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ABSTRACT 26 

Traditionally metacommunity studies have quantified the relative importance of dispersal and 27 

environmental processes on observed β-diversity. Separating β-diversity into its replacement 28 

and nestedness components and linking such patterns to metacommunity drivers can provide 29 

richer insights into biodiversity organization across spatial scales. It is often very difficult to 30 

measure actual dispersal rates in the field and to define the boundaries of natural 31 

metacommunities. To overcome those limitations, we revisited an experimental 32 

metacommunity dataset to test the independent and interacting effects of environmental 33 

heterogeneity and dispersal on each component of β-diversity. We show that the balance 34 

between the replacement and nestedness components of β-diversity resulting from 35 

eutrophication changes completely depending on dispersal rates. Nutrient enrichment 36 

negatively affected local zooplankton diversity and generated a pattern of β-diversity derived 37 

from nestedness in unconnected, environmentally heterogeneous landscapes. Increasing 38 

dispersal erased the pattern of nestedness, whereas the replacement component gained 39 

importance. In environmentally homogeneous metacommunities, dispersal limitation created 40 

community dissimilarity via species replacement whereas the nestedness component 41 

remained low and unchanged across dispersal levels. Our study provides novel insights into 42 

how environmental heterogeneity and dispersal interact and shape metacommunity structure. 43 

 44 

Keywords. Fragmentation, eutrophication, turnover, metacommunity, zooplankton, landscape 45 

connectivity. 46 

 47 

 48 

Introduction 49 
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 Biodiversity is a multifaceted concept that requires a multiscale approach to be fully 50 

understood (Segre et al. 2014). In addition to local scale diversity (α-diversity), 51 

differentiation among habitats (β-diversity) is an important determinant of regional diversity. 52 

β-diversity, here defined as the dissimilarity in species composition among a pair of sites, can 53 

be partitioned into two components: dissimilarity derived from species replacement and 54 

dissimilarity derived from nestedness (Baselga 2010, Legendre 2014). The replacement 55 

component reflects changes in species identities (or relative abundances) between sites, 56 

whereas the nestedness component reflects to what extent the species-poor site contains a 57 

proper subset of the species-richer site (Baselga 2012, Legendre 2014). The replacement and 58 

nestedness components can contribute jointly to total dissimilarity among communities, but 59 

their relative importance will change depending on the ecological processes structuring 60 

metacommunities (Brendonck et al. 2015, Tonkin et al. 2016). Therefore, partitioning β-61 

diversity into its replacement and nestedness components and linking such patterns to 62 

metacommunity drivers can provide additional insights into the mechanisms that shape 63 

biodiversity patterns across spatial scales (Hortal et al. 2011, Leprieur et al. 2011, Ewers et 64 

al. 2013). Depending on the relative contribution of each component to total β-diversity, 65 

different conservation strategies are needed to preserve regional species diversity (Angeler 66 

2013). For instance, a dominance of the nestedness component of dissimilarity means low 67 

complementarity among sites and implies the need of prioritizing sites with high α-diversity, 68 

while a predominance of the replacement component would require the conservation of 69 

multiple sites at the landscape scale. In order to protect regional biodiversity, it is therefore 70 

crucial to understand what ecological phenomena shape each component of β-diversity (i.e., 71 

nestedness and replacement). The latter allows one to fully link scale dependent processes to 72 

biodiversity patterns (Leprieur et al. 2011, Angeler 2013) and hence effectively inform 73 

management practices. 74 
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The metacommunity approach provides a strong conceptual framework to investigate 75 

the extent to which local environmental conditions interact with dispersal in determining 76 

biodiversity patterns at local and regional spatial scales (Shurin 2001, Leibold et al. 2004, 77 

Cottenie 2005, Logue et al. 2011). Traditionally, however, studies investigating the drivers of 78 

replacement and nestedness have focused at a biogeographical scale, and most 79 

metacommunity studies have not distinguished the two components of β-diversity [but see 80 

(Brendonck et al. 2015, Tonkin et al. 2016) for some exceptions]. At the biogeographical 81 

scale (i.e., assuming a history of very low or no dispersal among regions), spatial isolation 82 

mainly results in species replacements (i.e., spatial turnover) due to the long-term 83 

evolutionary processes of speciation and extinction, which creates differences among 84 

regional species pools (McKnight et al. 2007, Melo et al. 2009, Leprieur et al. 2011). 85 

Conversely, spatial isolation has been suggested to increase the relative importance of 86 

nestedness and reduce the importance of species replacement (i.e., spatial turnover) at the 87 

metacommunity scale (Henriques-Silva et al. 2013, Bender et al. 2016). Yet, it is not entirely 88 

clear if this relative increase in nestedness is solely driven by spatial isolation or rather 89 

depends on the interaction between isolation and environmental constraints (Henriques-Silva 90 

et al. 2013). Although dispersal has been suggested to play a central role in determining β-91 

diversity and its components across spatial scales [e.g., (Hortal et al. 2011, Leprieur et al. 92 

2011, Tonkin et al. 2016)], the majority of observational studies use spatial variables as an 93 

indirect proxy of dispersal rates rather than linking the patterns of diversity directly to actual 94 

dispersal rates. This has intrinsic limitations, because pure spatial signals on β-diversity 95 

patterns in observational studies can result either from dispersal limitation or from 96 

unmeasured environmental variables that are spatially structured (Peres-Neto et al. 2006, 97 

Dray et al. 2012). While it is often difficult to measure dispersal rates in the field, dispersal 98 

can be controlled in experiments. Experiments with metacommunities therefore allow a more 99 
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direct assessment of the potential role of dispersal in shaping diversity patterns, while 100 

additional factors can be controlled for (Logue et al. 2011, Verreydt et al. 2012). 101 

