numbers of

days). The sum of these values was then divided by the total duration

of the experiment. For Desmodesmus colony size, we analysed the

weighted average of cell number. Significant effects were explored

with Tukey HSD post hoc tests.

We tested the effects of the experimental treatments on the

composition of zooplankton, phytoplankton and bacterioplankton

communities with redundancy analysis (RDA). In these analyses, we

followed a two-step approach. First, we evaluated the overall effects

of the experimental treatments and their potential interactions on each

of the communities separately (Lepš & Šmilauer 2003). Second, we

performed variation partitioning analyses (Peres-Neto et al. 2006) on

more elaborate RDA models to explore the extent to which indirect

trophic interactions can explain apparent dispersal effects in phyto-

plankton and bacterioplankton. We constructed RDA models for

these groups in each of the nutrient addition levels separately with the

dispersal treatment and the biomass of the principal zooplankton

grazer, Daphnia magna, as explanatory variables. We also included

summary variables of phytoplankton community composition as

explanatory variables in the RDA model of bacterioplankton because

phytoplankton composition can be a determining factor for bacteria

and may itself be directly affected by dispersal or indirectly by

dispersal-mediated zooplankton grazing. With variation partitioning,

we assessed the unique contribution of the dispersal treatment

(conditional effect) as well as its degree of collinearity with Daphnia

magna density (in the phyto- and bacterioplankton models) and

phytoplankton community composition (in the bacterioplankton

models). The summary variables for phytoplankton community

composition were extracted prior to the RDA analyses through

principal components analysis of the phytoplankton data (i.e. the four

sample scores vectors with the highest Eigen values; prior analyses

Table 1 ANOVA results testing for the effect of nutrient addition (NUT) and

dispersal (DISP) treatments and their interaction on zooplankton dry weight,

phytoplankton chlorophyll a and grazing rate of the zooplankton on the

phytoplankton. Grazing rates were measured by experiments in situ. LAKE ID

refers to the origin of inoculation samples and was specified as a random block

factor in the models

d.f. SS MS F P-value

Zooplankton dry weight

LAKE ID 15 22.30 1.49 0.91 0.585

NUT 1 11.02 11.02 7.66 0.014

DISP 2 18.91 9.46 5.51 0.0092

NUT · DISP 2 17.88 8.94 5.9 0.0069

Phytoplankton chlorophyll a

LAKE ID 15 0.50 0.034 1.39 0.280

NUT 1 13.52 13.52 641 < 0.001

DISP 2 0.06 0.030 1.90 0.167

NUT · DISP 2 0.08 0.039 3.07 0.0611

Zooplankton grazing rate

LAKE ID 15 0.035 0.0021 2.52 0.281

NUT 1 0.017 0.017 14.89 0.0016

DISP 2 0.026 0.013 8.34 0.0013

NUT · DISP 2 0.013 0.0065 3.44 0.0451
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indicated that these four vectors all had a unique and significant

contribution to variation in the bacterioplankton community). All

community data were Hellinger transformed prior to analysis

(Legendre & Gallagher 2001). Associations of Daphnia magna densities

with in situ measured grazing pressure and the weighted average of

Desmodesmus colony size were tested with Spearman rank correlation.

All statistical analyses were performed in R (v2.10.1; R Development

Core Team 2011), using the rda and varpart functions of the vegan

library (Peres-Neto et al. 2006; Oksanen et al. 2010). Adjusted R2

values were calculated on residuals after partialling out the effect of

LAKE ID. The significance of model components was tested through

9999 random permutations.

