
Local and regional drivers of standing-water
metacommunities on a riverine island
Igor Kokavec 

Slovak Academy of Sciences
Marta Illýová 

Slovak Academy of Sciences
Tomáš Čejka 

Slovak Academy of Sciences

Research Article

Keywords: zooplankton, Mollusca, ponds, species–area relationship, hydrological connectivity

Posted Date: July 30th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10482367/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-10482367/v1
https://doi.org/10.21203/rs.3.rs-10482367/v1
https://doi.org/10.21203/rs.3.rs-10482367/v1
https://creativecommons.org/licenses/by/4.0/


Local and regional drivers of standing-water metacommunities on a riverine island 1 

 2 

Igor Kokavec1  3 

Marta Illýová✝ 4 

Tomáš Čejka2* 5 

 6 
1 Institute of Zoology, Slovak Academy of Sciences, Dúbravská cesta 9, SK-84506 Bratislava, Slovakia  7 

2 Institute of Botany, Plant Science and Biodiversity Center, Slovak Academy of Sciences, Dúbravská cesta 8 

9, SK-84523 Bratislava, Slovakia 9 

 10 

Corresponding author 11 

Tomáš Čejka 12 

Email: t.cejka@gmail.com 13 

Phone: +421254771721 14 

 15 

ORCID 16 

Igor Kokavec: https://orcid.org/0000-0003-4389-5783 17 

Tomáš Čejka: https://orcid.org/0000-0002-6485-5660 18 

 19 

Abstract 20 

 21 

Small standing waters on large riverine islands provide a model system for evaluating how local 22 

environmental conditions and regional connectivity jointly shape biodiversity, extending beyond species 23 

richness to community composition. We surveyed 42 artificial and reference standing waters on Europe's 24 

largest riverine island in Slovakia, comparing richness and multivariate community structure of zooplankton 25 

and molluscs (taxa with contrasting dispersal capacities) across gradients of area, nutrients, and distance to 26 

the Danube and Little Danube. 27 

Artificial waters were significantly larger and more nutrient-enriched, with higher N:P ratios, whereas 28 

reference waters retained distinct hydrochemical conditions. Mollusc richness responded strongly to habitat 29 

type, area, and Danube proximity, reflecting sensitivity to hydrological connectivity, while zooplankton 30 

richness increased only with area, consistent with high dispersal and near-saturation of regional species 31 

pools. Species–area and species–distance predictors significantly explained richness in both groups but 32 

accounted for only a modest, non-negligible fraction of multivariate community variation; nonetheless, 33 

artificial and reference waters differed in composition. 34 

These results show that small standing waters function as metacommunities structured primarily by local 35 

environmental gradients and regional species pools rather than spatial configuration alone. The contrasting 36 

responses indicate that molluscs are more effective indicators for studies of hydrological connectivity and 37 

long-term landscape processes, whereas zooplankton patterns better reflect regional dispersal dynamics. 38 

Our findings offer a framework for identifying which water bodies contribute most to regional biodiversity 39 

and underscore that preserving natural hydrochemical gradients and reference water bodies is essential for 40 

sustaining multi-taxonomic diversity in extensively modified floodplain landscapes. 41 

 42 
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 44 



Introduction 45 

 46 

Patterns of biodiversity among discrete habitat patches can be interpreted through both the theory of island 47 

biogeography (TIB) and metacommunity theory. The TIB predicts local species richness from the balance 48 

between immigration and extinction, with habitat area and isolation representing its principal spatial 49 

determinants (MacArthur and Wilson 1963, 1967). Metacommunity theory extends this perspective from 50 

species richness to community composition by considering sets of local communities linked by dispersal and 51 

jointly structured by local environmental conditions and regional spatial processes (Leibold et al. 2004; 52 

Cottenie 2005; Logue et al. 2011). In networks of small standing waters, island biogeography therefore 53 

provides specific predictions concerning species–area and species–isolation relationships, whereas the 54 

metacommunity framework is more appropriate for evaluating how environmental filtering and dispersal 55 

interact to structure assemblages. 56 

 57 

Although initially developed for terrestrial systems, the TIB has been applied to various freshwater 58 

environments, such as coastal rivers (Sepkoski and Rex 1974), dendrothelms (Oboňa and Svitok 2012), and 59 

city fountains (Hamerlík and Brodersen 2010), but lakes and ponds have been the most studied habitats for 60 

decades (e.g. Aho 1978; Browne 1981; Jenkins and Buikema 1998; Oertli et al. 2002; Samways et al. 2020). 61 

Freshwater habitats that are not connected to other water bodies are the perfect counterparts to islands 62 

surrounded by the sea (Warren et al. 2015). It has been shown that these habitats can function as ecological 63 

islands, but responses can vary with habitat type, the taxon involved, and the geographical area. Naturally 64 

formed lakes, tarns, wetlands, and dissected river meanders or side‑arms can be considered the origin, i.e. 65 

reference waters, in contrast to relatively recently created artificial waters. Ponds created by gravel mining, 66 

filled with groundwater and lacking a direct connection to other water bodies, meet the physical 67 

requirements of newly created islands. These water bodies are usually up to 50 ha in size, categorising them 68 

as small biotopes (Céréghino et al. 2008). Moreover, these biotopes are recognised for their biodiversity 69 

conservation potential (Thornhill et al. 2017; Oertli 2018). 70 

 71 

Several studies have examined species–area and species–isolation relationships in ponds and lakes (Bosiacka 72 

and Pieńkowski 2012; Várbíró et al. 2017). More recent work has increasingly integrated patch configuration 73 

with local environmental variation and whole-community composition (Hill et al. 2019; Meland et al. 2020). 74 