The main goal of this study is to experimentally investigate potential drivers of the 102 

nestedness and replacement components of β-diversity in metacommunities. We expect that 103 

decreasing dispersal rates, for instance due to increasing fragmentation, will result in an 104 

increase of the nestedness component of β-diversity in environmentally heterogeneous 105 

landscapes (Fig. 1a) (Henriques-Silva et al. 2013, Bender et al. 2016). In more connected 106 

metacommunities the contribution of the nestedness component may be reduced because 107 

dispersal rescues species from local extinction (Hanski 1998). At the same time, high 108 

dispersal allows species to track suitable environmental conditions at the regional scale 109 

(Cottenie and De Meester 2004, Leibold et al. 2004), increasing species replacement via 110 

species sorting. Therefore, we anticipate a decrease in the relative contribution of the 111 

nestedness component and an increase in the replacement component to total β-diversity with 112 

increasing dispersal rates in environmentally heterogeneous landscapes (Fig. 1a). Only under 113 

extremely high dispersal species replacement will decrease due to mass effects (Mouquet and 114 

Loreau 2003). Ultimately, such a shift from the nestedness to the replacement component 115 

may stabilize total β-diversity along a broad range of dispersal rates and landscape 116 

connectivity scenarios (Fig. 1a). 117 

We expect distinct patterns of β-diversity derived from nestedness and replacement 118 

along dispersal gradients in environmentally homogeneous landscapes. We anticipate that the 119 

nestedness component in homogeneous landscapes will be low and barely change along the 120 

dispersal gradient for two reasons. First, although we expect some random species extinctions 121 

in homogeneous, unconnected landscapes, nestedness is all about non-random, directional 122 

species losses (Legendre 2014). Secondly, increasing dispersal in environmentally 123 

homogeneous landscapes can result in rapid homogenization of metacommunities (Declerck 124 
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et al. 2012), which reduces differences in α-diversity and maintains the nestdeness 125 

component of β-diversity low across the dispersal gradient (Fig 1b). In contrast, we expect 126 

that in the absence of dispersal, a certain degree of species replacement will be generated by 127 

stochastic drift (Fig. 1b) (Logue et al. 2011). Increasing dispersal will lead to convergence in 128 

species composition due to homogenization (Fig. 1b) (Mouquet and Loreau 2003). 129 

We here investigate the independent and interacting effects of dispersal and 130 

environmental heterogeneity on the relative contribution of the nestedness and replacement 131 

components to β-diversity of zooplankton metacommunities. Eutrophication is an important 132 

anthropogenic pressure worldwide and has been shown to strongly reduce biodiversity in 133 

multiple organism groups in shallow lakes and ponds (Scheffer 2004, Declerck et al. 2005, 134 

Kruk et al. 2009). Eutrophication gradients may result in species losses and generate 135 

community dissimilarity via nestedness. Alternatively, eutrophication gradients may also 136 

drive species replacement if species differ in their tolerances to eutrophication (Declerck et 137 

al. 2007). Yet, it is largely unknown whether and how varying dispersal rates would alter the 138 

relative importance of the nestedness and replacement components resulting from 139 

eutrophication. We hypothesize that the influence of eutrophication on the nestedness and 140 

replacement components of β-diversity changes depending on dispersal rates and 141 

environmental heterogeneity following the patterns depicted in the conceptual Figure 1. To 142 

test this, we reanalysed data from a mesocosm experiment in which nutrient concentrations 143 

and dispersal rates were manipulated independently (Verreydt et al. 2012). Specifically, we 144 

test three key ideas: (i) eutrophication leads to directional species losses due to differences in 145 

susceptibility to eutrophication, which enhances the importance of the nestedness component 146 

of β-diversity in less connected, heterogeneous landscapes; (ii) increasing dispersal enhances 147 

the importance of the replacement and reduces the importance of the nestedness component 148 

in heterogeneous landscapes; (iii) increasing dispersal reduces the importance of replacement 149 
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and total β-diversity in homogeneous landscapes, whereas the nestedness component remains 150 

low and unchanged across the dispersal levels. We tested our predictions by focusing on both 151 

the metacommunity of mesocosms exposed to different nutrient levels (heterogeneous 152 

landscape) and exposed to the same nutrient level (homogeneous landscape) across dispersal 153 

levels. 154 

 155 

Material and Methods 156 

Experimental design and sampling. 157 

We used data from a cross-factorial pond mesocosm experiment (n=96) (Verreydt et al. 158 

2012) in which three levels of dispersal and two levels of nutrient concentrations were 159 

manipulated (see details below). At the start of the experiment (23 May 2006), 96 plastic 160 

containers were filled (volume: 200 L) with a mixture of 120 L distilled water and 60 L tap 161 

water. The nutrient treatments were established 5 days after filling the mesocosms through 162 

addition of phosphate (KH2PO4) and nitrogen (NaNO3). Initial nutrient additions were 163 

equivalent to 1000 µg P L-1 and 16 000 µg N L-1 in the high nutrient (HNUT) mesocosms and 164 

10 µg P L-1 and 160 µg N L1 in the low nutrient (LNUT) mesocosms. A tenth of these 165 

concentrations were added weekly to maintain nutrient concentrations throughout the 166 

experiment. Phytoplankton and bacterioplankton were inoculated just after the nutrient 167 

addition took place (i.e., fifth day). After we observed a consistent difference in 168 

phytoplankton biomass between LNUT and HNUT treatments (day 32), we inoculated 169 

zooplankton. Zooplankton communities from 16 different shallow lakes in Belgium were 170 

used to inoculate blocks of six mesocosms per lake (6 x 16 = 96 mesocosms) [see Verreydt et 171 

al. (2012) and supplementary information therein for more details about the lakes and 172 

communities].  173 
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Within each set of six mesocosms, we created two levels of nutrient addition (low and 174 

high) and three levels of dispersal intensity (no dispersal, low dispersal and high dispersal). 175 

