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Andros T. GiAnucA,1,3 sTeven A. J. declerck,2 PieTer lemmens,1 And luc de meesTer1

1Laboratory of Aquatic Ecology, Evolution and Conservation, KU Leuven, Charles Deberiostraat 32, B 3000, Leuven, Belgium
2Department of Aquatic Ecology, Netherlands Institute of Ecology (NIOO-KNAW), P.O. Box 50, 6700AB, Wageningen,  

The Netherlands

Abstract.   Traditionally metacommunity studies have quantified the relative importance of 
dispersal and environmental processes on observed β- diversity. Separating β- diversity into its 
replacement and nestedness components and linking such patterns to metacommunity drivers 
can provide richer insights into biodiversity organization across spatial scales. It is often very 
difficult to measure actual dispersal rates in the field and to define the boundaries of natural 
metacommunities. To overcome those limitations, we revisited an experimental metacommu-
nity dataset to test the independent and interacting effects of environmental heterogeneity and 
dispersal on each component of β- diversity. We show that the balance between the replacement 
and nestedness components of β- diversity resulting from eutrophication changes completely 
depending on dispersal rates. Nutrient enrichment negatively affected local zooplankton diver-
sity and generated a pattern of β- diversity derived from nestedness in unconnected, environ-
mentally heterogeneous landscapes. Increasing dispersal erased the pattern of nestedness, 
whereas the replacement component gained importance. In environmentally homogeneous 
metacommunities, dispersal limitation created community dissimilarity via species replace-
ment whereas the nestedness component remained low and unchanged across dispersal levels. 
Our study provides novel insights into how environmental heterogeneity and dispersal interact 
and shape metacommunity structure.
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inTroducTion

Biodiversity is a multifaceted concept that requires a 
multiscale approach to be fully understood (Segre et al. 
2014). In addition to local scale diversity (α- diversity), 
differentiation among habitats (β- diversity) is an 
important determinant of regional diversity. β- diversity, 
here defined as the dissimilarity in species composition 
among a pair of sites, can be partitioned into two compo-
nents: dissimilarity derived from species replacement and 
dissimilarity derived from nestedness (Baselga 2010, 
Legendre 2014). The replacement component reflects 
changes in species identities (or relative abundances) 
between sites, whereas the nestedness component reflects 
to what extent the species- poor site contains a proper 
subset of the species- richer site (Baselga 2012, Legendre 
2014). The replacement and nestedness components can 
contribute jointly to total dissimilarity among commu-
nities, but their relative importance will change depending 
on the ecological processes structuring metacommunities 
(Brendonck et al. 2015, Tonkin et al. 2016). Therefore, 
partitioning β- diversity into its replacement and nest-
edness components and linking such patterns to meta-
community drivers can provide additional insights into 

the mechanisms that shape biodiversity patterns across 
spatial scales (Hortal et al. 2011, Leprieur et al. 2011, 
Ewers et al. 2013). Depending on the relative contri-
bution of each component to total β- diversity, different 
conservation strategies are needed to preserve regional 
species diversity (Angeler 2013). For instance, a domi-
nance of the nestedness component of dissimilarity means 
low complementarity among sites and implies the need of 
prioritizing sites with high α- diversity, while a predomi-
nance of the replacement component would require the 
conservation of multiple sites at the landscape scale. In 
order to protect regional biodiversity, it is therefore 
crucial to understand what ecological phenomena shape 
each component of β- diversity (i.e., nestedness and 
replacement). The latter allows one to fully link scale 
dependent processes to biodiversity patterns (Leprieur 
et al. 2011, Angeler 2013) and hence effectively inform 
management practices.