This distinction is important because similar levels of species richness may conceal markedly different 75 

assemblages (Sun et al. 2019), while local environmental differences may generate compositional turnover 76 

beyond that associated with patch area or spatial isolation (Hill et al. 2019). Comparing artificial and 77 

reference standing waters within the same floodplain landscape therefore allows classical island-78 

biogeographic predictions concerning area and isolation to be evaluated within a broader metacommunity 79 

framework that integrates local environmental filtering and regional dispersal processes (Chase et al. 2020; 80 

Chanut et al. 2023).  81 

 82 

In aquatic environments, TIB patterns have been clearly observed in water insects and non‑insects, with 83 

molluscs and zooplankton showing the strongest responses (Lassen 1975; Aho 1978; Dodson 1992; Declerck 84 

et al. 2011). Two groups of invertebrates with different dispersal abilities and habitats, zooplankton 85 

(Cladocera and Copepoda) and molluscs (Gastropoda and Bivalvia), were selected as models to investigate 86 

the application of TIB to the studied standing waters. Zooplankton and molluscs are bound to aquatic 87 

habitats, so their dispersal capacity is low compared to insects with active dispersal. For both groups, 88 

occasional passive dispersal between sites is facilitated by animal vectors, usually waterfowl (Bilton et al. 89 

2001). Among all macroinvertebrate groups, molluscs are among the most diverse, with the highest species 90 

richness but low abundance in natural or artificial ponds (Hill et al. 2016). In contrast, zooplankton 91 

community structure and abundance can be highly variable as they depend on the colonisation history of a 92 

pond, refuting previously known distribution patterns (Jenkins and Buikema 1998). In general, studies on 93 

freshwater mollusc or zooplankton fauna in relation to TIB are scarce and outdated, although they contain 94 

valuable knowledge (e.g. Lassen 1975; Dodson 1992). 95 

Planktonic species show high variability in dispersal due to differences in vagility and viability (Bohonak 96 

and Jenkins 2003). Cladocera species generally exhibit high genetic variability with confirmed crypticity 97 

over short distances, demonstrating their low dispersal capacity (e.g. Hebert and Finston 1996). De Bie et al. 98 



(2012) found an increasing influence of body size on dispersal limitation, with zooplankton favoured over 99 

molluscs. In addition to the dispersal limitations of both groups, their life history habitat requirements could 100 

also be responsible for their success in colonising nearby waters. In this study, we focused not only on the 101 

distribution pattern of quantitative information (species richness), but also on the qualitative structure of the 102 

studied communities using the same data. This represents a unique and innovative extension of TIB 103 

principles that has rarely been tested before (Hamerlík and Brodersen 2010). 104 

 105 

This study examined how local habitat conditions and regional connectivity shape the richness and 106 

composition of zooplankton and mollusc metacommunities in artificial and reference standing waters on a 107 

large riverine island. Specifically, we asked: (1) whether local species richness is related to patch area and 108 

isolation from potential colonisation sources; (2) whether community composition differs between habitat 109 

types and is associated with local environmental conditions and regional connectivity; and (3) whether these 110 

relationships differ between zooplankton and molluscs because of their contrasting dispersal capacities. We 111 

predicted that: (H1) species richness would increase with water-surface area in both taxonomic groups; (H2) 112 

mollusc richness and composition would decline or become increasingly differentiated with distance from 113 

the Danube and other potential source habitats, whereas zooplankton would show weaker spatial responses; 114 

(H3) artificial and reference waters would support compositionally distinct assemblages because their 115 

contrasting hydrological histories and nutrient regimes impose different local filters. As the study was 116 

conducted on a riverine island, we assumed a significant influence of the Danube as the primary source of 117 

diversity. For the study, the distance to the nearest source of diversity, the nearest pond, and to a point in the 118 

Danube and the Little Danube was measured to determine the main pattern of colonisation. We used total 119 

nitrogen, total phosphorus, and their stoichiometric relationship as indicators of local environmental 120 

conditions that may indirectly influence the studied assemblages through productivity, food-resource 121 

composition, and habitat quality. These variables were contrasted with spatial measures of connectivity to 122 

evaluate the relative contributions of local and regional drivers. 123 

 124 

Material and methods 125 

 126 

Study area and sampling sites 127 

 128 

The research area covered the south-western part of the Danube lowlands (Slovakia), known as Žitný ostrov 129 

(Rye Island), the most significant parallel riverine island in Europe (Fig. 1). This area is bordered to the 130 

south-west and south by the Danube, to the north-west and north by the Little Danube, and to the east by a 131 

short section of the Váh River. Rye Island is the warmest area in Slovakia, with the longest growing season, 132 

where agriculture often suffers from drought and therefore requires irrigation (Kandra and Gomboš 2020; 133 

Jurík et al. 2019). 134 

Of the 42 sites selected for the study, 22 gravel pits are of artificial origin, created by gravel mining and 135 

filled with groundwater. The remaining 20 standing waters are of a near-natural character. These include old 136 

river channels, side arms, or lakes located in the floodplain and formed during river regulation, the 137 

construction of flood defence walls, or extensive land improvement in the second half of the 20th century. 138 

The basic characteristics of the sites are listed in Appendix 1. 139 

 140 



 141 

Fig. 1 Map of the study area. Explanatory notes: Red circles indicate artificial standing waters, while green 142 

circles denote reference standing waters. Other water types are shown in blue. The black arrow indicates the 143 

direction of flow 144 

 145 

Environmental measurements  146 

 147 

The wet surface area of all sites was accurately measured using the ZBGIS web application (GCCAS 2024) 148 

on an orthophotographic map with a measurement function. The distance from each site to the nearest pond, 149 

the nearest source (canal, ditch, pond, lake, stream), and the nearest point of the Danube and the Little 150 

