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Abstract

Small standing waters on large riverine islands provide a model system for evaluating how local
environmental conditions and regional connectivity jointly shape biodiversity, extending beyond species
richness to community composition. We surveyed 42 artificial and reference standing waters on Europe's
largest riverine island in Slovakia, comparing richness and multivariate community structure of zooplankton
and molluscs (taxa with contrasting dispersal capacities) across gradients of area, nutrients, and distance to
the Danube and Little Danube.

Artificial waters were significantly larger and more nutrient-enriched, with higher N:P ratios, whereas
reference waters retained distinct hydrochemical conditions. Mollusc richness responded strongly to habitat
type, area, and Danube proximity, reflecting sensitivity to hydrological connectivity, while zooplankton
richness increased only with area, consistent with high dispersal and near-saturation of regional species
pools. Species—area and species—distance predictors significantly explained richness in both groups but
accounted for only a modest, non-negligible fraction of multivariate community variation; nonetheless,
artificial and reference waters differed in composition.

These results show that small standing waters function as metacommunities structured primarily by local
environmental gradients and regional species pools rather than spatial configuration alone. The contrasting
responses indicate that molluscs are more effective indicators for studies of hydrological connectivity and
long-term landscape processes, whereas zooplankton patterns better reflect regional dispersal dynamics.
Our findings offer a framework for identifying which water bodies contribute most to regional biodiversity
and underscore that preserving natural hydrochemical gradients and reference water bodies is essential for
sustaining multi-taxonomic diversity in extensively modified floodplain landscapes.
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Introduction

Patterns of biodiversity among discrete habitat patches can be interpreted through both the theory of island
biogeography (TIB) and metacommunity theory. The TIB predicts local species richness from the balance
between immigration and extinction, with habitat area and isolation representing its principal spatial
determinants (MacArthur and Wilson 1963, 1967). Metacommunity theory extends this perspective from
species richness to community composition by considering sets of local communities linked by dispersal and
jointly structured by local environmental conditions and regional spatial processes (Leibold et al. 2004;
Cottenie 2005; Logue et al. 2011). In networks of small standing waters, island biogeography therefore
provides specific predictions concerning species—area and species—isolation relationships, whereas the
metacommunity framework is more appropriate for evaluating how environmental filtering and dispersal
interact to structure assemblages.

Although initially developed for terrestrial systems, the TIB has been applied to various freshwater
environments, such as coastal rivers (Sepkoski and Rex 1974), dendrothelms (Obona and Svitok 2012), and
city fountains (Hamerlik and Brodersen 2010), but lakes and ponds have been the most studied habitats for
decades (e.g. Aho 1978; Browne 1981; Jenkins and Buikema 1998; Oertli et al. 2002; Samways et al. 2020).
Freshwater habitats that are not connected to other water bodies are the perfect counterparts to islands
surrounded by the sea (Warren et al. 2015). It has been shown that these habitats can function as ecological
islands, but responses can vary with habitat type, the taxon involved, and the geographical area. Naturally
formed lakes, tarns, wetlands, and dissected river meanders or side-arms can be considered the origin, i.e.
reference waters, in contrast to relatively recently created artificial waters. Ponds created by gravel mining,
filled with groundwater and lacking a direct connection to other water bodies, meet the physical
requirements of newly created islands. These water bodies are usually up to 50 ha in size, categorising them
as small biotopes (Céréghino et al. 2008). Moreover, these biotopes are recognised for their biodiversity
conservation potential (Thornhill et al. 2017; Oertli 2018).

Several studies have examined species—area and species—isolation relationships in ponds and lakes (Bosiacka
and Pienkowski 2012; Varbiro et al. 2017). More recent work has increasingly integrated patch configuration
with local environmental variation and whole-community composition (Hill et al. 2019; Meland et al. 2020).
This distinction is important because similar levels of species richness may conceal markedly different
assemblages (Sun et al. 2019), while local environmental differences may generate compositional turnover
beyond that associated with patch area or spatial isolation (Hill et al. 2019). Comparing artificial and
reference standing waters within the same floodplain landscape therefore allows classical island-
biogeographic predictions concerning area and isolation to be evaluated within a broader metacommunity
framework that integrates local environmental filtering and regional dispersal processes (Chase et al. 2020;
Chanut et al. 2023).