RESULTS

Zooplankton

There was a significant nutrient · dispersal treatment interaction

effect on zooplankton biomass (dry weight) (Table 1). Zooplankton

biomass was higher in the containers with high than low nutrient

addition, but only at high levels of dispersal (Fig. 1A). Similarly, the

RDA analyses indicated significant main effects and an interaction

effect of the nutrient addition and dispersal treatments on zooplank-

ton community composition (Table 2, Fig. 2A). Separate analyses for

each of the dispersal levels showed that the response strength of the

zooplankton community to the nutrient addition treatment increased

with increasing dispersal, explaining 9, 20 and 59% of the zooplankton

community variation in the no, low and high dispersal treatment

respectively (Table 3). Most species responded negatively to high

nutrient addition (Fig. 2A). The nutrient by dispersal interaction could

almost entirely be attributed to the specific response of the large

cladoceran Daphnia magna. The absolute and relative abundance of this

species was especially high in high nutrient cattle tanks subjected to

HDISP (see Appendix S3). Zooplankton species richness was

negatively affected by nutrient addition and positively by dispersal

(see Appendix S4).
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Figure 1 Zooplankton biomass (a), phytoplankton chlorophyll a (b), Desmodesmus colony size (c) and in situ measured zooplankton grazing pressure (d) for each of the

multifactorial combinations of experimental treatments. Chlorophyll a data represent time weighted averages; Desmodemus colony size is expressed as the mean colony cell

number weighted by the relative abundance of colony size classes (only data given for high nutrient levels); the percentages in (c) indicate the contribution of Desmodesmus to

total phytoplankton biomass. White triangles and black circles indicate containers of the low and high nutrient addition respectively. Error bars denote twice the standard error

of the mean. Characters indicate significant post hoc differences (P < 0.05).

Table 2 Redundancy analysis results, testing for the effect of nutrient addition

(NUT) and dispersal (DISP) treatments and their interaction on the variation in the

zoo-, phyto- and bacterioplankton community composition in the experimental

containers. LAKE ID refers to the origin of inoculation samples and was specified

as a random block factor in the models

Variable Covariables R2 F P-value

Zooplankton

NUT DISP 0.19 26.64 < 0.001

LAKE ID

DISP NUT 0.079 5.64 < 0.001

LAKE ID

NUT · DISP NUT 0.057 4.43 < 0.001

DISP

LAKE ID

Phytoplankon

NUT DISP 0.091 10.29 < 0.001

LAKE ID

DISP NUT 0.061 3.41 0.002

LAKE ID

NUT · DISP NUT 0.052 3.066 0.002

DISP

LAKE ID

Bacterioplankton

NUT DISP 0.11 11.72 < 0.001

LAKE ID

DISP NUT 0.05 2.73 < 0.001

LAKE ID

NUT · DISP NUT 0.046 2.65 < 0.001

DISP

LAKE ID
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Phytoplankton

High nutrient addition resulted in a strong increase of chlorophyll

a concentrations throughout the course of the experiment (Fig. 1B;

Table 1). According to RDA analysis, the nutrient addition and

dispersal treatments affected phytoplankton community composition

and there was also an interaction between both factors (Fig. 2B;

Table 2). Overall, nutrient addition resulted in a strong increase in the

contribution of Desmodesmus species, whereas containers with low

nutrient addition tended to be mainly characterised by a variety of

other phytoplankton taxa (Fig. 2B). Analyses for each of the dispersal

treatments separately showed an increase of the impact of nutrient

addition with increasing dispersal intensity (13, 11 and 22% of the

total community variation explained by nutrient addition in the no,

low and high dispersal treatment respectively) (Table 3). When

dispersal was tested separately for each of the nutrient addition

levels, there was only a significant effect in containers with high

nutrient addition (see Table S1). In containers with high nutrient

addition, colony size of the Desmodesmus morphs decreased with

dispersal (Fig. 1C): large colonial morphs were most abundant in the

absence of dispersal, whereas unicellular morphs were mainly

associated with high levels of dispersal. This was also confirmed by

an ANOVA on the weighted average of colony cell number (F(2,

30) = 64.28, P < 0.001). Phytoplankton richness was positively

affected by dispersal, but only at low nutrient addition levels

(see Appendix S4).

Bacterioplankton

Nutrient addition and dispersal treatments affected the DGGE

profiles of the bacterioplankton communities (Table 2; Fig. 2C). The

compositional response to the nutrient addition increased with

increasing dispersal (nutrient · dispersal interaction): the contribution

of the nutrient addition to the community variation increased from 9,

over 19–22% in the no, low and high dispersal treatment respectively

(Table 3). Dispersal was equally important under low and high

nutrient addition (see Table S1). The number of OTUs was

significantly higher under high than low nutrient addition levels, but

only in the HDISP treatment (see Appendix S4).