Danube was measured with a ruler in the Google Earth application (Google 2025). 151 

 152 

Sampling methodology 153 

 154 

Samples of biological material and measurements of environmental variables were collected in 2015. Each 155 

sampling site was sampled twice during the study, in spring and autumn, to record changes in community 156 

composition caused by the different life strategies of the species. Total nitrogen and phosphorus were 157 

determined using the methods described by Hrbáček (1972). 158 

Qualitative zooplankton samples were collected in the pelagic and littoral zones of each water body by 159 

vertical and horizontal trawling with a plankton net (mesh size 70 μm). The material was preserved in 4% 160 

formaldehyde solution in plastic bottles. In the laboratory, samples were sorted into two groups, Cladocera 161 

and Copepoda, and identified to species level using a LEICA DMLB stereomicroscope and the identification 162 

keys of Hudec (2010) and Einsle (1993, 1996). Only adult stages were considered for further analyses. 163 



Mollusc samples were collected along a 20-metre section of each standing water body. Individuals were 164 

collected at four randomly selected sites along the sampling route, chosen at random from distances between 165 

0.5 and 2.0 metres from the bank. Each sample consisted of a vigorous sweep over a length of 5 m, parallel 166 

to the bank and including sediment, vegetation, and the water surface, using a 200 mm diameter, 1 mm mesh 167 

sieve net (modified according to Watson and Ormerod 2004). Samples were stored in 70% denatured 168 

ethanol. In the laboratory, samples were washed through a 0.5 mm mesh sieve, and molluscs were removed 169 

and identified by eye and under a light microscope according to Glöer and Meier-Brook (2003). 170 

 171 

Statistical analyses 172 

 173 

The total nitrogen–phosphorus relationship was analysed using log–log linear regression separately for 174 

artificial and reference standing waters. Confidence intervals for the fitted slopes were used to assess overlap 175 

between groups. Differences in N:P molar ratios were tested using a Wilcoxon rank-sum test, as the data did 176 

not meet the assumptions of normality, as evidenced by a Shapiro–Wilk test. 177 

Differences in TIB predictors between artificial and reference standing waters were assessed using Wilcoxon 178 

rank-sum tests. This non-parametric approach was chosen because all predictors exhibited non-normal 179 

distributions, identified by a Shapiro–Wilk test. 180 

To compare species richness between artificial and reference waters while accounting for unequal sampling 181 

effort, sample-size-based and coverage-based rarefaction and extrapolation of Hill numbers were used. 182 

Rarefaction standardised richness estimates to a standard sample size, while extrapolation assessed expected 183 

richness beyond the observed sampling effort. As the data contained binary occurrences, the input data type 184 

was set as a species-by-sampling-units incidence matrix (raw incidence). Confidence intervals (95%) were 185 

calculated using bootstrap resampling. These analyses were performed separately for molluscs and 186 

zooplankton using the iNEXT package (Hsieh et al. 2025). 187 

Generalised linear mixed models (GLMMs) were used to analyse species richness for molluscs and 188 

zooplankton. As the response variables were counts and showed overdispersion, all models were fitted using 189 

a negative binomial distribution with a log link function. For each taxonomic group, the initial complete 190 

model included habitat type, area, and distances to significant sources of species diversity (distance to the 191 

Danube, the Little Danube, nearest pond, and nearest source). To account for potential spatial clustering of 192 

sampling sites, geographic coordinates (latitude and longitude) were included as a random intercept. The 193 

effect of the random intercept was assessed by checking the variance of the random effect and was removed 194 

from the model formula if it was low. The model was simplified by eliminating variables with insignificant 195 

effects. The complete model was compared to reduced models using Akaike’s Information Criterion (AIC), 196 

and the model with the lowest AIC was retained as the most parsimonious. For each reduced model, pseudo-197 

R² values were calculated, including McFadden’s R² and variance-based indices (marginal and conditional 198 

R²), to quantify the proportion of variation explained by fixed effects and by the whole model structure. We 199 

also evaluated whether including a zero-inflation component improved model performance. These analyses 200 

were performed using the glmmTMB (Brooks et al. 2017) and pscl (Jackman 2024) packages. 201 

Simulated residuals were examined for deviations from expected distributions, over- or under-dispersion, 202 

and the presence of outliers in the reduced models. Residuals were plotted against fitted values to assess 203 

potential non-linear patterns. Spatial autocorrelation in residuals of the reduced model was evaluated using 204 

Moran’s I test based on geographic distances between sampling sites. Model diagnostics were performed 205 

using the DHARMa package (Hartig 2025). 206 

Distance-based redundancy analysis (dbRDA) was used to quantify the relationships between community 207 

composition of both groups and TIB predictors, taking into account the similarity between communities and 208 

not just the number of species. The measured distances to sources, as well as the water surface area, were 209 

logarithmically transformed (log x + 1) before analysis. Species data were transformed into a Bray–Curtis 210 

dissimilarity matrix based on presence–absence (Sørensen index), which is appropriate for community 211 

datasets dominated by zeros. Variable selection within each group was carried out using the ordiR2step 212 

procedure. This method performs stepwise selection based on adjusted R² while simultaneously applying the 213 

specified permutation scheme, ensuring that both model building and statistical inference follow the same 214 

constraints. The adjusted R² of the whole model was used as the upper limit for model complexity, and only 215 

predictors that improved model fit without exceeding this threshold were retained. The significance of the 216 

final dbRDA models and individual predictors was assessed using permutation tests (n = 1999). Because 217 



sampling sites belonged to two habitat types (reference vs artificial), all permutation tests were conducted 218 

using a blocked permutation design to preserve this grouping structure. This approach ensured that statistical 219 

inference respected the sampling design and prevented inflation of Type I error rates. These analyses were 220 

performed using the packages vegan (Oksanen et al. 2025) and adespatial (Dray et al. 2025). 221 