In each block (i.e., zooplankton source), the no dispersal (NDISP) and low dispersal (LDISP) 176 

mesocosms were inoculated with zooplankton originating from one single lake, whereas the 177 

high dispersal (HDISP) mesocosms were initially inoculated with 80% of zooplankton from 178 

the corresponding single lake and a plankton mixture containing zooplankton from all 16 179 

lakes (i.e. 20%). All dispersal levels started with the same regional species pool (see also 180 

Appendix S1:  Figure S4), meaning that inocula from all 16 lakes were present when 181 

combining all mesocosms of a given dispersal level (n = 32). In contrast to the other two 182 

dispersal treatments, however, in the HDISP treatment we created a situation in which all 183 

habitat patches were already connected at the start of the experiment, so that each species 184 

present in the regional species pool was given a chance to enter each local community from 185 

the beginning. The mesocosms of the NDISP treatment were kept isolated from the rest of the 186 

experimental metacommunity throughout the entire duration of the experiment. The other 187 

two dispersal levels were achieved by manually exchanging water among mesocosms. For 188 

this, water was collected from all mesocosms of the respective dispersal level (n = 32) and 189 

the pooled volume was redistributed in equal parts over the same mesocosms again. We 190 

exchanged 40 mL per mesocosm for the LDISP whereas the high dispersal level (HDISP) 191 

was achieved by exchanging 2 L volumes at weekly intervals. Because of our approach to 192 

simulate dispersal, dispersal rates of particular species were a function of their relative 193 

abundances within local communities. This likely reflects natural dispersal mechanisms in 194 

metacommunities of passive dispersers. 195 

The zooplankton community in each mesocosm was sampled at days 86 and 87 of the 196 

experiment using a Schindler Patalas (volume: 12 L; mesh size: 30 µm). Samples were 197 

preserved with acid lugol solution and individuals were counted and identified in the 198 



 9 

laboratory. Cladocerans were identified to species level, while copepods were only grouped 199 

into cyclopoids and calanoids. A minimum of 300 individuals from each sample was counted. 200 

For more details on the experimental design and protocol we refer to (Verreydt et al. 2012). 201 

  202 

Statistical analyses 203 

Effects of nutrient addition and dispersal on α-diversity 204 

We used two-way analysis of variance to test for the effects of dispersal (3 levels) and 205 

nutrient addition (2 levels) on logarithmic transformed species richness and Shannon entropy 206 

[exponential of the Shannon index (Jost 2006)], two measures of α-diversity. 207 

 208 

Calculation of total β-diversity and its components 209 

Bray-Curtis dissimilarity coefficients based on species abundances were calculated for pairs 210 

of experimental communities and used as a measure of β-diversity. Next, we partitioned β-211 

diversity into its two components, nestedness and replacement, using the bray.part function 212 

from the “betapart” statistical package (Baselga and Orme 2012) in R (R Core Team 2014). 213 

The output of this partitioning approach consists of three distance matrices representing: (1) 214 

β-diversity - i.e., Bray-Curtis; (2) the nestedness component of β-diversity; and (3) the 215 

replacement component of β-diversity. It is important to note that the nestedness component 216 

of β-diversity as calculated in this study is conceptually similar but yet different from the 217 

nestedness that is derived from multisite analyses (Leibold and Mikkelson 2002) [for a 218 

detailed explanation about the conceptual differences between “nestedness” and “the 219 

nestedness component of β-diversity”, please see Baselga (2012)]. 220 

We decided to account for species abundances because quantitative data has been 221 

shown to provide more useful information on the mechanisms shaping diversity patterns 222 

within and among communities (Ulrich and Gotelli 2010, Baselga 2013). The “nestedness 223 
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component of dissimilarity” in this study will therefore be > 0 in two situations: (1) when 224 

some species disappear from (or colonize) one site but not the other and/or (2) when some 225 

species become consistently less (or more) abundant in one site than in the other (Baselga 226 

2013). The abovementioned situations can happen, for example, due to a change in the 227 

environment that directionally affects species abundances or extinctions. Likewise, the 228 

replacement component of dissimilarity will be > 0 when: (1) some species completely 229 

replace each other and/or (2) when they change in relative abundances between sites (Baselga 230 

2013). We removed one mesocosm (belonging to the HNUT – NODISP treatment) from the 231 

analysis because no species was present in this mesocosm at the end of the experiment. 232 

 233 

Effects of nutrient addition and dispersal on β-diversity and its components 234 

To test the independent and interacting effects of nutrient addition and dispersal on total β-235 

diversity and its two components (i.e., nestedness and replacement) we performed multi-236 

factorial PERMANOVA (Anderson and Walsh 2013) using the function “adonis” from the 237 

package “vegan” (Oksanen et al. 2016) in R. Multi-factorial PERMANOVA determines 238 

whether the level of dissimilarity among mesocosms from different treatments is higher than 239 

what would be expected by chance. Multi-factorial PERMANOVA generates tests of 240 

significance based on Monte Carlo randomizations, and also estimates R-square (R2) values 241 

quantifying the explanatory power of the investigated factors (dispersal and nutrient levels in 242 

this study). We used these R2 values to assess the relative magnitude of the dispersal and 243 

nutrient addition effects on total β-diversity and its two components. We ran PERMANOVA 244 

analysis using dispersal and nutrient levels as factors and as response variables the three 245 

distance matrices. Through this analysis, it was also possible to test for an interaction effect 246 

between dispersal and nutrients. 247 

 248 
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Effect of nutrient addition on β-diversity and its components within each dispersal level 249 