In aquatic environments, TIB patterns have been clearly observed in water insects and non-insects, with
molluscs and zooplankton showing the strongest responses (Lassen 1975; Aho 1978; Dodson 1992; Declerck
et al. 2011). Two groups of invertebrates with different dispersal abilities and habitats, zooplankton
(Cladocera and Copepoda) and molluscs (Gastropoda and Bivalvia), were selected as models to investigate
the application of TIB to the studied standing waters. Zooplankton and molluscs are bound to aquatic
habitats, so their dispersal capacity is low compared to insects with active dispersal. For both groups,
occasional passive dispersal between sites is facilitated by animal vectors, usually waterfowl (Bilton et al.
2001). Among all macroinvertebrate groups, molluscs are among the most diverse, with the highest species
richness but low abundance in natural or artificial ponds (Hill et al. 2016). In contrast, zooplankton
community structure and abundance can be highly variable as they depend on the colonisation history of a
pond, refuting previously known distribution patterns (Jenkins and Buikema 1998). In general, studies on
freshwater mollusc or zooplankton fauna in relation to TIB are scarce and outdated, although they contain
valuable knowledge (e.g. Lassen 1975; Dodson 1992).

Planktonic species show high variability in dispersal due to differences in vagility and viability (Bohonak
and Jenkins 2003). Cladocera species generally exhibit high genetic variability with confirmed crypticity
over short distances, demonstrating their low dispersal capacity (e.g. Hebert and Finston 1996). De Bie et al.
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(2012) found an increasing influence of body size on dispersal limitation, with zooplankton favoured over
molluscs. In addition to the dispersal limitations of both groups, their life history habitat requirements could
also be responsible for their success in colonising nearby waters. In this study, we focused not only on the
distribution pattern of quantitative information (species richness), but also on the qualitative structure of the
studied communities using the same data. This represents a unique and innovative extension of TIB
principles that has rarely been tested before (Hamerlik and Brodersen 2010).

This study examined how local habitat conditions and regional connectivity shape the richness and
composition of zooplankton and mollusc metacommunities in artificial and reference standing waters on a
large riverine island. Specifically, we asked: (1) whether local species richness is related to patch area and
isolation from potential colonisation sources; (2) whether community composition differs between habitat
types and is associated with local environmental conditions and regional connectivity; and (3) whether these
relationships differ between zooplankton and molluscs because of their contrasting dispersal capacities. We
predicted that: (H1) species richness would increase with water-surface area in both taxonomic groups; (H2)
mollusc richness and composition would decline or become increasingly differentiated with distance from
the Danube and other potential source habitats, whereas zooplankton would show weaker spatial responses;
(H3) artificial and reference waters would support compositionally distinct assemblages because their
contrasting hydrological histories and nutrient regimes impose different local filters. As the study was
conducted on a riverine island, we assumed a significant influence of the Danube as the primary source of
diversity. For the study, the distance to the nearest source of diversity, the nearest pond, and to a point in the
Danube and the Little Danube was measured to determine the main pattern of colonisation. We used total
nitrogen, total phosphorus, and their stoichiometric relationship as indicators of local environmental
conditions that may indirectly influence the studied assemblages through productivity, food-resource
composition, and habitat quality. These variables were contrasted with spatial measures of connectivity to
evaluate the relative contributions of local and regional drivers.

Material and methods
Study area and sampling sites

The research area covered the south-western part of the Danube lowlands (Slovakia), known as Zitny ostrov
(Rye Island), the most significant parallel riverine island in Europe (Fig. 1). This area is bordered to the
south-west and south by the Danube, to the north-west and north by the Little Danube, and to the east by a
short section of the Vah River. Rye Island is the warmest area in Slovakia, with the longest growing season,
where agriculture often suffers from drought and therefore requires irrigation (Kandra and Gombos 2020;
Jurik et al. 2019).

Of the 42 sites selected for the study, 22 gravel pits are of artificial origin, created by gravel mining and
filled with groundwater. The remaining 20 standing waters are of a near-natural character. These include old
river channels, side arms, or lakes located in the floodplain and formed during river regulation, the
construction of flood defence walls, or extensive land improvement in the second half of the 20th century.
The basic characteristics of the sites are listed in Appendix 1.
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Fig. 1 Map of the study area. Explanatory notes: Red circles indicate artificial standing waters, while green
circles denote reference standing waters. Other water types are shown in blue. The black arrow indicates the
direction of flow

Environmental measurements

The wet surface area of all sites was accurately measured using the ZBGIS web application (GCCAS 2024)
on an orthophotographic map with a measurement function. The distance from each site to the nearest pond,
the nearest source (canal, ditch, pond, lake, stream), and the nearest point of the Danube and the Little
Danube was measured with a ruler in the Google Earth application (Google 2025).

Sampling methodology

Samples of biological material and measurements of environmental variables were collected in 2015. Each
sampling site was sampled twice during the study, in spring and autumn, to record changes in community
composition caused by the different life strategies of the species. Total nitrogen and phosphorus were
determined using the methods described by Hrbacek (1972).