The metacommunity approach provides a strong con-
ceptual framework to investigate the extent to which local 
environmental conditions interact with dispersal in deter-
mining biodiversity patterns at local and regional spatial 
scales (Shurin 2001, Leibold et al. 2004, Cottenie 2005, 
Logue et al. 2011). Traditionally, however, studies inves-
tigating the drivers of replacement and nestedness have 
focused at a biogeographical scale, and most metacom-
munity studies have not distinguished the two compo-
nents of β- diversity (but see Brendonck et al. 2015, Tonkin 
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et al. 2016 for some exceptions). At the biogeographical 
scale (i.e., assuming a history of very low or no dispersal 
among regions), spatial isolation mainly results in species 
replacements (i.e., spatial turnover) due to the long- term 
evolutionary processes of speciation and extinction, 
which creates differences among regional species pools 
(McKnight et al. 2007, Melo et al. 2009, Leprieur et al. 
2011). Conversely, spatial isolation has been suggested to 
increase the relative importance of nestedness and reduce 
the importance of species replacement (i.e., spatial 
turnover) at the metacommunity scale (Henriques- Silva 
et al. 2013, Bender et al. 2016). Yet, it is not entirely clear 
if this relative increase in nestedness is solely driven 
 by spatial isolation or rather depends on the interaction 
between isolation and environmental constraints 
(Henriques- Silva et al. 2013). Although dispersal has been 
suggested to play a central role in determining β- diversity 
and its components across spatial scales (e.g., Hortal et al. 
2011, Leprieur et al. 2011, Tonkin et al. 2016), the majority 
of observational studies use spatial variables as an indirect 
proxy of dispersal rates rather than linking the patterns of 
diversity directly to actual dispersal rates. This has 
intrinsic limitations, because pure spatial signals on β- di-
versity patterns in observational studies can result either 
from dispersal limitation or from unmeasured environ-
mental variables that are spatially structured (Peres- Neto 
et al. 2006, Dray et al. 2012). While it is often difficult to 
measure dispersal rates in the field, dispersal can be con-
trolled in experiments. Experiments with metacommu-
nities therefore allow a more direct assessment of the 
potential role of dispersal in shaping diversity patterns, 
while additional factors can be controlled for (Logue 
et al. 2011, Verreydt et al. 2012).

The main goal of this study is to experimentally inves-
tigate potential drivers of the nestedness and replacement 
components of β- diversity in metacommunities. We 
expect that decreasing dispersal rates, for instance due to 
increasing fragmentation, will result in an increase of the 
nestedness component of β- diversity in environmentally 
heterogeneous landscapes (Fig. 1a; Henriques- Silva et al. 
2013, Bender et al. 2016). In more connected metacom-
munities the contribution of the nestedness component 
may be reduced because dispersal rescues species from 
local extinction (Hanski 1998). At the same time, high 
dispersal allows species to track suitable environmental 
conditions at the regional scale (Cottenie and De Meester 
2004, Leibold et al. 2004), increasing species replacement 
via species sorting. Therefore, we anticipate a decrease in 
the relative contribution of the nestedness component 
and an increase in the replacement component to total 
β- diversity with increasing dispersal rates in environmen-
tally heterogeneous landscapes (Fig. 1a). Only under 
extremely high dispersal species replacement will decrease 
due to mass effects (Mouquet and Loreau 2003). 
Ultimately, such a shift from the nestedness to the 
replacement component may stabilize total β- diversity 
along a broad range of dispersal rates and landscape con-
nectivity scenarios (Fig. 1a).

We expect distinct patterns of β- diversity derived from 
nestedness and replacement along dispersal gradients in 
environmentally homogeneous landscapes. We anticipate 
that the nestedness component in homogeneous land-
scapes will be low and barely change along the dispersal 
gradient for two reasons. First, although we expect some 
random species extinctions in homogeneous, unconnected 
landscapes, nestedness is all about non- random, direc-
tional species losses (Legendre 2014). Secondly, increasing 
dispersal in environmentally homogeneous landscapes can 
result in rapid homogenization of metacommunities 
(Declerck et al. 2012), which reduces differences in 
 α- diversity and maintains the nestdeness component of 
β- diversity low across the dispersal gradient (Fig. 1b). In 
contrast, we expect that in the absence of dispersal, a 
certain degree of species replacement will be generated by 
stochastic drift (Fig. 1b; Logue et al. 2011). Increasing dis-
persal will lead to convergence in species composition due 
to homogenization (Fig. 1b; Mouquet and Loreau 2003).

We here investigate the independent and interacting 
effects of dispersal and environmental heterogeneity on 
the relative contribution of the nestedness and replacement 
components to β- diversity of zooplankton metacommu-
nities. Eutrophication is an important anthropogenic 
pressure worldwide and has been shown to strongly 
reduce biodiversity in multiple organism groups in shallow 
lakes and ponds (Scheffer 2004, Declerck et al. 2005, 
Kruk et al. 2009). Eutrophication gradients may result in 
species losses and generate community dissimilarity via 
nestedness. Alternatively, eutrophication gradients may 
also drive species replacement if species differ in their tol-
erances to eutrophication (Declerck et al. 2007). Yet, it is 
largely unknown whether and how varying dispersal rates 
would alter the relative importance of the nestedness and 
replacement components resulting from eutrophication. 
We hypothesize that the influence of eutrophication on 
the nestedness and replacement components of β- diversity 
changes depending on dispersal rates and environmental 
heterogeneity following the patterns depicted in the con-
ceptual Fig. 1. To test this, we reanalyzed data from a 
mesocosm experiment in which nutrient concentrations 
and dispersal rates were manipulated independently 
(Verreydt et al. 2012). Specifically, we test three key ideas: 
(1) eutrophication leads to directional species losses due 
to differences in susceptibility to eutrophication, which 
enhances the importance of the nestedness component of 
β- diversity in less connected, heterogeneous landscapes; 
(2) increasing dispersal enhances the importance of the 
replacement and reduces the importance of the nestedness 
component in heterogeneous landscapes; (3) increasing 
dispersal reduces the importance of replacement and total 
β- diversity in homogeneous landscapes, whereas the nest-
edness component remains low and unchanged across the 
dispersal levels. We tested our predictions by focusing on 
both the metacommunity of mesocosms exposed to dif-
ferent nutrient levels (heterogeneous landscape) and 
exposed to the same nutrient level (homogeneous land-
scape) across dispersal levels.
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mATeriAls And meThods