Graphical outputs were constructed using the packages ggplot2 (Wickham 2016), ggeffects (Lüdecke 2018), 222 

tidyr (Wickham et al. 2024), and dplyr (Wickham et al. 2023). Statistical analysis and plots were conducted 223 

in the R environment (R Core Team 2025). 224 

 225 

Results 226 

 227 

Nutrient relationships and N:P stoichiometry 228 

 229 

The relationship between total nitrogen (TN) and total phosphorus (TP) showed a clear positive trend in both 230 

types of standing waters (Fig. 2). Log–log linear regressions fitted separately for artificial and reference 231 

waters had similar slopes, with overlapping confidence intervals across the observed nutrient range, 232 

indicating comparable variability in TN–TP relationships.  233 

The N:P molar ratio differed significantly between the two waterbody types (W = 304, p = 0.036). Artificial 234 

waters had higher median N:P values than reference waters, and both groups showed substantial variability 235 

in the ratio. Despite this variability, the central tendency of N:P values remained consistently higher in 236 

artificial systems. 237 

 238 

 239 

Fig. 2 Log–log relationship between total nitrogen (TN) and total phosphorus (TP) in artificial gravel pits 240 

and reference oxbows and wetlands (left), with separate linear regressions and 95% confidence intervals 241 

shown for each waterbody type. The N:P molar ratio for both categories of standing waters is presented on 242 

the right as boxplots illustrating median values, interquartile ranges, and data dispersion. 243 

 244 

Spatial attributes of study waters 245 

 246 

Wilcoxon rank-sum tests revealed that area differed significantly between the two habitat types (W = 363.0, 247 

p < 0.001), with artificial waters generally being larger (Fig. 3). Distance from source also showed a 248 

significant difference (W = 300.5, p = 0.044), indicating that artificial waters tended to be located farther 249 

from the nearest colonisation source. Distance to the Danube did not differ between reference and artificial 250 

standing waters (W = 283.0, p = 0.115). No significant difference was found in the distances to the nearest 251 

pond (W = 266.0, p = 0.251) or to the Little Danube (W = 208.5, p = 0.782). 252 

 253 

 254 



 255 

Fig. 3 Boxplots showing the difference in area and distances to colonisation sources (Danube, Little Danube, 256 

nearest pond and nearest source) between artificial and reference waters; significant differences (p < 0.05) 257 

are marked with * after the variable name 258 

 259 

Species richness patterns 260 

 261 

In summary, 39 mollusc and 95 zooplankton species were identified across all sites during the study period 262 

(Appendices 2 and 3). Sample-size-based rarefaction and extrapolation curves revealed apparent differences 263 

in species richness between standing water types for molluscs. In contrast, zooplankton communities 264 

displayed broadly similar patterns (Fig. 4). For molluscs, artificial waters exhibited higher estimated species 265 

richness than reference waters at both rarefied and extrapolated sample sizes (Fig. 4a, c). In contrast, 266 

zooplankton richness showed minimal differences between artificial and reference standing waters, although 267 

species richness in reference waters tended to be lower (Fig. 4b, d). Rarefaction and extrapolation curves for 268 

both groups converged towards similar asymptotes, and coverage-based analyses confirmed that sampling 269 

completeness approached 100% in both types with a relatively small number of sites. 270 

 271 



 272 

Fig. 4 Rarefaction and extrapolation curves comparing mollusc and zooplankton diversity between artificial 273 

(red) and reference (blue) standing waters. Panels (a) and (b) show sample-size-based rarefaction and 274 

extrapolation, while panels (c) and (d) present coverage-based estimates. Panels (a) and (c) show mollusc 275 

richness, and panels (b) and (d) show zooplankton richness. Shaded areas indicate 95% confidence intervals. 276 

 277 

Mollusc richness response to TIB 278 

 279 

Analysis of mollusc species richness using a GLMM identified type, area, and distance to the Danube as 280 

significant predictors (Table 1). Species richness was significantly higher in artificial waters than in 281 

reference waters (Fig. 5a). Area had a significant positive effect (Fig. 5b), indicating that larger standing 282 

waters supported more species. This effect was more pronounced in reference waters. In contrast, distance to 283 

the Danube had a significant adverse effect, indicating that waters farther from the Danube harboured fewer 284 

mollusc species. As with area, the impact of distance to the Danube was more pronounced in reference 285 

waters than in artificial waters (Fig. 5c). Figure 6, which illustrates predicted mollusc species richness across 286 

a two-dimensional environmental gradient of the significant predictors, shows a consistent decrease in 287 

mollusc richness with increasing area but decreasing distance to the Danube. Reference waters exhibit 288 

markedly higher richness, particularly in larger ones located closer to the Danube. 289 

 290 

Model simplification showed that a reduced model including only statistically significant variables provided 291 

a better and more parsimonious fit. The reduced model indicated significant zero inflation; therefore, the 292 

zero-inflated structure in the model was defined (zi = 1) (Table 1). McFadden’s pseudo-R² value indicated 293 

that the reduced model explained a moderate proportion of the variation. At the same time, variance-based 294 

indices showed that approximately one-third of the variability was accounted for by the fixed effects (Table 295 