Qualitative zooplankton samples were collected in the pelagic and littoral zones of each water body by
vertical and horizontal trawling with a plankton net (mesh size 70 um). The material was preserved in 4%
formaldehyde solution in plastic bottles. In the laboratory, samples were sorted into two groups, Cladocera
and Copepoda, and identified to species level using a LEICA DMLB stereomicroscope and the identification
keys of Hudec (2010) and Einsle (1993, 1996). Only adult stages were considered for further analyses.
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Mollusc samples were collected along a 20-metre section of each standing water body. Individuals were
collected at four randomly selected sites along the sampling route, chosen at random from distances between
0.5 and 2.0 metres from the bank. Each sample consisted of a vigorous sweep over a length of 5 m, parallel
to the bank and including sediment, vegetation, and the water surface, using a 200 mm diameter, I mm mesh
sieve net (modified according to Watson and Ormerod 2004). Samples were stored in 70% denatured
ethanol. In the laboratory, samples were washed through a 0.5 mm mesh sieve, and molluscs were removed
and identified by eye and under a light microscope according to Gloer and Meier-Brook (2003).

Statistical analyses

The total nitrogen—phosphorus relationship was analysed using log—log linear regression separately for
artificial and reference standing waters. Confidence intervals for the fitted slopes were used to assess overlap
between groups. Differences in N:P molar ratios were tested using a Wilcoxon rank-sum test, as the data did
not meet the assumptions of normality, as evidenced by a Shapiro—Wilk test.

Differences in TIB predictors between artificial and reference standing waters were assessed using Wilcoxon
rank-sum tests. This non-parametric approach was chosen because all predictors exhibited non-normal
distributions, identified by a Shapiro—Wilk test.

To compare species richness between artificial and reference waters while accounting for unequal sampling
effort, sample-size-based and coverage-based rarefaction and extrapolation of Hill numbers were used.
Rarefaction standardised richness estimates to a standard sample size, while extrapolation assessed expected
richness beyond the observed sampling effort. As the data contained binary occurrences, the input data type
was set as a species-by-sampling-units incidence matrix (raw incidence). Confidence intervals (95%) were
calculated using bootstrap resampling. These analyses were performed separately for molluscs and
zooplankton using the iNEXT package (Hsieh et al. 2025).

Generalised linear mixed models (GLMMs) were used to analyse species richness for molluscs and
zooplankton. As the response variables were counts and showed overdispersion, all models were fitted using
a negative binomial distribution with a log link function. For each taxonomic group, the initial complete
model included habitat type, area, and distances to significant sources of species diversity (distance to the
Danube, the Little Danube, nearest pond, and nearest source). To account for potential spatial clustering of
sampling sites, geographic coordinates (latitude and longitude) were included as a random intercept. The
effect of the random intercept was assessed by checking the variance of the random effect and was removed
from the model formula if it was low. The model was simplified by eliminating variables with insignificant
effects. The complete model was compared to reduced models using Akaike’s Information Criterion (AIC),
and the model with the lowest AIC was retained as the most parsimonious. For each reduced model, pseudo-
R? values were calculated, including McFadden’s R? and variance-based indices (marginal and conditional
R?), to quantify the proportion of variation explained by fixed effects and by the whole model structure. We
also evaluated whether including a zero-inflation component improved model performance. These analyses
were performed using the glmmTMB (Brooks et al. 2017) and pscl (Jackman 2024) packages.

Simulated residuals were examined for deviations from expected distributions, over- or under-dispersion,
and the presence of outliers in the reduced models. Residuals were plotted against fitted values to assess
potential non-linear patterns. Spatial autocorrelation in residuals of the reduced model was evaluated using
Moran’s I test based on geographic distances between sampling sites. Model diagnostics were performed
using the DHARMa package (Hartig 2025).

Distance-based redundancy analysis (dbRDA) was used to quantify the relationships between community
composition of both groups and TIB predictors, taking into account the similarity between communities and
not just the number of species. The measured distances to sources, as well as the water surface area, were
logarithmically transformed (log x + 1) before analysis. Species data were transformed into a Bray—Curtis
dissimilarity matrix based on presence—absence (Serensen index), which is appropriate for community
datasets dominated by zeros. Variable selection within each group was carried out using the ordiR2step
procedure. This method performs stepwise selection based on adjusted R while simultaneously applying the
specified permutation scheme, ensuring that both model building and statistical inference follow the same
constraints. The adjusted R? of the whole model was used as the upper limit for model complexity, and only
predictors that improved model fit without exceeding this threshold were retained. The significance of the
final dbRDA models and individual predictors was assessed using permutation tests (n = 1999). Because
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sampling sites belonged to two habitat types (reference vs artificial), all permutation tests were conducted
using a blocked permutation design to preserve this grouping structure. This approach ensured that statistical
inference respected the sampling design and prevented inflation of Type I error rates. These analyses were
performed using the packages vegan (Oksanen et al. 2025) and adespatial (Dray et al. 2025).