(a)

(b)

(c)

Figure 2 Biplot of principal component analysis representing the response of

zooplankton (a), phytoplankton (b), and bacterioplankton (c) community compo-

sition to the experimental treatments. Centroids (filled circles) indicate the average

location of communities belonging to the same multifactorial treatment combina-

tions of nutrient addition and dispersal. For phytoplankton and bacterioplankton

only species are shown for which a minimum of 5% of the variation can be

explained by the treatments. In (b), Daphnia magna is plotted as a supplementary

variable; abbreviations of species are given in Table S3. In (c), each OTU is labelled

by a code in which the number is referring to a specific band location on the

DGGE-gel. Data were Hellinger transformed prior to analysis. HNUT, high

nutrient content; LNUT, low nutrient content; NDISP, no dispersal; LDISP, low

dispersal; and HDISP, high dispersal; DGGE, denaturing gradient gel electropho-

resis.

Table 3 Redundancy analysis results, testing for the effect of nutrient addition

(NUT) within each of the dispersal treatments for zoo-, phyto- and bacterioplank-

ton communities in the experimental containers. In all these analyses, we specified

LAKE ID as covariable to adjust for differences among lake origin of inoculation

samples

R2 F P-value

Zooplankton

No dispersal 0.085 3.64 0.008

Low dispersal 0.20 8.90 < 0.001

High dispersal 0.59 44.008 < 0.001

Phytoplankton

No dispersal 0.13 4.82 < 0.001

Low dispersal 0.11 3.55 0.017

High dispersal 0.22 8.033 < 0.001

Bacterioplankton

No dispersal 0.086 2.86 < 0.001

Low dispersal 0.19 7.73 < 0.001

High dispersal 0.22 7.83 < 0.001
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Indirect dispersal-mediated intertrophic interactions

Zooplankton grazing rates on the phytoplankton community, as

measured by the in situ grazing experiments, increased with dispersal

intensity, but only at high nutrient levels (Fig. 1d, Table 1). Overall,

grazing pressure was positively correlated with D. magna density

(Spearman rank correlation: n = 96, rs = 0.477, P < 0.001). This

correlation was especially strong in the mesocosms with high nutrient

levels (n = 48, rs = 0.704, P < 0.001), but insignificant in containers

with low levels of nutrients (n = 48, rs = 0.0688, P = 0.642).

Phytoplankton community composition was significantly associated

with the population density of D. magna and dispersal intensity, but

only under high nutrient conditions (Fig. 3; Table S2). Under these

conditions, the dispersal treatment and D. magna jointly explained c.

35% of the total phytoplankton community variation. A large fraction

of the variation explained by D. magna proved highly collinear with

dispersal (15%), whereas the conditional effect of D. magna was

relatively small (4%). At high nutrient concentrations, weighted

average Desmodesmus colony size was negatively correlated to D. magna

density (n = 48, rs = )0.546, P < 0.001; Figure S1). We detected very

similar patterns when using the estimated zooplankton grazing rate

and zooplankton dry biomass as explanatory variables in these

analyses (results not shown).

The dispersal gradient, D. magna density and phytoplankton

community composition jointly explained 17% of the compositional

variation in the bacterioplankton communities under high nutrient

conditions (Fig. 3; Table S2). The marginal effects of each of the three

categories of variables were highly significant (explaining 12, 7 and

14% of bacterial community variation respectively). Variation parti-

tioning showed that relatively large fractions of community variation

were explained by joint effects, mainly of all three variable categories

together (5%) or effects shared by the dispersal treatment and

phytoplankton community composition (6%). In contrast, the

conditional effects of the explanatory variables were relatively low

and statistically insignificant. The effect of D. magna was almost

entirely collinear with dispersal and phytoplankton community

composition. Under low nutrient conditions, dispersal contributed

most to bacterioplankton community variation (11%).