2). Residual diagnostics showed no violations of model assumptions. DHARMa tests indicated no deviation 296 

from expected residual distributions, no overdispersion or underdispersion, and no outliers (Appendix 4a). 297 



The Moran’s I test revealed no spatial autocorrelation in the residuals (observed Moran’s I = 0.014; p = 298 

0.616), confirming that the model adequately accounted for spatial structure. 299 

 300 

Table 1 Summary of the GLMM full and reduced models for mollusc richness, showing model fit statistics: 301 

AIC – Akaike Information Criterion, BIC – Bayesian Information Criterion, df.resid – residual degrees of 302 

freedom, McFadden R² – McFadden pseudo-R², ML R² – marginal R², CU R² – conditional R². The table 303 

also presents the variance of the random effect (conditional model) and the test statistics of the reduced 304 

model, including estimated coefficient, standard error (SE), z-value, and p-value. 305 

 306 

 307 

Mollusca 
Full model Mol_sr ~  type + area + d_danube + d_littled + d_pond + d_source + 

(1|coordinates) 
  AIC BIC df.resid McFadden R2  ML R2 CU R2 

  229.1 244.7 33 0.084 0.368 0.370 

 group variance SE     

Conditional model coordinates 1.23e-8 1.11e-4     

Reduced model Mol_sr ~ type + area + d_danube, zi = 1 
  AIC BIC df.resid McFadden R2  ML R2 CU R2 

  223.3 233.7 36 0.083 0.365 0.366 
Summary        
 Variable Estimate SE z-value p-value   
 type 0.599 0.206 2.908 0.004   
 area 0.060 0.028 2.146 0.032   
 d_danube -0.049 0.018 -2.801 0.005   

Zero-inflation intercept -3.288 1.177 -2.794 0.005   

 308 

 309 

Fig. 5 Graphical representation of the models showing the effect of type (a), area (b), and distance from the 310 

Danube (c) on the species richness of molluscs in reference (blue) and artificial (red) standing waters. 311 



 312 

 313 

 314 

Fig. 6 Predicted mollusc species richness across gradients of area (ha) and distance to the Danube River (km) 315 

for artificial (left) and reference standing waters (right). The colour scale indicates predicted richness, with 316 

darker shades representing low and lighter shades representing high species richness. 317 

 318 

Zooplankton richness response to TIB 319 

 320 

GLMM analysis identified area as the only significant predictor of zooplankton species richness (Table 2), 321 

indicating that larger waters supported greater diversity (Fig. 7a). Distance to the nearest pond showed a 322 

marginally non-significant positive trend (p = 0.053), suggesting a tendency for higher zooplankton richness 323 

in more isolated waters (Fig. 7b). As predicted zooplankton richness increased continuously with area and 324 

distance to the nearest pond, species diversity in more isolated waters increased with size, favouring larger 325 

waters (Fig. 8). 326 

The reduced model provided a better and more parsimonious fit than the complete model, including all TIB 327 

predictors (Table 2). Zero-inflated structure did not show a significant effect, so it was excluded from the 328 

model. McFadden's pseudo-R² values were low, suggesting that the model captured only a limited amount of 329 

the variation in species richness. Residual diagnostics using DHARMA tests confirmed that the model met 330 

all key assumptions (Appendix 4b). Moran’s I test indicated no spatial autocorrelation in residuals (p = 331 

0.207), confirming that the model adequately accounted for spatial structure. 332 

 333 

 334 

Table 2 Summary of the GLMM full and reduced models for zooplankton richness, showing model fit 335 

statistics: AIC – Akaike Information Criterion, BIC – Bayesian Information Criterion, df.resid – residual 336 

degrees of freedom, McFadden R² – McFadden pseudo-R², ML R² – marginal R², CU R² – conditional R², + 337 

– marginally significant. The table also presents the variance of the random effect (conditional model) and 338 

the test statistics of the reduced model, including the estimated coefficient, standard error (SE), z-value, and 339 

p-value. 340 

Zooplankton 
Full model Zoo_sr ~  type + area + d_danube + d_littled + d_pond + d_source + 

(1|coordinates) 
  AIC BIC df.resid McFadden R2  ML R2 CU R2 
  249.6 265.2 33 0.048 0.244 0.245 

 group variance SE     



Conditional model coordinates 3.85e-9 6.20e-5     

Reduced model Zoo_sr ~  area + d_pond, zi = 0 
  AIC BIC df.resid McFadden R2  ML R2 CU R2 
  242.5 249.4 38 0.039 0.190 0.191 
Summary        
 Variable Estimate SE z-value p-value   
 area 0.019 0.009 3.06 0.039   
 d_pond 0.058 0.030 1.93 0.053+   

Zero-inflation intercept -18.64 1718.36 -0.011 0.991   

 341 

 342 

 343 

 344 

Fig. 7 Graphical representation of the models showing the effect of area (a) and distance from the nearest 345 

pond (b) on zooplankton species richness in the studied standing waters. 346 

 347 

 348 

Figure 8. Predicted zooplankton species richness across gradients of area (ha) and distance to the nearest 349 

pond (km) for the studied standing waters. The colour scale indicates predicted richness, with darker shades 350 

representing low and lighter shades representing high species richness.  351 



 352 

Community structure and TIB predictors 353 

 354 

Spatial autocorrelation of community datasets was evaluated using Moran’s I with inverse distance weights. 355 