Graphical outputs were constructed using the packages ggplot2 (Wickham 2016), ggeffects (Liidecke 2018),
tidyr (Wickham et al. 2024), and dplyr (Wickham et al. 2023). Statistical analysis and plots were conducted
in the R environment (R Core Team 2025).

Results
Nutrient relationships and N:P stoichiometry

The relationship between total nitrogen (TN) and total phosphorus (TP) showed a clear positive trend in both
types of standing waters (Fig. 2). Log—log linear regressions fitted separately for artificial and reference
waters had similar slopes, with overlapping confidence intervals across the observed nutrient range,
indicating comparable variability in TN—TP relationships.

The N:P molar ratio differed significantly between the two waterbody types (W =304, p = 0.036). Artificial
waters had higher median N:P values than reference waters, and both groups showed substantial variability
in the ratio. Despite this variability, the central tendency of N:P values remained consistently higher in
artificial systems.

N:P ratio *
3.0

B 60 - .
@ 6 2
[&] - 2 = - )
@
[e)) ® e o
Sinio ——————————————
= * o
B) -06 40 T
E ° : .
" @©
5 e - :
8) 0.31 S

o
—
©
2 o Type

Artificial |
< Reference 0-
0.3 05 10 Artificial Reference

Total phosphorus (mg/l) log-scaled

Fig. 2 Log—log relationship between total nitrogen (TN) and total phosphorus (TP) in artificial gravel pits
and reference oxbows and wetlands (left), with separate linear regressions and 95% confidence intervals
shown for each waterbody type. The N:P molar ratio for both categories of standing waters is presented on
the right as boxplots illustrating median values, interquartile ranges, and data dispersion.

Spatial attributes of study waters

Wilcoxon rank-sum tests revealed that area differed significantly between the two habitat types (W = 363.0,
p <0.001), with artificial waters generally being larger (Fig. 3). Distance from source also showed a
significant difference (W = 300.5, p = 0.044), indicating that artificial waters tended to be located farther
from the nearest colonisation source. Distance to the Danube did not differ between reference and artificial
standing waters (W = 283.0, p = 0.115). No significant difference was found in the distances to the nearest
pond (W =266.0, p = 0.251) or to the Little Danube (W =208.5, p = 0.782).
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Fig. 3 Boxplots showing the difference in area and distances to colonisation sources (Danube, Little Danube,
nearest pond and nearest source) between artificial and reference waters; significant differences (p < 0.05)
are marked with * after the variable name

Species richness patterns

In summary, 39 mollusc and 95 zooplankton species were identified across all sites during the study period
(Appendices 2 and 3). Sample-size-based rarefaction and extrapolation curves revealed apparent differences
in species richness between standing water types for molluscs. In contrast, zooplankton communities
displayed broadly similar patterns (Fig. 4). For molluscs, artificial waters exhibited higher estimated species
richness than reference waters at both rarefied and extrapolated sample sizes (Fig. 4a, c). In contrast,
zooplankton richness showed minimal differences between artificial and reference standing waters, although
species richness in reference waters tended to be lower (Fig. 4b, d). Rarefaction and extrapolation curves for
both groups converged towards similar asymptotes, and coverage-based analyses confirmed that sampling
completeness approached 100% in both types with a relatively small number of sites.
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Fig. 4 Rarefaction and extrapolation curves comparing mollusc and zooplankton diversity between artificial
(red) and reference (blue) standing waters. Panels (a) and (b) show sample-size-based rarefaction and
extrapolation, while panels (c¢) and (d) present coverage-based estimates. Panels (a) and (¢) show mollusc
richness, and panels (b) and (d) show zooplankton richness. Shaded areas indicate 95% confidence intervals.

Mollusc richness response to TIB

Analysis of mollusc species richness using a GLMM identified type, area, and distance to the Danube as
significant predictors (Table 1). Species richness was significantly higher in artificial waters than in
reference waters (Fig. 5a). Area had a significant positive effect (Fig. 5b), indicating that larger standing
waters supported more species. This effect was more pronounced in reference waters. In contrast, distance to
the Danube had a significant adverse effect, indicating that waters farther from the Danube harboured fewer
mollusc species. As with area, the impact of distance to the Danube was more pronounced in reference
waters than in artificial waters (Fig. 5¢). Figure 6, which illustrates predicted mollusc species richness across
a two-dimensional environmental gradient of the significant predictors, shows a consistent decrease in
mollusc richness with increasing area but decreasing distance to the Danube. Reference waters exhibit
markedly higher richness, particularly in larger ones located closer to the Danube.

Model simplification showed that a reduced model including only statistically significant variables provided
a better and more parsimonious fit. The reduced model indicated significant zero inflation; therefore, the
zero-inflated structure in the model was defined (zi = 1) (Table 1). McFadden’s pseudo-R? value indicated
that the reduced model explained a moderate proportion of the variation. At the same time, variance-based
indices showed that approximately one-third of the variability was accounted for by the fixed effects (Table
2). Residual diagnostics showed no violations of model assumptions. DHARMa tests indicated no deviation
from expected residual distributions, no overdispersion or underdispersion, and no outliers (Appendix 4a).