In a second step, we carried out PERMANOVAs to evaluate the effect of the nutrient 250 

gradient (HNUT vs. LNUT mesocosms) on total β-diversity as well as on the nestedness and 251 

replacement components within each dispersal level separately. For this, we calculated total 252 

Bray-Curtis, the nestedness and replacement components within each dispersal treatment 253 

across the nutrient levels in the same way as described before. We then used those three 254 

distance matrices as response variables (one at a time) and nutrient level as a factor. 255 

 256 

Effect of dispersal on β-diversity and its components within each nutrient level 257 

In order to test whether the level of nestedness and replacement within each nutrient 258 

treatment (i.e., mimicking homogeneous landscapes) differ as a function of dispersal rates, 259 

we used PERMDISP. This analysis tests whether within group dissimilarity in species 260 

composition differs among groups (Anderson et al. 2006). To run PERMDISP we used the 261 

function “betadisper” in the “vegan” package using as response variables the nestedness and 262 

replacement distance matrices and dispersal as a factor. We then used the function 263 

“TukeyHSD” to test for significant pair-wise differences between dispersal levels.  264 

 265 

Results 266 

Effects of nutrient addition and dispersal on α-diversity 267 

Analyses of variance revealed that nutrient addition had a strong negative effect on species 268 

richness (F = 100.783, p < 0.001) and Shannon entropy (F = 47.671, p < 0.001), whereas 269 

dispersal had profound positive effects on species richness (F = 30.013, p < 0.001) and 270 

Shannon entropy (F = 5.351, p = 0.006) (see also Appendix S1). We found no indication for 271 

an interaction effect between dispersal and nutrient addition for species richness (F = 2.662, p 272 

= 0.075) or for Shannon entropy (F = 0.397, p = 0.673). 273 
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 274 

Effects of nutrient addition and dispersal on β-diversity and its components 275 

Multi-factorial PERMANOVA revealed that the effect of nutrient addition (adjR2 = 0.123, p = 276 

0.001) was twice as strong as the effect of dispersal (adjR2 = 0.063, p = 0.001) in affecting β-277 

diversity (Fig. 2a). There was also a significant interaction between dispersal and nutrient 278 

addition on β-diversity (adjR2 = 0.051, p = 0.001) (Fig. 2a). When considering each 279 

component of β-diversity separately, we found a strong effect of dispersal (adjR2 = 0.149, p = 280 

0.001) and a significant interaction between nutrient addition and dispersal rates on the 281 

nestedness component (adjR2 = 0.061, p = 0.042) (Fig. 2b). We found no effect of nutrient 282 

addition on the nestedness component (adjR2 = -0.010, p = 0.907). In contrast, nutrient 283 

addition had a strong effect on the replacement component (adjR2 = 0.207, p = 0.001) (Fig. 284 

2c), and there was a significant interaction between nutrient addition and dispersal on the 285 

replacement component (adjR2 = 0.056, p = 0.012). We found no significant effect of dispersal 286 

on the replacement component (adjR2 = 0.038, p = 0.055). 287 

 288 

Effect of nutrient addition on β-diversity and its components within each dispersal level 289 

One-way PERMANOVAs testing for the effect of nutrient concentration in each dispersal 290 

treatment separately revealed a significant effect of nutrient addition on the nestedness 291 

component but only in the unconnected mesocosms (NODISP) (Fig. 3a). In contrast, nutrient 292 

addition had no significant effect on the replacement component in the NODISP mesocosms, 293 

but was highly significant in the LODISP and, especially, in the HIDISP treatments (Fig. 3a). 294 

In the absence of dispersal, the nutrient addition treatment thus generated β-diversity solely 295 

via a nestedness pattern. In contrast, in mesocosms with low or high dispersal, β-diversity 296 

associated with the nutrient addition treatment was entirely structured according to a 297 

replacement pattern. The effect of nutrient heterogeneity on β-diversity ranged from 9% in 298 
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the NODISP treatment (R2 = 0.091, p < 0.005) to 11% in the LODISP (R2 = 0.108, p < 0.001) 299 

to 39% in the HIDISP treatment (R2 = 0.393, p < 0.001). 300 

 301 

Effect of dispersal on β-diversity and its components within each nutrient level 302 

PERMDISP revealed a highly significant difference in replacement within each nutrient 303 

treatment as a function of dispersal (p < 0.001 for both HNUT and LNUT treatments). Pair-304 

wise comparisons revealed that the level of replacement within each nutrient treatment was 305 

highly significant between dispersal levels for both nutrient treatments, especially between 306 

the NODISP and HIDISP treatments (Appendix S1: Table S3). In contrast, we found no 307 

significant differences in the nestedness component within each nutrient treatment as a 308 

function of dispersal (Appendix S1: Table S3). Ternary graphs revealed a sharp decrease in 309 

replacement and an increase in similarity with increasing dispersal rates within each nutrient 310 

treatment (see Appendix S1: Figure S2). Specifically, average replacement decreased from 311 

0.63 in NODISP mesocosms to 0.15 in HIDISP mesocosms exposed to high nutrient levels 312 