The mollusc community had an observed Moran’s I of 0.062, which was not significant (p = 0.260). 356 

Similarly, the zooplankton community had a Moran’s I of 0.050 with a non-significant p-value (p = 0.321). 357 

These results indicate no detectable spatial autocorrelation in the distribution of either organism group; 358 

therefore, no spatial correction or spatial eigenvector filtering was required in subsequent analyses. 359 

However, the dbRDA variable selection performed with ordiR2step did not retain any TIB predictor for the 360 

mollusc community. The null model (adjusted R² = 0) was not improved by adding any variable from the 361 

TIB set, as none produced a statistically significant increase in explained variation under the blocked 362 

permutation scheme (p = 0.068 for the strongest candidate, d_source). The complete TIB model explained 363 

only a small proportion of community variation (adjusted R² = 0.036). Nevertheless, gradients of all TIB 364 

predictors were plotted in the ordination diagram to examine the distribution of the studied standing waters 365 

in relation to their community similarity (Fig. 9). The difference in mollusc species richness between the two 366 

habitat types is evident, as most of the most diverse waters belong to the reference type. The diagram also 367 

revealed considerable differences in community structure, as the types formed almost separate groups. The 368 

effect of significant predictors, area and distance to the Danube, is also apparent, as their gradients increased 369 

with species richness in the waters. 370 

Similarly, the selection procedure did not identify any TIB variable for the zooplankton community. 371 

Although distance to the nearest source had the highest explanatory potential, its inclusion did not improve 372 

the adjusted R² beyond the null model. It remained below the adjusted R² of the complete TIB model (0.016). 373 

All other TIB variables produced even lower adjusted R² values, and none met the criteria for inclusion 374 

under the permutation-based selection procedure. The complete TIB model for zooplankton explained only a 375 

tiny fraction of the variation (adjusted R² = 0.026). The ordination diagram of site distribution according to 376 

community structure indicated high similarity in species richness. Still, community structure differed, with 377 

only a minority of reference waters sharing the same species as artificial waters (Fig. 10). The majority of 378 

reference waters have a completely different species composition, which could be linked to shorter distances 379 

to the source water bodies. 380 

 381 

Fig. 9 Ordination biplot of the db-RDA analysis showing the distribution of studied artificial (red) and 382 

reference (blue) waters according to the mollusc community; point size represents species richness. 383 



 384 

Fig. 10 Ordination biplot of the db-RDA analysis showing the distribution of artificial (red) and reference 385 

(blue) standing waters according to zooplankton community composition; dot size represents species 386 

richness. 387 

 388 

 389 

 390 

Discussion 391 

 392 

Nutrient dynamics at the studied sites 393 

 394 

Although total phosphorus and total nitrogen concentrations were similar between artificial and reference 395 

waters, their nutrient stoichiometry differed markedly. Reference sites exhibited low N:P ratios, consistent 396 

with substantial nitrogen limitation typically observed in less impacted systems. In contrast, artificial waters 397 

had substantially higher N:P ratios, indicating a shift towards mixed or even phosphorus-limited conditions. 398 

These patterns align with global evidence that low N:P ratios reflect nitrogen limitation, whereas higher 399 

ratios are associated with mixed or phosphorus-limited nutrient regimes (Redfield 1958; Guildford and 400 

Hecky 2000; Elser et al. 2007). Altered nutrient stoichiometry in artificial water bodies has been reported 401 

elsewhere (Søndergaard et al. 2005), and variation in elemental ratios is known to affect both phytoplankton 402 

composition and zooplankton responses (Sterner and Elser 2002; Hessen et al. 2013). 403 

 404 

Species richness vs area 405 

 406 

The TIB hypothesis posits that the area of an island or island-like system is a key determinant of species 407 

richness, which is one of the oldest principles in ecology (Drakare et al. 2006). The general observation that 408 

species richness increases with area has often been confirmed in studies of freshwater habitats, with larger 409 

areas supporting more species than smaller ones (Allen et al. 1999; Bilton et al. 2001; Oertli et al. 2002). 410 

However, this relationship appears limited, as Aho (1978) found little evidence that TIB applies to lakes 411 

larger than 840 ha. Nevertheless, small water bodies such as ponds and small lakes up to 50 ha in area can 412 

contribute significantly to regional biodiversity (Williams et al. 2004; Biggs et al. 2017). 413 

In line with this, we hypothesised that species richness in both habitat types increases with water surface 414 

area. This was confirmed for both invertebrate groups, although molluscs exhibited a more specific response. 415 

A clear positive relationship between mollusc species richness and area is well established (Aho 1978; 416 

Lassen 1975). However, the strength of this relationship may be directly influenced by trophic status (Lassen 417 



1975) and altitude (Oertli et al. 2002). Other studies indicate that nutrient conditions, water quality, or habitat 418 

heterogeneity affect species composition rather than the species–area relationship itself (Pip 1986; Sanderson 419 

et al. 2005; Stendera et al. 2012; Lewin 2014). 420 

Trophic status may therefore partly explain the difference in species richness between reference and artificial 421 

lakes observed in our study, but we did not assess it. Instead, the contrasting nutrient regimes indicated by 422 

our analyses provide a more plausible explanation. Artificial waters exhibited consistently higher N:P molar 423 

ratios, suggesting a shift towards mixed or phosphorus-limited conditions, whereas reference waters showed 424 

lower N:P ratios indicative of more substantial nitrogen limitation. These differences in nutrient 425 

stoichiometry and overall nutrient dynamics may influence primary producer composition and periphyton, 426 