Experimental design and sampling

We used data from a cross- factorial pond mesocosm 
experiment (n = 96; Verreydt et al. 2012) in which three 
levels of dispersal and two levels of nutrient concentra-
tions were manipulated (see details below). At the start of 
the experiment (23 May 2006), 96 plastic containers were 
filled (volume: 200 L) with a mixture of 120 L distilled 
water and 60 L tap water. The nutrient treatments were 
established 5 d after filling the mesocosms through 
addition of phosphate (KH2PO4) and nitrogen (NaNO3). 
Initial nutrient additions were equivalent to 1,000 μg P/L 
and 16,000 μg N/L in the high nutrient (HNUT) meso-
cosms and 10 μg P/L and 160 μg N/L In the low nutrient 
(LNUT) mesocosms. A tenth of these concentrations 
were added weekly to maintain nutrient concentrations 
throughout the experiment. Phytoplankton and bacteri-
oplankton were inoculated just after the nutrient addition 
took place (i.e., fifth day). After we observed a consistent 
difference in phytoplankton biomass between LNUT 
and HNUT treatments (day 32), we inoculated zoo-
plankton. Zooplankton communities from 16 different 
shallow lakes in Belgium were used to inoculate blocks 
of six mesocosms per lake (6 × 16 = 96 mesocosms; 

see Verreydt et al. 2012 and supplementary infor-
mation therein for more details about the lakes and 
communities).

Within each set of six mesocosms, we created two levels 
of nutrient addition (low and high) and three levels of 
dispersal intensity (no dispersal, low dispersal and high 
dispersal). In each block (i.e., zooplankton source), the 
no dispersal (NDISP) and low dispersal (LDISP) meso-
cosms were inoculated with zooplankton originating 
from one single lake, whereas the high dispersal (HDISP) 
mesocosms were initially inoculated with 80% of zoo-
plankton from the corresponding single lake and a 
plankton mixture containing zooplankton from all 16 
lakes (i.e., 20%). All dispersal levels started with the same 
regional species pool (see also Appendix S1: Fig. S4), 
meaning that inocula from all 16 lakes were present when 
combining all mesocosms of a given dispersal level 
(n = 32). In contrast to the other two dispersal treatments, 
however, in the HDISP treatment we created a situation 
in which all habitat patches were already connected at the 
start of the experiment, so that each species present in the 
regional species pool was given a chance to enter each 
local community from the beginning. The mesocosms of 
the NDISP treatment were kept isolated from the rest of 
the experimental metacommunity throughout the entire 
duration of the experiment. The other two dispersal levels 

FiG. 1. Conceptual scheme representing the expected relationships between environmental heterogeneity, dispersal rates, and 
community dissimilarity derived from nestedness and replacement in metacommunities. In a landscape characterized by 
environmental heterogeneity (e.g., represented by different colors in panel a), the nestedness component is expected to decrease with 
increasing dispersal because species are rescued from extinction, whereas the replacement component is enhanced with increasing 
dispersal rates up until a point where mass- effects start to homogenize species composition. The result is that β- diversity remains 
high, but has different proportions of the nestedness vs. the turnover components until landscape connectivity is so high that mass 
effects come into play. In homogeneous landscapes (represented by similar colors of the circles in panel b), the nestdness component 
may not significantly change along the dispersal gradient (see text for details). Strong dispersal limitation in homogeneous landscapes 
can cause a pattern of species replacement due to stochastic variation, while increasing dispersal in homogenous environments 
rapidly reduces replacement due to homogenization. We note that the responses to environmental heterogeneity as shown in the 
figure only apply to gradients of environmental stressors that exclude species and can lead to nestedness (e.g., eutrophication, 
pollution, acidification). The patterns depicted here are expected to be general for metacommunities exposed to environmental 
pressures and that become increasingly fragmented and isolated. Historically unconnected landscapes may show different patterns 
(e.g., at the biogeographic scale; see Leprieur et al. 2011).
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were achieved by manually exchanging water among 
mesocosms. For this, water was collected from all meso-
cosms of the respective dispersal level (n = 32) and the 
pooled volume was redistributed in equal parts over the 
same mesocosms again. We exchanged 40 mL per 
mesocosm for the LDISP whereas the high dispersal level 
(HDISP) was achieved by exchanging 2 L volumes at 
weekly intervals. Because of our approach to simulate 
dispersal, dispersal rates of particular species were a 
function of their relative abundances within local com-
munities. This likely reflects natural dispersal mecha-
nisms in metacommunities of passive dispersers.