DISCUSSION

We observed highly significant interaction effects between the

dispersal and nutrient addition treatments for the zoo-, phyto- and

Figure 3 Venn diagrams presenting the results of variation partitioning analyses performed on the phytoplankton and bacterial community data at low and high nutrient levels,

separately. For the phytoplankton communities, the diagrams represent the unique and shared contributions of the dispersal treatment and Daphnia magna population densities.

For the bacterial communities, the diagrams represent the unique and shared contributions of the dispersal treatment, Daphnia magna densities and phytoplankton community

composition. Figures outside the diagrams represent the R2 of the marginal effects of the factors tested. Figures within the diagrams represent the R2 of the conditional effects.

R2-values express the percentage of total variance explained. Asterisks denote significance level: *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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bacterioplankton communities. In each of these functional groups, the

interaction effects reflected increased strength in community compo-

sitional shifts to nutrient addition with increasing rates of dispersal.

These results show that the degree of connectivity among habitat

patches within a metacommunity can profoundly affect the compo-

sition of the constituent communities by facilitating species sorting. In

addition, the results of the variation partitioning analyses indicate that

responses observed for specific communities (in casu phytoplankton

and bacterioplankton) are not uniquely caused by the physical

exchange of members of those communities, but also indirectly by

changed trophic interactions that result from the impact of dispersal at

other trophic levels (in casu zooplankton).

For zooplankton, we observed enhanced compositional responses

to the productivity gradient already at low exchange rates. A shift from

no to low dispersal (i.e. from no to the weekly exchange of 0.02% of

container volumes) more than doubled the community response

strength to the nutrient addition treatment (see Table 3). This

response was still considerably enhanced upon further increase in

connectivity, as the nutrient addition treatment contributed to a total

of 59% of the variation in zooplankton community composition at

maximal dispersal rates. These dispersal-mediated responses also

affected ecosystem functioning: zooplankton grazing rates measured

in situ were higher at high than low nutrient conditions, but only at the

highest levels of dispersal. This effect mainly seemed to result from

the response of one single zooplankton key-stone species, i.e. Daphnia

magna. Although most zooplankton species responded negatively to

nutrient addition, D. magna performed very well under high nutrient

conditions. D. magna was detected in only a limited number of

experimental communities in the absence of dispersal. With increasing

dispersal rates, the species expanded within the metacommunity and

became dominant in containers with high nutrient levels. The species

was so influential that the response of its populations to the

experimental treatments constituted most of the response patterns of

total zooplankton community biomass. Consequently, zooplankton

grazing rates also correlated strongly with D. magna population density.

In conclusion, our results demonstrate the potential importance of

dispersal-related spatial dynamics for ecosystem functioning, in

agreement with predictions of theoretical metacommunity models

(Loreau et al. 2003; Gonzalez & Loreau 2009).

We observed effects of the dispersal treatment on the compositional

response of the phyto- and bacterioplankton communities to nutrient

enrichment. Although such effects can be considered evidence for

dispersal limitation, our results suggest that they may also have resulted

from indirect effects, such as dispersal-mediated changes in trophic

interactions. Indeed, as discussed above, increased dispersal rates

resulted in a strong increase of zooplankton grazing pressure at high

nutrient levels. Variables related to this gradient (i.e. D. magna

population density, zooplankton biomass, grazing rates) explained a

substantial part of the variation in phytoplankton community

composition at high nutrient levels and most (79%) of this explained

variation was collinear with the dispersal treatment. The quality of the

shifts in phytoplankton characteristics also strongly suggests grazing

intensity as a strong community structuring factor. Along with a

gradient of increasing dispersal intensity and increasing population

densities of D. magna, average Desmodesmus colony cell number

decreased and large colonial and spined Desmodesmus morphs were

replaced by spineless, unicellular or smaller colonial morphs. Given

that spine and colony formation are well-known defences against

zooplankton grazing, this response appears contra-intuitive. However,

it can be well understood in the light of a trade-off between grazing

resistance and grazing tolerance (Agrawal 1998; Chase et al. 2000).