thereby shaping zooplankton community structure and contributing to the observed variation in species 427 

richness between the two habitat types. 428 

The steeper species–area gradient observed in artificial waters is consistent with the idea that spatial factors 429 

can explain a larger proportion of variation in species richness when underlying environmental conditions 430 

differ systematically between sites (Aho 1978). Altitude cannot explain the differences between the two 431 

habitat types, as all sites were situated within the same riverine island and therefore shared an identical 432 

geographical context. Consequently, spatial location is unlikely to contribute to the observed variation in 433 

species richness, as demonstrated by our results. Moreover, our results support the view that small water 434 

bodies (< 2 ha) can act as biodiversity hotspots (Williams et al. 2004). In line with this expectation, the 435 

smaller reference waters in our study hosted significantly more mollusc species than the larger artificial 436 

waters. 437 

In general, larger lakes have higher zooplankton species richness than smaller water bodies (Gooriah et al. 438 

2020). This has been attributed to a more heterogeneous environment and larger catchment areas. Larger 439 

waters are also less susceptible to local stress events and desiccation (De Bie et al. 2008). Our results are 440 

consistent with this expectation, as we detected a significant positive relationship between zooplankton 441 

species richness and area. Zooplankton richness in standing waters is shaped by a combination of 442 

geographical, habitat-related, biotic, and dispersal-related factors, many of which can influence the species–443 

area relationship (Hobæk et al. 2002; Kuczyńska-Kippen and Joniak 2016). 444 

Unlike molluscs, zooplankton showed no significant difference in species richness between artificial and 445 

reference sites. The similar patterns observed in both waterbody types likely reflect the fact that all sites 446 

shared the same geographical context, including altitude, climatic conditions, regional species pool, and 447 

similar levels of isolation. Moreover, spatial dependence was not significant in our results. These factors are 448 

known to influence zooplankton richness strongly and can homogenise species–area responses across habitat 449 

types (Dodson 1992). 450 

Importantly, this pattern is also consistent with our findings on nutrient stoichiometry. Although artificial 451 

and reference waters differed significantly in their N:P molar ratios, these differences did not result in 452 

detectable changes in zooplankton species richness. Zooplankton communities are generally less sensitive to 453 

nutrient stoichiometry and respond more strongly to overall productivity or trophic status (Hoffmann and 454 

Dodson 2005), which our data did not indicate. Thus, the absence of a richness difference between habitat 455 

types likely reflects both the shared geographical setting and the limited influence of the observed N:P 456 

variation on zooplankton assemblages. 457 

 458 

Species richness vs distance from source 459 

 460 

Regarding the TIB (MacArthur and Wilson 1963, 1967), it was hypothesised that species richness on islands 461 

decreases with increasing distance from the source of colonisation. This TIB assumption was confirmed in 462 

our study and applies to both groups, though with different responses. 463 

Remnants of the former Danube floodplain, now preserved as standing waters classified as “reference”, may 464 

serve as important refuges for the original malacofauna. In a relatively short section of the river influenced 465 

by a large hydropower plant, 40 species were recorded (Beracko et al. 2016), and a detailed survey 466 

documented 67 aquatic mollusc species in the Danube basin, representing the current species pool of the 467 

Danube lowland (Čejka et al. 2015). The Danube river system hosts one of the most diverse molluscan 468 

faunas among European rivers, partly due to the presence of numerous Ponto-Caspian species (Ketelaars 469 

2004). In this context, the 39 species recorded in our study represent a substantial proportion of the regional 470 

species pool, underscoring the strong influence of the Danube as a source of colonists. 471 



Distance to the Danube emerged as a significant predictor of mollusc species richness. This pattern suggests 472 

that the Danube acts as a significant regional species source and that dispersal limitation increases with 473 

distance. Dispersal processes are particularly relevant for molluscs, which rely mainly on passive transport 474 

via animals or human activities (Bilton et al. 2001; Kappes and Haase 2012). Previous studies have reported 475 

mixed evidence regarding the importance of area and distance to source populations for mollusc richness. 476 

Some found weak support for island-biogeographic predictions (e.g. Harris et al. 2011), whereas others 477 

demonstrated apparent distance-related effects (e.g. Browne 1981). Brönmark (1985) showed that species 478 

richness in only a few nearby ponds could explain mollusc distributions across a much larger landscape, and 479 

Dodson (1992) identified the number of lakes within 20 km as a key driver of diversity, highlighting the 480 

importance of immigration sources. The absence of a proximity effect reported in some earlier studies was 481 

therefore not supported here. Instead, our findings indicate that spatial connectivity to the Danube, even 482 

without direct hydrological connection, plays a crucial role in shaping mollusc assemblages across the 483 

studied standing waters. 484 

Distance to colonisation sources is often considered a key factor determining dispersal success and 485 

colonisation rates in cladoceran and copepod communities, although spatial and temporal scales can 486 

modulate these effects (Frisch et al. 2012).  487 

In our study, zooplankton species richness showed a marginally non-significant positive trend with 488 

increasing distance from the nearest pond, suggesting that isolation did not constrain dispersal and may even 489 

weakly favour higher richness. This pattern is consistent with the high dispersal capacity of zooplankton, 490 

which can rapidly colonise new habitats through passive aerial transport or rain-mediated dispersal (Cáceres 491 

and Soluk 2002; Cohen and Shurin 2003). 492 

Despite the considerable reduction of the Danube floodplain (Eder et al. 2022), the remaining network of 493 

side arms still provides diverse habitats for lowland invertebrates. Reference waters within the study area, 494 

formerly part of an extensive floodplain, may therefore act as reservoirs of the original biodiversity. Long-495 

term monitoring has documented more than 120 zooplankton species in this system, including 71 496 

cladocerans (Illýová and Matečný 2014) and 50 copepods (Illýová et al. 2017), indicating a rich regional 497 

species pool capable of supplying colonists to nearby ponds. In this context, the 95 zooplankton species 498 

recorded in our study represent a substantial portion of the regional species pool, indicating that the 499 

surrounding floodplain habitats provide a rich and readily accessible source of colonists for nearby ponds. 500 