(HNUT). Similarly, average replacement decreased from 0.62 in NODISP mesocosms to 0.28 313 

in HIDISP mesocosms with low nutrients (LNUT). There was a slight increase in the relative 314 

importance of the nestedness component with increasing dispersal rates, albeit this was not 315 

significant (see also Appendix S1: Figure S2 and Table S3 for all pair-wise comparisons 316 

between treatments).  317 

 318 

Discussion 319 

Eutrophication due to nutrient loading and reduced dispersal owing to habitat fragmentation 320 

are global scale pressures that are increasingly affecting biodiversity patterns at multiple 321 

spatial scales (Kruk et al. 2009, Jeppesen et al. 2010, Hooftman et al. 2015). The results of 322 

our cross-factorial mesocosm experiment clearly demonstrate that nutrient enrichment 323 
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strongly reduced local species richness and diversity, especially in isolated zooplankton 324 

communities. Consequently, the nestedness component of β-diversity was dominant across 325 

nutrient levels in unconnected mesocosms. In more connected communities, however, the 326 

loss of species due to nutrient additions was counteracted by dispersal, and this shifted the 327 

pattern of dissimilarity derived from nestedness to a pattern of dissimilarity derived from 328 

species replacement. Thus, the interaction of nutrient addition and dispersal affected the 329 

components of β-diversity in divergent ways. This important interaction would never have 330 

been appreciated if the analyses had solely focused on total β-diversity patterns (Fig. 1 and 331 

Fig. 2a). In addition, we observed contrasting patterns for mesocosms belonging to the same 332 

nutrient levels (mimicking an environmentally homogeneous landscape) when exposed to 333 

different levels of dispersal. Here, we observed a sharp decrease in both β-diversity and 334 

species replacement with increasing dispersal levels, whereas the contribution of the 335 

nestedness component did not significantly change as a function of dispersal (Appendix S1: 336 

Table S1). The contribution of the nestedness and replacement components to community 337 

dissimilarity across the dispersal levels for heterogeneous landscapes are fully in line with 338 

our predictions as outlined in Figure 1 if we assume that even the high dispersal treatment did 339 

not result in mass effects [which is in agreement with the pattern of strong species sorting 340 

reported for zooplankton in this dispersal treatment by Verreydt et al. (2012)].  Also the 341 

patterns of β-diversity as well as that of the nestedness and replacement components for 342 

homogeneous landscapes are largely in line with our predictions. 343 

In the absence of dispersal, the negative effect of nutrient addition on local species 344 

richness along with a nested structure indicates that nutrient enrichment creates unsuitable 345 

conditions for a subset of zooplankton species. The observed pattern of directional species 346 

losses extends the conclusions of several field and experimental studies, which have 347 

demonstrated the negative effects of eutrophication on species diversity for many organism 348 
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groups, including zooplankton (Dodson et al. 2000, Declerck et al. 2007, Kruk et al. 2009, 349 

Declerck et al. 2011). Nutrient addition impacted α-diversity negatively across all dispersal 350 

treatments (Appendix S1: Figure S1). However, this effect was entirely compensated by high 351 

dispersal rates (Fig. S1) resulting in a reduction of the nestedness component of β-diversity 352 

(Fig. 3a). This provides evidence for dispersal-mediated rescue effects in our mesocosm 353 

experiment (Hanski 1998) (see also Appendix S1: Figure S4). Increased dispersal also 354 

increased the importance of species replacement to β-diversity across the nutrient treatment. 355 

Specifically, dispersal fuelled species sorting by allowing species to spatially track suitable 356 

environmental conditions at the metacommunity scale, resulting in high complementarity in 357 

species composition (Cottenie and De Meester 2004). Previous studies have similarly 358 

demonstrated that immigration from the regional species pool has the power to 359 

counterbalance the detrimental effects of disturbance, such as high predation pressure, on 360 

zooplankton α-diversity and can enhance β-diversity (Shurin 2001, Howeth and Leibold 361 

2010). We also found that β-diversity is enhanced in the presence of high dispersal rates 362 

across the nutrient levels. Through separating β-diversity into its nestedness and replacement 363 

components, however, we show that dispersal limitation and high dispersal both generate β-364 

diversity in heterogeneous landscapes, but via completely different mechanisms. Specifically, 365 

high nutrient input results in species losses in unconnected mesocosms, thus generating β-366 

diversity derived from nestedness. Conversely, high dispersal promotes species sorting across 367 

the nutrient levels and generates β-diversity via species replacement. 368 

Contrary to our results, some observational studies found that increasing spatial 369 

connectivity diminished species replacement (i.e., spatial turnover) and increased nestedness 370 

in different organism groups, ranging from river fish to amphibians and mammals (McKnight 371 

et al. 2007, Melo et al. 2009, Leprieur et al. 2011). A potential explanation for these 372 

differences in outcome is spatial and temporal extent, since the studies above have focused at 373 
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a biogeographic scale while ours focused at a metacommunity scale. At a biogeographic 374 

scale, reduced landscape connectivity likely promotes long-term evolutionary processes such 375 

as speciation and extinction, which might eventually result in large-scale turnover patterns 376 

due to differences in regional species pools (Leprieur et al. 2011). Despite previous 377 

theoretical studies on nestedness and turnover at the metacommunity scale, only recently 378 

have investigators started assessing the relative importance of dispersal and environmental 379 

processes on each component of β-diversity in empirical metacommunities, especially due to 380 

the development of new statistical tools (Baselga 2013, Legendre 2014, Baselga and Leprieur 381 

2015). Using a different approach based on paired overlap and matrix filling to quantify 382 

nestedness per se, other studies reported patterns consistent with our results (Henriques-Silva 383 

et al. 2013, Bender et al. 2016). For instance, Henriques-Silva et al. (2013) found that harsher 384 

environmental conditions in combination with spatial isolation increased nestedness and 385 

reduced turnover in fish metacommunities. In another example, Bender et al. (2016) found 386 

that spatial isolation is an important driver of functional and taxonomic nestedness. Our 387 

findings similarly suggest that heterogeneous metacommunities are shaped by ecological 388 

dynamics related to habitat filtering, competitive exclusion and dispersal (Shurin 2001, Bello 389 

et al. 2013, Spasojevic et al. 2014), which might create community dissimilarity via species 390 

replacement among more connected sites and via nestedness among isolated sites along 391 

disturbance gradients. 392 

We found strikingly different patterns for β-diversity when we considered sets of 393 

mesocosms with the same rather than different nutrient levels, i.e. mimicking homogeneous 394 

landscapes. In homogeneous landscapes, dispersal limitation enhanced species replacement, 395 

whereas the nestedness component remained unchanged across the dispersal levels. The 396 

pattern of decreasing species replacement with increasing dispersal in homogeneous 397 

landscapes is in line with our predictions, and suggests that the same level of (high) dispersal 398 
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promotes divergence in species composition in heterogeneous landscapes and community 399 

convergence in homogeneous landscapes (Leibold et al. 2004, Cottenie 2005, Logue et al. 400 