Although colony formation may indeed decrease the vulnerability of

phytoplankton cells to grazing by small and intermediate sized

zooplankton, such defence is largely ineffective against grazing by

zooplankton with a very wide food particle size range such as D. magna

(Matveev et al. 2000; Mayeli et al. 2004; Sarnelle 2005). The phyto-

plankton community composition shift observed by us in response to

the dispersal and grazing gradients thus represents a shift towards

smaller colonies and single cells that may be more vulnerable to

predation, but that are better able to compensate for mortality losses

through faster population growth (Agrawal 1998). Our results thus

suggest that the dispersal treatment affected the phytoplankton

community in an indirect way through an intensification of top-down

control by zooplankton. D. magna thrived under high nutrient addition,

and release from dispersal limitation allowed this species to successfully

spread through the metacommunity, developing dense populations in

containers with high nutrients, which then resulted in major

quantitative and qualitative changes in the phytoplankton communities

compared with mesocosms where no dispersal was applied. It should

be noted, however, that our statistical analysis suggests that such

indirect dispersal induced trophic interactions can only account for

about half of the phytoplankton community variation that was caused

by the dispersal treatment, which indicates that phytoplankton

communities were also directly affected by the dispersal treatment.

Similar to our observations for the phytoplankton communities,

effects of the dispersal treatment on bacterial communities were not

only due to increased exchange rates of bacteria among mesocosms,

but may also have been shaped by several indirect mechanisms.

According to our variation partitioning results, a large part (65%) of

the total explained bacterioplankton variation was explained by

variation among phytoplankton communities that was also collinear

with the dispersal treatment. Phytoplankton community composition

can affect bacterioplankton composition through competition for

nutrients (Cherif & Loreau 2007; Daufresne et al. 2008) or via the

composition of DOC that it excretes (Giroldo et al. 2007). Dispersal

may thus have affected the composition of bacteria indirectly by its

direct and indirect effects on the composition of phytoplankton

communities. An important subfraction of the variation in bacterial

community composition was also collinear with D. magna. Zooplank-

ton can affect bacterioplankton directly through selective grazing

(Zollner et al. 2003; Hambright et al. 2007) or indirectly by structuring

bacterivore communities (e.g. ciliates, flagellates; Jürgens 1994;

Jürgens & Stolpe 1995; Lampert 2006). The strong collinearity in a

large fraction of the variation in zooplankton composition, phyto-

plankton composition and dispersal suggests that the dispersal

treatment affected an important part of the bacterioplankton variation

via a cascade of effects: increased dispersal rates affected zooplankton

community composition and grazing rates, which induced changes in

the phytoplankton community composition, which then affected

bacterioplankton community composition.

Although our analysis suggests that there is a direct effect of

dispersal limitation on phytoplankton species composition in our

experiment, we have no unequivocal evidence for dispersal limitation

of bacteria under high nutrient conditions, because the effects of the

dispersal treatment was strongly reduced and became insignificant

when D. magna and phytoplankton community composition were

accounted for. There were, however, indications for dispersal

limitation of bacteria at low nutrient levels. Dispersal limitation is
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generally assumed to be of minor importance in determining the

composition of micro-organisms, because taxa are supposed to be

omnipresent, especially at small spatial scales (Finlay & Clarke 1999;

Finlay 2002). Our data, nevertheless, also suggest that dispersal

limitation in micro-organisms can matter at the spatial and temporal

scales of our experiment. Indeed, we found indications for enhanced

species sorting with increasing dispersal rates by physical exchange of

medium and organisms for phytoplankton and bacteria after

correction for indirect effects caused by dispersal limitation of

zooplankton. This suggests that not all taxa were present in the

original inocula or at least not in sufficient densities to have an impact

during the course of our experiment. The fact that our results indicate

more direct dispersal limitation effects in the low than in the high

nutrient treatment may reflect that existent communities can

intrinsically more easily adapt to high than to low nutrient conditions,

or alternatively may reflect that nutrient rich habitats are more

abundant in the study region so that these tend to be more

omnipresent than species that are pre-adapted to low nutrient

conditions.