298  The Moran’s I test revealed no spatial autocorrelation in the residuals (observed Moran’s I=0.014; p =
299  0.616), confirming that the model adequately accounted for spatial structure.

300

301 Table 1 Summary of the GLMM full and reduced models for mollusc richness, showing model fit statistics:
302  AIC — Akaike Information Criterion, BIC — Bayesian Information Criterion, df.resid — residual degrees of
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307
Mollusca
Full model Mol _sr ~ type + area + d_danube + d_littled + d pond + d_source +
(1|coordinates)
AIC BIC dfresid  McFadden R? ML R? CU R?
229.1 2447 33 0.084 0.368 0.370
group variance SE
Conditional model coordinates|l.23e-8 1.11e-4
Reduced model Mol sr ~ type + area + d_danube, zi = 1
AIC BIC dfresid McFadden R* ML R* CU R?
023.3 233.7 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
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310  Fig. 5 Graphical representation of the models showing the effect of type (a), area (b), and distance from the
311 Danube (c) on the species richness of molluscs in reference (blue) and artificial (red) standing waters.
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Fig. 6 Predicted mollusc species richness across gradients of area (ha) and distance to the Danube River (km)
for artificial (left) and reference standing waters (right). The colour scale indicates predicted richness, with
darker shades representing low and lighter shades representing high species richness.

Zooplankton richness response to TIB

GLMM analysis identified area as the only significant predictor of zooplankton species richness (Table 2),
indicating that larger waters supported greater diversity (Fig. 7a). Distance to the nearest pond showed a
marginally non-significant positive trend (p = 0.053), suggesting a tendency for higher zooplankton richness
in more isolated waters (Fig. 7b). As predicted zooplankton richness increased continuously with area and
distance to the nearest pond, species diversity in more isolated waters increased with size, favouring larger
waters (Fig. 8).

The reduced model provided a better and more parsimonious fit than the complete model, including all TIB
predictors (Table 2). Zero-inflated structure did not show a significant effect, so it was excluded from the
model. McFadden's pseudo-R? values were low, suggesting that the model captured only a limited amount of
the variation in species richness. Residual diagnostics using DHARMA tests confirmed that the model met
all key assumptions (Appendix 4b). Moran’s I test indicated no spatial autocorrelation in residuals (p =
0.207), confirming that the model adequately accounted for spatial structure.

Table 2 Summary of the GLMM full and reduced models for zooplankton richness, showing model fit
statistics: AIC — Akaike Information Criterion, BIC — Bayesian Information Criterion, df.resid — residual
degrees of freedom, McFadden R? — McFadden pseudo-R?, ML R? — marginal R?, CU R? — conditional R?, +
— marginally significant. The table also presents the variance of the random effect (conditional model) and
the test statistics of the reduced model, including the estimated coefficient, standard error (SE), z-value, and

p-value.
Zooplankton
Full model Zoo_sr~ type +area+ d_danube + d_littled + d_pond + d_source +
(1|coordinates)
IC BIC df.iresid McFadden R* ML R*> CU R’
|2A49.6 265.2 33 0.048 0.244 0.245

group |Variance SE
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Reduced model  Zoo sr~ area+d _pond, zi =0
AIC BIC
P42.5 249.4
Summary
Variable Estimate SE

dfresid McFadden R> ML R> CU R?
38 0.039 0.190 0.191

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 171836  -0.011 0.991
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Fig. 7 Graphical representation of the models showing the effect of area (a) and distance from the nearest
pond (b) on zooplankton species richness in the studied standing waters.
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Figure 8. Predicted zooplankton species richness across gradients of area (ha) and distance to the nearest
pond (km) for the studied standing waters. The colour scale indicates predicted richness, with darker shades
representing low and lighter shades representing high species richness.
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Community structure and TIB predictors

Spatial autocorrelation of community datasets was evaluated using Moran’s I with inverse distance weights.
The mollusc community had an observed Moran’s I of 0.062, which was not significant (p = 0.260).
Similarly, the zooplankton community had a Moran’s I of 0.050 with a non-significant p-value (p = 0.321).
These results indicate no detectable spatial autocorrelation in the distribution of either organism group;
therefore, no spatial correction or spatial eigenvector filtering was required in subsequent analyses.
However, the dbRDA variable selection performed with ordiR2step did not retain any TIB predictor for the
mollusc community. The null model (adjusted R? = 0) was not improved by adding any variable from the
TIB set, as none produced a statistically significant increase in explained variation under the blocked
permutation scheme (p = 0.068 for the strongest candidate, d_source). The complete TIB model explained
only a small proportion of community variation (adjusted R? = 0.036). Nevertheless, gradients of all TIB
predictors were plotted in the ordination diagram to examine the distribution of the studied standing waters
in relation to their community similarity (Fig. 9). The difference in mollusc species richness between the two
habitat types is evident, as most of the most diverse waters belong to the reference type. The diagram also
revealed considerable differences in community structure, as the types formed almost separate groups. The
effect of significant predictors, area and distance to the Danube, is also apparent, as their gradients increased
with species richness in the waters.