2011). We observed that the contribution of the nestedness component was overall low and 401 

did not significantly change along the dispersal gradient, which is in agreement with our 402 

predictions (see Fig. 1 and Appendix S1: Table S3). Changes in β-diversity as a function of 403 

dispersal were thus mainly derived from species replacements and not from nestedness (see 404 

also Appendix S1: Figure S2). Whereas increasing dispersal enhances species 405 

complementarity via species sorting in heterogeneous landscapes, decreasing dispersal 406 

enhances species complementarity via stochastic drift in homogeneous landscapes. An open 407 

question is whether such high species replacement in unconnected and homogeneous 408 

landscapes can be translated into functional complementarity. Although we have no data to 409 

further test this hypothesis, functional redundancy may be a dominant pattern in 410 

homogeneous and unconnected landscapes, meaning that different species with similar traits 411 

replace each other among local communities. The latter is likely to happen because species 412 

occurring in homogeneous landscapes have to be able to survive to similar environmental 413 

filters (Gianuca et al. 2014). Therefore, it is possible that landscape wide environmental 414 

homogenization resulting from a common environmental change, such as widespread 415 

eutrophication, selects for functionally redundant species, leading to rapid convergence of 416 

functional traits in metacommunities. 417 

Increased nutrient loading and reduced dispersal rates owing to fragmentation are 418 

amongst the major drivers of species extinctions worldwide and can undermine ecosystem 419 

functioning and stability both in terrestrial and aquatic systems (Kruk et al. 2009, Symons 420 

and Arnott 2013, Hautier et al. 2015, Hooftman et al. 2015). Our study additionally suggests 421 

that nutrient loading and dispersal limitation synergistically enhance each other’s effects on 422 

β-diversity. Our results confirm that conserving habitats based only on high levels of α-423 
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diversity is not sufficient, as it disregards the importance of variation in species composition 424 

among habitats (Angeler 2013, Tonkin et al. 2016). Because dispersal limitation interacts 425 

with eutrophication to create dissimilarity resulting mainly from nestedness in heterogeneous 426 

landscapes, we argue that sufficient habitat connectivity is crucial in allowing species to 427 

repopulate suitable sites and also to ensure high complementarity (replacement) among sites 428 

(Shurin 2001, Howeth and Leibold 2010). However, the degree of connectivity in natural 429 

metacommunities depends not only on the spatial configuration of the habitat patches, but 430 

also on the dispersal mode and ability of the focal organism group (De Bie et al. 2012). As a 431 

result, different management strategies will often be needed to conserve α- and β-diversity of 432 

different organism groups. Based on our findings, it is conceivable that nestedness resulting 433 

from eutrophication will predominate among dispersal-limited groups and turnover will be 434 

more important for highly mobile groups within the same landscape (Tonkin et al. 2016). 435 

Future studies should, therefore, investigate how nestedness and turnover along disturbance 436 

gradients vary among organism groups that represent a range of dispersal abilities and 437 

strategies within the same landscape context. 438 

The approach we applied here, experimentally manipulating dispersal and 439 

environmental conditions and teasing apart each component of β-diversity, was key to obtain 440 

new insights into how multi-scale assembly processes link local and regional diversity 441 

patterns at a metacommunity scale. It is important to note that in our setting dispersal rates 442 

always involved heterogeneous sources and were mainly a function of species relative 443 

abundances. The no dispersal treatment represents a situation in which a historically 444 

connected metacommunity becomes completely isolated, mimicking a fragmentation 445 

scenario. Although each dispersal level started with the same regional species pool (i.e., 446 

inocula from 16 lakes; see also Appendix S1:  Figure S4), mesocosms belonging to the high 447 

dispersal treatment potentially started with higher local species richness than mesocosms of 448 
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the no dispersal and low dispersal treatment. While different dispersal mechanisms could 449 

have led to different conclusions (Grainger and Gilbert 2016), the type of dispersal we used 450 

in our experiment is likely a common situation in metacommunities involving passively 451 

dispersed organisms, such as freshwater zooplankton (Lopes et al. 2016). Although 452 

experimental metacommunities represent only a simplified approximation of natural 453 

metacommunities, the results from our study are in clear concordance with those of some 454 

recent observational studies that used different methods to quantify nestedness and turnover 455 

[e.g., (Henriques-Silva et al. 2013, Bender et al. 2016)]. Additionally, our study extends the 456 

conclusions of previous observational studies by demonstrating divergent patterns between 457 

heterogeneous and homogeneous landscapes across dispersal scenarios, which was possible 458 

to accomplish only via experimentation. Therefore, our study provides strong proof of 459 

principle of potential mechanisms structuring the nestedness and replacement components of 460 

dissimilarity in natural metacommunities, although some caution is recommended when 461 

extrapolating experimental findings to natural systems. 462 

In summary, we demonstrate that nutrient enrichment negatively affects local 463 

zooplankton diversity and this creates community dissimilarity derived from nestedness in 464 

heterogeneous, unconnected metacommunities. However, the balance between the nestedness 465 

and replacement components in our experimental metacommunity was completely altered by 466 

dispersal, as increasing dispersal reduced nestedness and resulted in high species replacement 467 