The zooplankton community in each mesocosm was 
sampled at days 86 and 87 of the experiment using a 
Schindler Patalas (volume: 12 L; mesh size: 30 μm). 
Samples were preserved with acid lugol solution and indi-
viduals were counted and identified in the laboratory. 
Cladocerans were identified to species level, while 
copepods were only grouped into cyclopoids and 
calanoids. A minimum of 300 individuals from each 
sample was counted. For more details on the experi-
mental design and protocol we refer to (Verreydt et al. 
2012).

Statistical analyses

Effects of nutrient addition and dispersal on α- diversity.—
We used two- way analysis of variance to test for the ef-
fects of dispersal (3 levels) and nutrient addition (2 levels) 
on logarithmic transformed species richness and Shan-
non entropy (exponential of the Shannon index; Jost 
2006), two measures of α- diversity.

Calculation of total β- diversity and its components.—
Bray– Curtis dissimilarity coefficients based on species 
abundances were calculated for pairs of experimental 
communities and used as a measure of β- diversity. Next, 
we partitioned β- diversity into its two components, 
nestedness and replacement, using the bray part func-
tion from the “betapart” statistical package (Baselga 
and Orme 2012) in R (R Core Team 2014). The output 
of this partitioning approach consists of three distance 
matrices representing: (1) β- diversity—i.e., Bray–Curtis; 
(2) the nestedness component of β- diversity; and (3) the 
replacement component of β- diversity. It is important 
to note that the nestedness component of β- diversity 
as calculated in this study is conceptually similar but 
yet different from the nestedness that is derived from 
multisite  analyses (Leibold and Mikkelson 2002; for a 
detailed explanation about the conceptual differences 
between “nestedness” and “the nestedness component of 
β- diversity,” Baselga 2012).

We decided to account for species abundances because 
quantitative data has been shown to provide more useful 
information on the mechanisms shaping diversity pat-
terns within and among communities (Ulrich and Gotelli 
2010, Baselga 2013). The “nestedness component of dis-
similarity” in this study will therefore be >0 in two 

situations: (1) when some species disappear from (or col-
onize) one site but not the other and/or (2) when some 
species become consistently less (or more) abundant in 
one site than in the other (Baselga 2013). The previously 
mentioned situations can happen, for example, due to a 
change in the environment that directionally affects 
species abundances or extinctions. Likewise, the 
replacement component of dissimilarity will be >0 when: 
(1) some species completely replace each other and/or (2) 
when they change in relative abundances between sites 
(Baselga 2013). We removed one mesocosm (belonging 
to the HNUT—NODISP treatment) from the analysis 
because no species was present in this mesocosm at the 
end of the experiment.

Effects of nutrient addition and dispersal on β- diversity 
and its components.—To test the independent and 
 interacting effects of nutrient addition and dispersal on 
 total β- diversity and its two components (i.e., nestedness 
and replacement) we performed multi- factorial PER-
MANOVA (Anderson and Walsh 2013) using the func-
tion “adonis” from the package “vegan” (Oksanen et al. 
2016) in R. Multi- factorial PERMANOVA determines 
whether the level of dissimilarity among mesocosms from 
different treatments is higher than what would be expect-
ed by chance. Multi- factorial PERMANOVA generates 
tests of significance based on Monte Carlo randomiza-
tions, and also estimates R- square (R2) values quanti-
fying the explanatory power of the investigated factors 
(dispersal and nutrient levels in this study). We used these 
R2 values to assess the relative magnitude of the dispersal 
and nutrient addition effects on total  β- diversity and its 
two components. We ran PERMANOVA analysis using 
dispersal and nutrient levels as factors and as response 
variables the three distance matrices. Through this anal-
ysis, it was also possible to test for an interaction effect 
between dispersal and nutrients.