Similarly, the selection procedure did not identify any TIB variable for the zooplankton community.
Although distance to the nearest source had the highest explanatory potential, its inclusion did not improve
the adjusted R? beyond the null model. It remained below the adjusted R? of the complete TIB model (0.016).
All other TIB variables produced even lower adjusted R? values, and none met the criteria for inclusion
under the permutation-based selection procedure. The complete TIB model for zooplankton explained only a
tiny fraction of the variation (adjusted R* = 0.026). The ordination diagram of site distribution according to
community structure indicated high similarity in species richness. Still, community structure differed, with
only a minority of reference waters sharing the same species as artificial waters (Fig. 10). The majority of
reference waters have a completely different species composition, which could be linked to shorter distances
to the source water bodies.
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Fig. 9 Ordination biplot of the db-RDA analysis showing the distribution of studied artificial (red) and
reference (blue) waters according to the mollusc community; point size represents species richness.
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Fig. 10 Ordination biplot of the db-RDA analysis showing the distribution of artificial (red) and reference
(blue) standing waters according to zooplankton community composition; dot size represents species
richness.

Discussion
Nutrient dynamics at the studied sites

Although total phosphorus and total nitrogen concentrations were similar between artificial and reference
waters, their nutrient stoichiometry differed markedly. Reference sites exhibited low N:P ratios, consistent
with substantial nitrogen limitation typically observed in less impacted systems. In contrast, artificial waters
had substantially higher N:P ratios, indicating a shift towards mixed or even phosphorus-limited conditions.
These patterns align with global evidence that low N:P ratios reflect nitrogen limitation, whereas higher
ratios are associated with mixed or phosphorus-limited nutrient regimes (Redfield 1958; Guildford and
Hecky 2000; Elser et al. 2007). Altered nutrient stoichiometry in artificial water bodies has been reported
elsewhere (Sendergaard et al. 2005), and variation in elemental ratios is known to affect both phytoplankton
composition and zooplankton responses (Sterner and Elser 2002; Hessen et al. 2013).

Species richness vs area

The TIB hypothesis posits that the area of an island or island-like system is a key determinant of species
richness, which is one of the oldest principles in ecology (Drakare et al. 2006). The general observation that
species richness increases with area has often been confirmed in studies of freshwater habitats, with larger
areas supporting more species than smaller ones (Allen et al. 1999; Bilton et al. 2001; Oertli et al. 2002).
However, this relationship appears limited, as Aho (1978) found little evidence that TIB applies to lakes
larger than 840 ha. Nevertheless, small water bodies such as ponds and small lakes up to 50 ha in area can
contribute significantly to regional biodiversity (Williams et al. 2004; Biggs et al. 2017).

In line with this, we hypothesised that species richness in both habitat types increases with water surface
area. This was confirmed for both invertebrate groups, although molluscs exhibited a more specific response.
A clear positive relationship between mollusc species richness and area is well established (Aho 1978;
Lassen 1975). However, the strength of this relationship may be directly influenced by trophic status (Lassen
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1975) and altitude (Oertli et al. 2002). Other studies indicate that nutrient conditions, water quality, or habitat
heterogeneity affect species composition rather than the species—area relationship itself (Pip 1986; Sanderson
et al. 2005; Stendera et al. 2012; Lewin 2014).

Trophic status may therefore partly explain the difference in species richness between reference and artificial
lakes observed in our study, but we did not assess it. Instead, the contrasting nutrient regimes indicated by
our analyses provide a more plausible explanation. Artificial waters exhibited consistently higher N:P molar
ratios, suggesting a shift towards mixed or phosphorus-limited conditions, whereas reference waters showed
lower N:P ratios indicative of more substantial nitrogen limitation. These differences in nutrient
stoichiometry and overall nutrient dynamics may influence primary producer composition and periphyton,
thereby shaping zooplankton community structure and contributing to the observed variation in species
richness between the two habitat types.

The steeper species—area gradient observed in artificial waters is consistent with the idea that spatial factors
can explain a larger proportion of variation in species richness when underlying environmental conditions
differ systematically between sites (Aho 1978). Altitude cannot explain the differences between the two
habitat types, as all sites were situated within the same riverine island and therefore shared an identical
geographical context. Consequently, spatial location is unlikely to contribute to the observed variation in
species richness, as demonstrated by our results. Moreover, our results support the view that small water
bodies (< 2 ha) can act as biodiversity hotspots (Williams et al. 2004). In line with this expectation, the
smaller reference waters in our study hosted significantly more mollusc species than the larger artificial
waters.