These habitats can serve as effective sources of zooplankton species, as dispersal is primarily mediated by 501 

resting eggs capable of surviving desiccation and transport outside water (Louette and De Meester 2005). 502 

Resting eggs are typically produced in macrophyte-rich littoral zones of potamal habitats, oxbow lakes, 503 

wetlands and fishponds (Gabaldón et al. 2018), all of which are widespread in the Danube floodplain. In 504 

addition to wind-driven dispersal, waterbirds represent essential vectors for the spread of aquatic organisms 505 

(Havel and Shurin 2004). Endozoochory can facilitate long-distance dispersal over hundreds of kilometres 506 

(Santamaría et al. 2023), and the Danube lies along major migratory routes where standing waters provide 507 

suitable resting and feeding habitats for waterbirds (Santoul et al. 2010). These mechanisms collectively 508 

explain why zooplankton richness was not reduced in more isolated standing waters and why distance to the 509 

nearest pond showed only a weak positive trend. 510 

 511 

Metacommunity framework 512 

 513 

The dbRDA results showed that TIB predictors explained only a tiny proportion of community variation in 514 

both organism groups, indicating that classical island biogeographic variables were poor descriptors of 515 

multivariate community structure. This is consistent with the idea that species diversity in standing waters is 516 

shaped by a combination of local and regional processes rather than by spatial configuration alone (Shurin 517 

2000; Stendera and Johnson 2005). Although no TIB variable significantly improved the null model, the 518 

ordination diagrams revealed clear ecological patterns. 519 

Mollusc communities formed almost distinct clusters between reference and artificial waters, reflecting big 520 

differences in community structure and the influence of regional gradients such as distance to the Danube. 521 

This supports the view that regional species pools and hydrological history can shape local assemblages, 522 

particularly in taxa with limited dispersal (Cornell 1999). 523 

For zooplankton, the dbRDA also retained no TIB predictor, and the whole model explained only a 524 

negligible fraction of the variation. However, the ordination still showed compositional differences between 525 



habitat types, despite similar species richness. The number of species recorded in our study represents a 526 

substantial portion of the regional pool, suggesting that dispersal processes and the availability of resting 527 

eggs across the floodplain landscape override spatial constraints. This is consistent with previous findings 528 

that zooplankton communities are often saturated and strongly influenced by regional species supply (Shurin 529 

2000), resulting in more homogeneous assemblages compared to molluscs. 530 

The greater heterogeneity of mollusc communities in ordination space, compared with the more compact 531 

zooplankton patterns, supports the idea that dispersal capacity shapes community variability (Hassall et al. 532 

2011). While some zooplankton groups show preferences for larger standing waters (Fryer 1985), molluscs 533 

lack such clear habitat associations and may be more sensitive to historical connectivity and regional 534 

hydrology. The dbRDA therefore highlights that, although TIB variables alone do not explain community 535 

structure, local environmental gradients and regional species pools remain key drivers of differentiation 536 

between types of standing waters. 537 

 538 

Conclusions and implications 539 

 540 

Our study demonstrates that the interaction between local environmental conditions and the regional species 541 

pool shapes biodiversity patterns in small standing waters. Although species richness and species diversity 542 

are often used interchangeably, they represent distinct aspects of community organisation (Delang and Li 543 

2013), and both are essential for understanding how immigration, extinction, and habitat saturation function 544 

in standing water ecosystems. 545 

The Rye Island landscape, with its uniform geomorphological history and clear ecological boundaries, meets 546 

the criteria for a coherent biogeographical region (Cornell 1999), making it an appropriate system for 547 

evaluating the relative roles of local and regional drivers. Our results indicate that mollusc communities are 548 

more strongly structured by regional processes, particularly proximity to the Danube, whereas zooplankton 549 

richness is driven mainly by local factors such as area. 550 

Multivariate analyses further showed that classical island biogeographic predictors explained only a small 551 

fraction of multivariate community variation in both groups, suggesting that dispersal capacity and species 552 

traits modulate the extent to which regional gradients influence community structure. The high number of 553 

zooplankton species recorded in our study indicates that regional propagule supply and strong dispersal 554 

capacity reduce the influence of spatial configuration. At the same time, mollusc assemblages remain more 555 

heterogeneous and sensitive to regional hydrological connectivity. 556 

These findings have several implications. First, reference waters support distinct and diverse mollusc 557 

communities and should be prioritised in conservation planning, as they retain elements of the original 558 

floodplain fauna. Second, maintaining a network of natural and artificial water bodies can sustain high 559 

zooplankton diversity if environmental conditions remain suitable, reflecting the importance of regional 560 

species pools for unsaturated communities (Huston 1994). Third, the weak explanatory power of TIB 561 

variables highlights the need to incorporate species traits, hydrological history, and regional context into 562 

biodiversity assessments of landscapes. Finally, the potential for artificial waters to act as sources of non-563 

native species (Oertli and Parris 2019) underscores the importance of monitoring and managing these 564 

habitats to prevent the spread of invasive taxa. 565 
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