Effect of nutrient addition on β- diversity and its compo-
nents within each dispersal level.—In a second step, we 
carried out PERMANOVAs to evaluate the effect of 
the nutrient gradient (HNUT vs. LNUT mesocosms) on 
 total β- diversity as well as on the nestedness and replace-
ment components within each dispersal level separately. 
For this, we calculated total Bray–Curtis, the nested-
ness and replacement components within each disper-
sal treatment across the nutrient levels in the same way 
as described before. We then used those three distance 
 matrices as response variables (one at a time) and nutri-
ent level as a factor.

Effect of dispersal on β- diversity and its components with-
in each nutrient level.—In order to test whether the level 
of nestedness and replacement within each nutrient treat-
ment (i.e., mimicking homogeneous landscapes)  differ 
as a function of dispersal rates, we used PERMDISP. 
This analysis tests whether within group dissimilarity 
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in species composition differs among groups (Anderson 
et al. 2006). To run PERMDISP we used the function 
“betadisper” in the “vegan” package using as response 
variables the nestedness and replacement distance matri-
ces and dispersal as a factor. We then used the function 
“TukeyHSD” to test for significant pair- wise differences 
between dispersal levels.

resulTs

Effects of nutrient addition and dispersal on α- diversity

Analyses of variance revealed that nutrient addition 
had a strong negative effect on species richness 
(F = 100.783, P < 0.001) and Shannon entropy (F = 47.671, 
P < 0.001), whereas dispersal had profound positive 
effects on species richness (F = 30.013, P < 0.001) and 
Shannon entropy (F = 5.351, P = 0.006; see also Appendix 
S1). We found no indication for an interaction effect 
between dispersal and nutrient addition for species 
richness (F = 2.662, P = 0.075) or for Shannon entropy 
(F = 0.397, P = 0.673).

Effects of nutrient addition and dispersal on β- diversity 
and its components

Multi- factorial PERMANOVA revealed that the effect 
of nutrient addition (adjR2 = 0.123, P = 0.001) was twice 
as strong as the effect of dispersal (adjR2 = 0.063, P = 0.001) 
in affecting β- diversity (Fig. 2a). There was also a signif-
icant interaction between dispersal and nutrient addition 
on β- diversity (adjR2 = 0.051, P = 0.001; Fig. 2a). When 
considering each component of β- diversity separately, we 
found a strong effect of dispersal (adjR2 = 0.149, P = 0.001) 
and a significant interaction between nutrient addition 
and dispersal rates on the nestedness component 
(adjR2 = 0.061, P = 0.042; Fig. 2b). We found no effect of 
nutrient addition on the nestedness component 
(adjR2 = −0.010, P = 0.907). In contrast, nutrient addition 
had a strong effect on the replacement component 
(adjR2 = 0.207, P = 0.001; Fig. 2c), and there was a signif-
icant interaction between nutrient addition and dispersal 
on the replacement component (adjR2 = 0.056, P = 0.012). 

We found no significant effect of dispersal on the 
replacement component (adjR2 = 0.038, P = 0.055).

Effect of nutrient addition on β- diversity and its  
components within each dispersal level

One- way PERMANOVAs testing for the effect of 
nutrient concentration in each dispersal treatment sepa-
rately revealed a significant effect of nutrient addition on 
the nestedness component but only in the unconnected 
mesocosms (NODISP; Fig. 3). In contrast, nutrient 
addition had no significant effect on the replacement 
component in the NODISP mesocosms, but was highly 
significant in the LODISP and, especially, in the HIDISP 
treatments (Fig. 3). In the absence of dispersal, the 
nutrient addition treatment thus generated β- diversity 
solely via a nestedness pattern. In contrast, in mesocosms 
with low or high dispersal, β- diversity associated with the 
nutrient addition treatment was entirely structured 
according to a replacement pattern. The effect of nutrient 
heterogeneity on β- diversity ranged from 9% in the 
NODISP treatment (R2 = 0.091, P < 0.005) to 11% in the 
LODISP (R2 = 0.108, P < 0.001) to 39% in the HIDISP 
treatment (R2 = 0.393, P < 0.001).