In general, larger lakes have higher zooplankton species richness than smaller water bodies (Gooriah et al.
2020). This has been attributed to a more heterogeneous environment and larger catchment areas. Larger
waters are also less susceptible to local stress events and desiccation (De Bie et al. 2008). Our results are
consistent with this expectation, as we detected a significant positive relationship between zooplankton
species richness and area. Zooplankton richness in standing waters is shaped by a combination of
geographical, habitat-related, biotic, and dispersal-related factors, many of which can influence the species—
area relationship (Hobek et al. 2002; Kuczynska-Kippen and Joniak 2016).

Unlike molluscs, zooplankton showed no significant difference in species richness between artificial and
reference sites. The similar patterns observed in both waterbody types likely reflect the fact that all sites
shared the same geographical context, including altitude, climatic conditions, regional species pool, and
similar levels of isolation. Moreover, spatial dependence was not significant in our results. These factors are
known to influence zooplankton richness strongly and can homogenise species—area responses across habitat
types (Dodson 1992).

Importantly, this pattern is also consistent with our findings on nutrient stoichiometry. Although artificial
and reference waters differed significantly in their N:P molar ratios, these differences did not result in
detectable changes in zooplankton species richness. Zooplankton communities are generally less sensitive to
nutrient stoichiometry and respond more strongly to overall productivity or trophic status (Hoffmann and
Dodson 2005), which our data did not indicate. Thus, the absence of a richness difference between habitat
types likely reflects both the shared geographical setting and the limited influence of the observed N:P
variation on zooplankton assemblages.

Species richness vs distance from source

Regarding the TIB (MacArthur and Wilson 1963, 1967), it was hypothesised that species richness on islands
decreases with increasing distance from the source of colonisation. This TIB assumption was confirmed in
our study and applies to both groups, though with different responses.

Remnants of the former Danube floodplain, now preserved as standing waters classified as “reference”, may
serve as important refuges for the original malacofauna. In a relatively short section of the river influenced
by a large hydropower plant, 40 species were recorded (Beracko et al. 2016), and a detailed survey
documented 67 aquatic mollusc species in the Danube basin, representing the current species pool of the
Danube lowland (Cejka et al. 2015). The Danube river system hosts one of the most diverse molluscan
faunas among European rivers, partly due to the presence of numerous Ponto-Caspian species (Ketelaars
2004). In this context, the 39 species recorded in our study represent a substantial proportion of the regional
species pool, underscoring the strong influence of the Danube as a source of colonists.
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Distance to the Danube emerged as a significant predictor of mollusc species richness. This pattern suggests
that the Danube acts as a significant regional species source and that dispersal limitation increases with
distance. Dispersal processes are particularly relevant for molluscs, which rely mainly on passive transport
via animals or human activities (Bilton et al. 2001; Kappes and Haase 2012). Previous studies have reported
mixed evidence regarding the importance of area and distance to source populations for mollusc richness.
Some found weak support for island-biogeographic predictions (e.g. Harris et al. 2011), whereas others
demonstrated apparent distance-related effects (e.g. Browne 1981). Bronmark (1985) showed that species
richness in only a few nearby ponds could explain mollusc distributions across a much larger landscape, and
Dodson (1992) identified the number of lakes within 20 km as a key driver of diversity, highlighting the
importance of immigration sources. The absence of a proximity effect reported in some earlier studies was
therefore not supported here. Instead, our findings indicate that spatial connectivity to the Danube, even
without direct hydrological connection, plays a crucial role in shaping mollusc assemblages across the
studied standing waters.

Distance to colonisation sources is often considered a key factor determining dispersal success and
colonisation rates in cladoceran and copepod communities, although spatial and temporal scales can
modulate these effects (Frisch et al. 2012).

In our study, zooplankton species richness showed a marginally non-significant positive trend with
increasing distance from the nearest pond, suggesting that isolation did not constrain dispersal and may even
weakly favour higher richness. This pattern is consistent with the high dispersal capacity of zooplankton,
which can rapidly colonise new habitats through passive aerial transport or rain-mediated dispersal (Céaceres
and Soluk 2002; Cohen and Shurin 2003).