in heterogeneous landscapes. Furthermore, the patterns of community dissimilarity derived 468 

from nestedness and replacement along dispersal gradients are completely altered in 469 

homogeneous environments. This also implies that environmental homogenization, which is 470 

likely to happen due to a strong common environmental change such as global warming or 471 

widespread eutrophication (Moss et al. 2011), will strongly interact with landscape 472 

connectivity in its impact on the components of β-diversity. Taken together with previous 473 
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analyses of this same dataset (Verreydt et al. 2012), our results indicate that sufficiently high 474 

dispersal in heterogeneous landscapes is fundamental because it promotes biodiversity locally 475 

and optimizes the match between species and environment in metacommunities. Our study 476 

contributes novel insights on the mechanisms shaping β-diversity by demonstrating how 477 

environmental heterogeneity interplays with dispersal to create contrasting patterns of 478 

nestedness and replacement in metacommunities. 479 
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Figure legends. 647 

Figure 1. Conceptual scheme representing the expected relationships between environmental 648 

heterogeneity, dispersal rates and community dissimilarity derived from nestedness and 649 

replacement in metacommunities. In a landscape characterized by environmental 650 

heterogeneity (e.g., represented by different colors in panel a), the nestedness component is 651 

expected to decrease with increasing dispersal because species are rescued from extinction, 652 

whereas the replacement component is enhanced with increasing dispersal rates up until a 653 

point where mass-effects start to homogenise species composition. The result is that β-654 

diversity remains high, but has different proportions of the nestedness versus the turnover 655 

components until landscape connectivity is so high that mass effects come into play. In 656 

homogeneous landscapes (represented by similar colors of the circles in panel b), the 657 

nestdness component may not significantly change along the dispersal gradient (see text for 658 

details). Strong dispersal limitation in homogeneous landscapes can cause a pattern of species 659 

replacement due to stochastic variation, while increasing dispersal in homogenous 660 

environments rapidly reduces replacement due to homogenization. We note that the 661 

responses to environmental heterogeneity as shown in the figure only apply to gradients of 662 

environmental stressors that exclude species and can lead to nestedness (e.g., eutrophication, 663 

pollution, acidification). The patterns depicted here are expected to be general for 664 

metacommunities exposed to environmental pressures and that become increasingly 665 

fragmented and isolated. Historically unconnected landscapes may show different patterns 666 

(e.g., at the biogeographic scale; see Leprieur et al. 2011).   667 

Figure 2. Total amount of explanatory power (R2; scaled to 100) provided by the 668 

nutrient treatment (NUT), the dispersal treatment (DISP) and their interaction (NUT : DISP) 669 

on β-diversity (a) and its components nestedness (b) and replacement (c). Effects of the 670 
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treatments on β-diversity and its components were calculated based on PERMANOVA (see 671 

methods for details). ***: p < 0.001; *: p < 0.05. 672 

Figure 3. Total amount of explanatory power (R2; scaled to 100) provided by the 673 

nutrient treatment on the nestedness component (grey bars) and on the replacement 674 

component (black bars) for each dispersal level separately. NODISP stands for the no 675 

dispersal treatment, LDISP refers to the low dispersal treatment, and HDISP to the high 676 

dispersal treatment. 677 
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Appendix S1 689 

 690 

1. Effects of the nutrient and dispersal treatments on α-diversity. 691 

 692 

Figure S1. Effects of nutrient addition and dispersal levels on: (a) species richness and (b) 693 

species diversity (Shannon entropy). NDISP = no dispersal; LDISP = Low dispersal; HDISP 694 

= high dispersal; HNUT = high nutrients (highlighted in dark grey); LNUT = low nutrients 695 

(highlighted in light grey). The horizontal line in the middle of each rectangle is the median 696 
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and the top and bottom lines of the rectangle are the 3rd and 1st quartiles, respectively. The 697 

top whisker denotes the maximum value or the 3rd quartile plus 1.5 times the interquartile 698 

range. The bottom whisker represents the minimum value of the 1st quartile minus 1.5 times 699 

the interquartile range. 700 

 701 

 702 

Table S1. Pairwise contrasts among nutrient and dispersal treatments on LOG species 703 

richness, as calculated with ANOVA and “TukeyHSD” post-hoc tests. LNUT = low nutrient 704 

treatment; HNUT = high nutrient treatment; NODISP = no dispersal treatment; LODISP = 705 

low dispersal treatment; HIDISP = high dispersal treatment. diff stands for differences 706 

between groups. 707 

Treatment diff p-value 

   LNUT:HIDISP-HNUT:HIDISP 0.212 < 0.001 

   HNUT:LODISP-HNUT:HIDISP -0.211 < 0.001 

   LNUT:LODISP-HNUT:HIDISP 0.088 0.495 

   HNUT:NODISP-HNUT:HIDISP -0.359 < 0.001 

   LNUT:NODISP-HNUT:HIDISP 0.018 0.999 

   HNUT:LODISP-LNUT:HIDISP -0.423 < 0.001 

   LNUT:LODISP-LNUT:HIDISP -0.123 0.147 

   HNUT:NODISP-LNUT:HIDISP -0.571 < 0.001 

   LNUT:NODISP-LNUT:HIDISP -0.193 0.002 

   LNUT:LODISP-HNUT:LODISP 0.299 < 0.001 

   HNUT:NODISP-HNUT:LODISP -0.148 0.052 

   LNUT:NODISP-HNUT:LODISP 0.229 < 0.001 

   HNUT:NODISP-LNUT:LODISP -0.448 < 0.001 
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   LNUT:NODISP-LNUT:LODISP -0.070 0.729 