Effect of dispersal on β- diversity and its components 
within each nutrient level

PERMDISP revealed a highly significant difference in 
replacement within each nutrient treatment as a function 
of dispersal (P < 0.001 for both HNUT and LNUT treat-
ments). Pair- wise comparisons revealed that the level of 
replacement within each nutrient treatment was highly 
significant between dispersal levels for both nutrient treat-
ments, especially between the NODISP and HIDISP treat-
ments (Appendix S1: Table S3). In contrast, we found no 
significant differences in the nestedness component within 
each nutrient treatment as a function of dispersal 
(Appendix S1: Table S3). Ternary graphs revealed a sharp 
decrease in replacement and an increase in similarity with 
increasing dispersal rates within each nutrient treatment 
(see Appendix S1: Fig. S2). Specifically, average 
replacement decreased from 0.63 in NODISP mesocosms 

FiG. 2. Total amount of explanatory power (R2; scaled to 100) provided by the nutrient treatment (NUT), the dispersal 
treatment (DISP) and their interaction (NUT : DISP) on β- diversity (a) and its components nestedness (b) and replacement (c). 
Effects of the treatments on β- diversity and its components were calculated based on PERMANOVA (see Methods for details). 
***P < 0.001; *P < 0.05.
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to 0.15 in HIDISP mesocosms exposed to high nutrient 
levels (HNUT). Similarly, average replacement decreased 
from 0.62 in NODISP mesocosms to 0.28 in HIDISP 
mesocosms with low nutrients (LNUT). There was a slight 
increase in the relative importance of the nestedness com-
ponent with increasing dispersal rates, albeit this was not 
significant (see also Appendix S1: Fig. S2 and Table S3 for 
all pair- wise comparisons between treatments).

discussion

Eutrophication due to nutrient loading and reduced 
dispersal owing to habitat fragmentation are global scale 
pressures that are increasingly affecting biodiversity pat-
terns at multiple spatial scales (Kruk et al. 2009, Jeppesen 
et al. 2010, Hooftman et al. 2015). The results of our cross- 
factorial mesocosm experiment clearly demonstrate that 
nutrient enrichment strongly reduced local species richness 
and diversity, especially in isolated zooplankton com-
munities. Consequently, the nestedness component of 
β- diversity was dominant across nutrient levels in uncon-
nected mesocosms. In more connected communities, 
however, the loss of species due to nutrient additions was 
counteracted by dispersal, and this shifted the pattern of 
dissimilarity derived from nestedness to a pattern of dis-
similarity derived from species replacement. Thus, the 
interaction of nutrient addition and dispersal affected the 
components of β- diversity in divergent ways. This 
important interaction would never have been appreciated 
if the analyses had solely focused on total β- diversity pat-
terns (Figs. 1, 2a). In addition, we observed contrasting 
patterns for mesocosms belonging to the same nutrient 
levels (mimicking an environmentally homogeneous land-
scape) when exposed to different levels of dispersal. Here, 
we observed a sharp decrease in both β- diversity and 
species replacement with increasing dispersal levels, 
whereas the contribution of the nestedness component did 
not significantly change as a function of dispersal 
(Appendix S1: Table S1). The contribution of the nest-
edness and replacement components to community dis-
similarity across the dispersal levels for heterogeneous 

landscapes are fully in line with our predictions as outlined 
in Fig. 1 if we assume that even the high dispersal treatment 
did not result in mass effects (which is in agreement with 
the pattern of strong species sorting reported for zoo-
plankton in this dispersal treatment by Verreydt et al. 
[2012]). Also the patterns of β- diversity as well as that of 
the nestedness and replacement components for homoge-
neous landscapes are largely in line with our predictions.

In the absence of dispersal, the negative effect of 
nutrient addition on local species richness along with a 
nested structure indicates that nutrient enrichment 
creates unsuitable conditions for a subset of zooplankton 
species. The observed pattern of directional species losses 
extends the conclusions of several field and experimental 
studies, which have demonstrated the negative effects of 
eutrophication on species diversity for many organism 
groups, including zooplankton (Dodson et al. 2000, 
Declerck et al. 2007, 2011, Kruk et al. 2009). Nutrient 
addition impacted α-diversity negatively across all dis-
persal treatments (Appendix S1: Fig. S1). However, this 
effect was entirely compensated by high dispersal rates 
(Appendix S1: Fig. S1) resulting in a reduction of the 
nestedness component of β- diversity (Fig. 3). This pro-
vides evidence for dispersal- mediated rescue effects in our 
mesocosm experiment (Hanski 1998; see also Appendix 
S1: Fig. S4). Increased dispersal also increased the impor-
tance of species replacement to β- diversity across the 
nutrient treatment. Specifically, dispersal fuelled species 
sorting by allowing species to spatially track suitable 
environmental conditions at the metacommunity scale, 
resulting in high complementarity in species composition 
(Cottenie and De Meester 2004). Previous studies have 
similarly demonstrated that immigration from the 
regional species pool has the power to counterbalance the 
detrimental effects of disturbance, such as high predation 
pressure, on zooplankton α-diversity and can enhance 
β- diversity (Shurin 2001, Howeth and Leibold 2010). We 
also found that β- diversity is enhanced in the presence of 
high dispersal rates across the nutrient levels. Through 
separating β- diversity into its nestedness and replacement 
components, however, we show that dispersal limitation 
and high dispersal both generate β- diversity in heteroge-
neous landscapes, but via completely different mecha-
nisms. Specifically, high nutrient input results in species 
losses in unconnected mesocosms, thus generating 
 β- diversity derived from nestedness. Conversely, high 
dispersal promotes species sorting across the nutrient 
levels and generates β- diversity via species replacement.