Despite the considerable reduction of the Danube floodplain (Eder et al. 2022), the remaining network of
side arms still provides diverse habitats for lowland invertebrates. Reference waters within the study area,
formerly part of an extensive floodplain, may therefore act as reservoirs of the original biodiversity. Long-
term monitoring has documented more than 120 zooplankton species in this system, including 71
cladocerans (Illyova and Mate¢ny 2014) and 50 copepods (Illyova et al. 2017), indicating a rich regional
species pool capable of supplying colonists to nearby ponds. In this context, the 95 zooplankton species
recorded in our study represent a substantial portion of the regional species pool, indicating that the
surrounding floodplain habitats provide a rich and readily accessible source of colonists for nearby ponds.
These habitats can serve as effective sources of zooplankton species, as dispersal is primarily mediated by
resting eggs capable of surviving desiccation and transport outside water (Louette and De Meester 2005).
Resting eggs are typically produced in macrophyte-rich littoral zones of potamal habitats, oxbow lakes,
wetlands and fishponds (Gabaldén et al. 2018), all of which are widespread in the Danube floodplain. In
addition to wind-driven dispersal, waterbirds represent essential vectors for the spread of aquatic organisms
(Havel and Shurin 2004). Endozoochory can facilitate long-distance dispersal over hundreds of kilometres
(Santamaria et al. 2023), and the Danube lies along major migratory routes where standing waters provide
suitable resting and feeding habitats for waterbirds (Santoul et al. 2010). These mechanisms collectively
explain why zooplankton richness was not reduced in more isolated standing waters and why distance to the
nearest pond showed only a weak positive trend.

Metacommunity framework

The dbRDA results showed that TIB predictors explained only a tiny proportion of community variation in
both organism groups, indicating that classical island biogeographic variables were poor descriptors of
multivariate community structure. This is consistent with the idea that species diversity in standing waters is
shaped by a combination of local and regional processes rather than by spatial configuration alone (Shurin
2000; Stendera and Johnson 2005). Although no TIB variable significantly improved the null model, the
ordination diagrams revealed clear ecological patterns.

Mollusc communities formed almost distinct clusters between reference and artificial waters, reflecting big
differences in community structure and the influence of regional gradients such as distance to the Danube.
This supports the view that regional species pools and hydrological history can shape local assemblages,
particularly in taxa with limited dispersal (Cornell 1999).

For zooplankton, the dbRDA also retained no TIB predictor, and the whole model explained only a
negligible fraction of the variation. However, the ordination still showed compositional differences between
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habitat types, despite similar species richness. The number of species recorded in our study represents a
substantial portion of the regional pool, suggesting that dispersal processes and the availability of resting
eggs across the floodplain landscape override spatial constraints. This is consistent with previous findings
that zooplankton communities are often saturated and strongly influenced by regional species supply (Shurin
2000), resulting in more homogeneous assemblages compared to molluscs.

The greater heterogeneity of mollusc communities in ordination space, compared with the more compact
zooplankton patterns, supports the idea that dispersal capacity shapes community variability (Hassall et al.
2011). While some zooplankton groups show preferences for larger standing waters (Fryer 1985), molluscs
lack such clear habitat associations and may be more sensitive to historical connectivity and regional
hydrology. The dbRDA therefore highlights that, although TIB variables alone do not explain community
structure, local environmental gradients and regional species pools remain key drivers of differentiation
between types of standing waters.

Conclusions and implications

Our study demonstrates that the interaction between local environmental conditions and the regional species
pool shapes biodiversity patterns in small standing waters. Although species richness and species diversity
are often used interchangeably, they represent distinct aspects of community organisation (Delang and Li
2013), and both are essential for understanding how immigration, extinction, and habitat saturation function
in standing water ecosystems.

The Rye Island landscape, with its uniform geomorphological history and clear ecological boundaries, meets
the criteria for a coherent biogeographical region (Cornell 1999), making it an appropriate system for
evaluating the relative roles of local and regional drivers. Our results indicate that mollusc communities are
more strongly structured by regional processes, particularly proximity to the Danube, whereas zooplankton
richness is driven mainly by local factors such as area.

Multivariate analyses further showed that classical island biogeographic predictors explained only a small
fraction of multivariate community variation in both groups, suggesting that dispersal capacity and species
traits modulate the extent to which regional gradients influence community structure. The high number of
zooplankton species recorded in our study indicates that regional propagule supply and strong dispersal
capacity reduce the influence of spatial configuration. At the same time, mollusc assemblages remain more
heterogeneous and sensitive to regional hydrological connectivity.

These findings have several implications. First, reference waters support distinct and diverse mollusc
communities and should be prioritised in conservation planning, as they retain elements of the original
floodplain fauna. Second, maintaining a network of natural and artificial water bodies can sustain high
zooplankton diversity if environmental conditions remain suitable, reflecting the importance of regional
species pools for unsaturated communities (Huston 1994). Third, the weak explanatory power of TIB
variables highlights the need to incorporate species traits, hydrological history, and regional context into
biodiversity assessments of landscapes. Finally, the potential for artificial waters to act as sources of non-
native species (Oertli and Parris 2019) underscores the importance of monitoring and managing these
habitats to prevent the spread of invasive taxa.
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