   LNUT:NODISP-HNUT:NODISP 0.377 < 0.001 

 708 

 709 

Table S2. Pairwise contrasts among nutrient and dispersal treatments on “Shannon entropy”, 710 

as calculated with ANOVA and “TukeyHSD” post-hoc tests. LNUT = low nutrient treatment; 711 

HNUT = high nutrient treatment; NODISP = no dispersal treatment; LODISP = low dispersal 712 

treatment; HIDISP = high dispersal treatment. diff stands for differences between groups. 713 

Treatment diff p-value 

   LNUT:HIDISP-HNUT:HIDISP 0.813 0.011 

   HNUT:LODISP-HNUT:HIDISP -0.182 0.972 

   LNUT:LODISP-HNUT:HIDISP 0.648 0.078 

   HNUT:NODISP-HNUT:HIDISP -0.478 0.359 

   LNUT:NODISP-HNUT:HIDISP 0.397 0.551 

   HNUT:LODISP-LNUT:HIDISP -0.996 < 0.001 

   LNUT:LODISP-LNUT:HIDISP -0.165 0.981 

   HNUT:NODISP-LNUT:HIDISP -1.292 < 0.001 

   LNUT:NODISP-LNUT:HIDISP -0.416 0.500 

   LNUT:LODISP-HNUT:LODISP 0.830 0.009 

   HNUT:NODISP-HNUT:LODISP -0.296 0.822 

   LNUT:NODISP-HNUT:LODISP 0.580 0.152 

   HNUT:NODISP-LNUT:LODISP -1.126 < 0.001 

   LNUT:NODISP-LNUT:LODISP -0.250 0.897 

   LNUT:NODISP-HNUT:NODISP 0.876 0.006 

 714 



 32 

2. Patterns of the replacement and nestedness components within each nutrient as a 715 

function of varying dispersal rates, as calculate through PERMDISP. 716 

 717 

Table S3: Variation in the replacement and nestedness components within each nutrient 718 

treatment (i.e., high nutrients and low nutrients) as a function of dispersal rates, as calculated 719 

with PERMDISP. NODISP stands for no dispersal treatment, LODISP refers to low dispersal 720 

and HIDISP to high dispersal. diff  stands for differences between dispersal treatments in 721 

either within group replacement or within group nestedness. 722 

 723 

Replacement diff p-value 

  High nutrients   

    NODISP-HIDISP 0.286 < 0.001 

    NODISP-LODISP 0.175 0.043 

    LODISP-HIDISP 0.111 0.252 

  Low nutrients   

    NODISP-HIDISP 0.219 < 0.001 

    NODISP-LODISP 0.003 0.996 

    LODISP-HIDISP 0.215 < 0.001 

Nestedness   

  High nutrients   

    NODISP-HIDISP -0.033 0.817 

    NODISP-LODISP -0.012 0.972 

    LODISP-HIDISP -0.021 0.921 

  Low nutrients   

    NODISP-HIDISP -0.002 0.997 
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    NODISP-LODISP 0.004 0.995 

    LODISP-HIDISP -0.006 0.986 

 724 

 725 

3. Ternary plots 726 

 727 

In order to visualize the relative contribution of the nestedness and replacement components 728 

to total β-diversity across dispersal levels in homogeneous environments (i.e., within each 729 

nutrient treatment), we calculated Bray-Curtis, the nestedness and replacement components 730 

for each multifactorial combination of nutrient levels and dispersal separately. We then used 731 

the simplex approach as proposed by Podani and Schmera (2011) [see also Legendre (2014)], 732 

which allows straightforward interpretation of the relative contribution of the nestedness and 733 

replacement components to total β-diversity. Bray-Curtis is a measure of dissimilarity (D) in 734 

species composition and transforming this measure into a similarity (S) index S = (1 − D) 735 

enables the construction of ternary graphs (Podani and Schmera 2011). The logic is that 736 

Nestedness + Replacement + S = 1, so that each triplet of values in the ternary graph 737 

represents the similarity S = 1 − D as well as the two components, nestedness and 738 

replacement (Legendre 2014). In such graphs, the sides of the triangle represent scales of 739 

similarity (bottom edge, with zero on the left), nestedness (left edge, with 0 at the top) and 740 

replacement (right edge, with 0 at the bottom). Consequently, by plotting all pair-wise 741 

comparisons, it is possible to interpret the relative importance of the nestedness and 742 

replacement components to total β-diversity by assessing the density of triplets in each corner 743 

of the triangle. 744 

 745 
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 746 

Figure S2. Ternary plots depicting the relationships among mesocosms of high nutrient levels 747 

only (panels a-c) and low nutrients only (panels d-f) for each dispersal treatment separately 748 

(no dispersal: panels a & d; low dispersal: panels b & e; high dispersal: panels c & f). Each 749 

dot represents a pair of mesocosms. Its position is determined by a triplet of values from the 750 

Sim = (1 − D) (similarity), replacement and nestedness matrices. The sides of the triangle 751 

represent scales of similarity (bottom edge, with zero on the left), replacement (right edge, 752 

with 0 at the bottom) and nestedness (left edge, with 0 at the top). The grey dot within each 753 

triangle represents the centroid and the numbers at each edge indicate the average of 754 

similarity, replacement and nestedness. 755 

 756 

4. Species relative frequency of occurrences across the dispersal levels. 757 

 758 

Figure S4:  Species relative frequency of occurrences in mesocosms within each 759 

multifactorial combination of nutrients and dispersal separately. Warmer colors indicate 760 
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higher frequencies of occurence. Note that, especially in high nutrient mesocosms, relative 761 

frequencies are much higher in highly connected mesocosms than in isolated ones. This 762 

provides evidence for rescue effects in our system (i.e., high dispersal can counterbalance 763 

local extinctions and allows species to spread in the metacommunity). 764 

 765 

 766 

 767 