Contrary to our results, some observational studies 
found that increasing spatial connectivity diminished 
species replacement (i.e., spatial turnover) and increased 
nestedness in different organism groups, ranging from 
river fish to amphibians and mammals (McKnight et al. 
2007, Melo et al. 2009, Leprieur et al. 2011). A potential 
explanation for these differences in outcome is spatial 
and temporal extent, since the studies above have focused 
at a biogeographic scale while ours focused at a meta-
community scale. At a biogeographic scale, reduced 

FiG. 3. Total amount of explanatory power (R2; scaled to 
100) provided by the nutrient treatment on the nestedness 
component (grey bars) and on the replacement component 
(black bars) for each dispersal level separately. NODISP stands 
for the no dispersal treatment, LDISP refers to the low dispersal 
treatment, and HDISP to the high dispersal treatment. 
***P < 0.001; **P < 0.005.
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landscape connectivity likely promotes long- term evolu-
tionary processes such as speciation and extinction, 
which might eventually result in large- scale turnover pat-
terns due to differences in regional species pools (Leprieur 
et al. 2011). Despite previous theoretical studies on nest-
edness and turnover at the metacommunity scale, only 
recently have investigators started assessing the relative 
importance of dispersal and environmental processes on 
each component of β- diversity in empirical metacommu-
nities, especially due to the development of new statistical 
tools (Baselga 2013, Legendre 2014, Baselga and Leprieur 
2015). Using a different approach based on paired 
overlap and matrix filling to quantify nestedness per se, 
other studies reported patterns consistent with our results 
(Henriques- Silva et al. 2013, Bender et al. 2016). For 
instance, Henriques- Silva et al. (2013) found that harsher 
environmental conditions in combination with spatial 
isolation increased nestedness and reduced turnover in 
fish metacommunities. In another example, Bender et al. 
(2016) found that spatial isolation is an important driver 
of functional and taxonomic nestedness. Our findings 
similarly suggest that heterogeneous metacommunities 
are shaped by ecological dynamics related to habitat fil-
tering, competitive exclusion and dispersal (Shurin 2001, 
Bello et al. 2013, Spasojevic et al. 2014), which might 
create community dissimilarity via species replacement 
among more connected sites and via nestedness among 
isolated sites along disturbance gradients.

We found strikingly different patterns for β- diversity 
when we considered sets of mesocosms with the same 
rather than different nutrient levels, i.e., mimicking homo-
geneous landscapes. In homogeneous landscapes, dis-
persal limitation enhanced species replacement, whereas 
the nestedness component remained unchanged across 
the dispersal levels. The pattern of decreasing species 
replacement with increasing dispersal in homo geneous 
landscapes is in line with our predictions, and suggests 
that the same level of (high) dispersal promotes diver-
gence in species composition in heterogeneous landscapes 
and community convergence in homogeneous landscapes 
(Leibold et al. 2004, Cottenie 2005, Logue et al. 2011). We 
observed that the contribution of the nestedness com-
ponent was overall low and did not significantly change 
along the dispersal gradient, which is in agreement with 
our predictions (see Fig. 1 and Appendix S1: Table S3). 
Changes in β- diversity as a function of dispersal were thus 
mainly derived from species replacements and not from 
nestedness (see also Appendix S1: Fig. S2). Whereas 
increasing dispersal enhances species complementarity via 
species sorting in heterogeneous landscapes, decreasing 
dispersal enhances species  complementarity via stochastic 
drift in homogeneous landscapes. An open question is 
whether such high species replacement in unconnected 
and homogeneous landscapes can be translated into func-
tional complementarity. Although we have no data to 
further test this hypothesis, functional redundancy may 
be a dominant pattern in homogeneous and unconnected 
landscapes, meaning that different species with similar 

traits replace each other among local communities. The 
latter is likely to happen because species occurring in 
homogeneous landscapes have to be able to survive to 
similar environmental filters (Gianuca et al. 2014). 
Therefore, it is possible that landscape wide environ-
mental homogenization resulting from a common envi-
ronmental change, such as widespread eutrophication, 
selects for functionally redundant species, leading to rapid 
convergence of functional traits in metacommunities.