The results of our study have important implications for the

interpretation of metacommunity patterns observed in the field. An

increasing number of studies (Cottenie 2005; Beisner et al. 2006; Van

der Gucht et al. 2007; Pandit et al. 2009; Declerck et al. 2011) have

tried to link patterns of community variation with existing metacom-

munity paradigms, by partitioning community variation into spatial

and environmental components, using direct gradient ordination

techniques. Our results show that spatial structures observed in such

studies on natural metacommunities may not only be caused by

dispersal limitation or mass effects, but may also emerge as the result

of strong ecological interactions with other groups of organisms,

which are themselves impacted by dispersal limitation or mass effects.

A spatial signal can emerge from an insufficient sampling of relevant

variation in environmental conditions (Langenheder & Ragnarsson

2007). If variation in the environment is not measured and spatially

structured, it will result in a spatial signal. Our results indicate that

species composition at other trophic levels is an important environ-

mental factor to be taken into account when determining the response

of a given group of organisms to environmental and spatial factors.

Failing to incorporate this information may introduce a significant

spatial signal, even when the focal group of organisms is not dispersal

limited and mainly the subject of species sorting.

CONCLUSIONS

Our study provides evidence that increased dispersal rates within a

metacommunity can strongly mediate the compositional response of

zoo-, phyto- and bacterioplankton communities to a gradient in

primary productivity, and that this strong response can be largely

generated by the response of a limited number of keystone species

at higher trophic levels (such as Daphnia magna in our experiment)

that are dispersal limited and strongly affect the intensity of trophic

interactions. We show that key-stone species mediated impacts

cause major changes in ecosystem functioning (grazing pressure)

and lead to apparent dispersal effects at lower trophic levels

(phytoplankton and bacterioplankton). Our results suggest that

these indirect effects of metacommunity structure may strongly

impact species composition in local communities and even

ecosystem functioning, and should be taken into consideration in

metacommunity analyses.
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Lepš, J. & Šmilauer, P. (2003). Multivariate Analysis of Ecological Data Using CA-

NOCO. Cambridge University Press, New York.

Loreau, M. & Mouquet, N. (1999). Immigration and the maintenance of local

species diversity. Am. Nat., 154, 427–440.

Loreau, M., Mouquet, N. & Gonzalez, A. (2003). Biodiversity as spatial insurance in

heterogeneous landscapes. Proc. Natl Acad. Sci. USA, 100, 12765–12770.

Matthiessen, B. & Hillebrand, H. (2006). Dispersal frequency affects local biomass

production by controlling local diversity. Ecol. Lett., 9, 652–662.

Matveev, V., Matveeva, L. & Jones, G.J. (2000). Relative impacts of Daphnia

grazing and direct stimulation by fish on phytoplankton abundance in mesocosm

communities. Freshw. Biol., 44, 375–385.

Mayeli, S.M., Nandini, S. & Sarma, S.S.S. (2004). The efficacy of Scenedesmus

morphology as a defense mechanism against grazing by selected species of

rotifers and cladocerans. Aquat. Ecol., 38, 515–524.

McCauley, S.J. (2006). The effects of dispersal and recruitment limitation on

community structure of odonates in artificial ponds. Ecography, 29, 585–595.

Michels, E., Cottenie, K., Neys, L. & De Meester, L. (2001). Zooplankton on the

move: first results on the quantification of dispersal of zooplankton in a set of

interconnected ponds. Hydrobiologia, 442, 117–126.

Mouquet, N. & Loreau, M. (2003). Community patterns in source-sink metacom-

munities. Am. Nat., 162, 544–557.

Naeslund, B. & Norberg, J. (2006). Ecosystem consequences of the regional species

pool. Oikos, 115, 504–512.

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., O�Hara, R.G., Simpson, G.L.

et al. (2010). vegan: Community Ecology Package. R package version 1.17-2. Available

at: http://CRAN.R-project.org/package=vegan.

Ozinga, W.A., Schamine, J.H.J., Bekker, R.M., Bonn, S., Poschlod, P., Tackenberg,

O. et al. (2005). Predictability of plant species composition from environmental

conditions is constrained by dispersal limitation. Oikos, 108, 555–561.

Pandit, S.N., Kolasa, J. & Cottenie, K. (2009). Contrasts between habitat generalists

and specialists: an empirical extension to the basic metacommunity framework.

Ecology, 90, 2253–2262.
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