Increased nutrient loading and reduced dispersal rates 
owing to fragmentation are amongst the major drivers of 
species extinctions worldwide and can undermine eco-
system functioning and stability both in terrestrial and 
aquatic systems (Kruk et al. 2009, Symons and Arnott 
2013, Hautier et al. 2015, Hooftman et al. 2015). Our 
study additionally suggests that nutrient loading and dis-
persal limitation synergistically enhance each other’s 
effects on β- diversity. Our results confirm that conserving 
habitats based only on high levels of α-diversity is not 
sufficient, as it disregards the importance of variation in 
species composition among habitats (Angeler 2013, 
Tonkin et al. 2016). Because dispersal limitation interacts 
with eutrophication to create dissimilarity resulting 
mainly from nestedness in heterogeneous landscapes, we 
argue that sufficient habitat connectivity is crucial in 
allowing species to repopulate suitable sites and also to 
ensure high complementarity (replacement) among sites 
(Shurin 2001, Howeth and Leibold 2010). However, the 
degree of connectivity in natural metacommunities 
depends not only on the spatial configuration of the 
habitat patches, but also on the dispersal mode and 
ability of the focal organism group (De Bie et al. 2012). 
As a result, different management strategies will often be 
needed to conserve α- and β- diversity of different 
organism groups. Based on our findings, it is conceivable 
that nestedness resulting from eutrophication will pre-
dominate among dispersal- limited groups and turnover 
will be more important for highly mobile groups within 
the same landscape (Tonkin et al. 2016). Future studies 
should, therefore, investigate how nestedness and 
turnover along disturbance gradients vary among 
organism groups that represent a range of dispersal abil-
ities and strategies within the same landscape context.

The approach we applied here, experimentally manip-
ulating dispersal and environmental conditions and 
teasing apart each component of β- diversity, was key to 
obtain new insights into how multi- scale assembly pro-
cesses link local and regional diversity patterns at a meta-
community scale. It is important to note that in our 
setting dispersal rates always involved heterogeneous 
sources and were mainly a function of species relative 
abundances. The no dispersal treatment represents a sit-
uation in which a historically connected metacommunity 
becomes completely isolated, mimicking a fragmentation 
scenario. Although each dispersal level started with the 
same regional species pool (i.e., inocula from 16 lakes; see 
also Appendix S1: Fig. S4), mesocosms belonging to the 
high dispersal treatment potentially started with higher 
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local species richness than mesocosms of the no dispersal 
and low dispersal treatment. While different dispersal 
mechanisms could have led to different conclusions 
(Grainger and Gilbert 2016), the type of dispersal we used 
in our experiment is likely a common situation in meta-
communities involving passively dispersed organisms, 
such as freshwater zooplankton (Lopes et al. 2016). 
Although experimental metacommunities represent only 
a simplified approximation of natural metacommunities, 
the results from our study are in clear concordance with 
those of some recent observational studies that used dif-
ferent methods to quantify nestedness and turnover (e.g., 
Henriques- Silva et al. 2013, Bender et al. 2016). 
Additionally, our study extends the conclusions of pre-
vious observational studies by demonstrating divergent 
patterns between heterogeneous and homogeneous land-
scapes across dispersal scenarios, which was possible to 
accomplish only via experimentation. Therefore, our 
study provides strong proof of principle of potential 
mechanisms structuring the nestedness and replacement 
components of dissimilarity in natural metacommunities, 
although some caution is recommended when extrapo-
lating experimental findings to natural systems.

In summary, we demonstrate that nutrient enrichment 
negatively affects local zooplankton diversity and this 
creates community dissimilarity derived from nestedness in 
heterogeneous, unconnected metacommunities. However, 
the balance between the nestedness and replacement 
 components in our experimental metacommunity was 
completely altered by dispersal, as increasing dispersal 
reduced nestedness and resulted in high species replacement 
in heterogeneous landscapes. Furthermore, the patterns of 
community dissimilarity derived from nestedness and 
replacement along dispersal gradients are completely 
altered in homogeneous environments. This also implies 
that environmental homogenization, which is likely to 
happen due to a strong common environmental change 
such as global warming or widespread eutrophication 
(Moss et al. 2011), will strongly interact with landscape 
connectivity in its impact on the components of β- diversity. 
Taken together with previous analyses of this same dataset 
(Verreydt et al. 2012), our results indicate that sufficiently 
high dispersal in heterogeneous landscapes is fundamental 
because it promotes biodiversity locally and optimizes the 
match between species and environment in metacom-
munities. Our study contributes novel insights on the 
mechanisms shaping β- diversity by demonstrating how 
environmental heterogeneity interplays with dispersal to 
create contrasting patterns of nestedness and replacement 
in metacommunities.
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