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Riverine islands are keystone geomorphic features that enhance hydro- 
morphological heterogeneity in large rivers; how island-associated main and 
side channels contribute to the taxonomic and functional diversity of fish 
assemblages in regulated rivers, however, remains poorly understood. 
Therefore, we applied a hierarchical spatial framework to examine how hydro- 
morphological variation between main and side channels would structure fish 
assemblages along three islands in the Middle Danube (Hungary). Principal 
component analyses of physical habitat variables revealed that main channel 
habitats were characterized by higher velocities and coarser substrates, whereas 
side channels exhibited slower flow, finer sediments, and greater macrophyte and 
herbaceous cover. Overall, habitat-type effects in physical structure were 
stronger and more consistent than regional differences among islands. 
Shoreline electrofishing revealed pronounced differences in fish assemblages 
associated with hydro-morphological variation. Specifically, rarefaction analyses 
justified higher species richness in side channels and complementarity between 
habitat types, indicating that each harbored some unique species that contributed 
to gamma diversity. Multivariate analyses demonstrated clear separation in the 
taxonomic structure of fish assemblages between main and side channels. 
Functional analyses mirrored taxonomic patterns, showing distinct trait 
compositions along hydro-morphological gradients. Velocity and substrate 
composition emerged as the key environmental drivers that structure both 
taxonomic and functional structure, thus highlighting the importance of 
hydro-morphological heterogeneity. Our findings identify riverine islands and 
their side channels as biodiversity amplifiers that sustain lateral habitat complexity 
and increase hydro-morphological, taxonomic, and functional diversity in 
regulated large rivers. Protecting and restoring island–side-channel complexes 
should therefore be prioritized in process-based river restoration strategies, such 
as the EU Nature Restoration Regulation, to counteract habitat homogenization 
and enhance lateral connectivity and functional resilience.
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Introduction

Riverine ecosystems are among the most dynamic and 
heterogeneous environments on Earth, where hydrology, 
geomorphology, and biotic interactions jointly shape biodiversity 
patterns (Boys and Thoms, 2006; Erős and Lowe, 2019). The physical 
template of a river, often referred to as “hydro-morphological 
diversity” or more generally “geodiversity”, plays a fundamental 
role in structuring aquatic communities by determining habitat 
availability, diversity, connectivity, and stability across spatial and 
temporal scales (Ward, 1989; Brierley and Fryirs, 2005; Kärnä et al., 
2018). Hydro-morphological features such as riffles, pools, gravel 
bars, and islands create mosaics of hydraulic conditions and 
substrate types that provide critical habitats for fish and other 
aquatic organisms (Ward et al., 2002; Allan and Castillo, 2007).

Riverine islands and their associated side arms represent 
especially unique yet vulnerable features of large river systems. 
Islands act as keystone geomorphic structures that maintain the 
multi-thread character of river channels and sustain lateral habitat 
complexity (Thorp, 1992; Gurnell and Petts, 2002). Their 
geomorphological diversity fosters a wide range of hydrodynamic 
and substrate conditions that benefit both aquatic and riparian biota. 
However, the persistence of these geomorphic and ecological 
functions is increasingly threatened (Bunn and Arthington, 2002; 
Tockner and Stanford, 2002). River regulation and channelization, 
including the construction of groins, embankments, and navigation- 
enhancing structures, have altered sediment dynamics and flow 
regimes, accelerating island succession and promoting the siltation 
or disconnection of side arms (Hohensinner et al., 2004; 2021; 
Ricaurte et al., 2012; Raška et al., 2017). As a result, many islands 
become incorporated into the riverbank, leading to reduced channel 
width, loss of hydro-morphological complexity, and ultimately the 
homogenization of aquatic, side-channel habitats (Raška et al., 2017; 
Hohensinner et al., 2004; 2021; Ádám and Malatinszky, 2022). These 
processes pose major challenges for biodiversity conservation and 
sustainable river management, especially in the mainstem of 
intensively used large rivers such as the Danube (Habersack 
et al., 2016; Hein et al., 2019; Erős and Bányai, 2020).

For fish, side channels often serve as refuges, feeding grounds, 
and reproductive habitats, contributing significantly to the overall 
diversity of riverine assemblages (Aarts et al., 2004; Stoffers et al., 
2022). Lateral habitats, in general, are particularly important for the 
early life stages of rheophilic species, providing low-velocity nursery 
areas with suitable substrate and food resources (Zeug and 
Winemiller, 2008; Stoffers et al., 2022; Ramsey et al., 2024). 
However, despite the ecological significance of lateral 
connectivity, the quantitative contribution of islands and their 
associated side arm habitats to the fish diversity of the main 
channel remains largely unexplored (Hintz et al., 2015). For 
example, it has been shown how the structure of fish assemblages 
changes along long ecological gradients of lateral connectivity from 
permanently isolated oxbows to the main channel (Aarts et al., 2004; 
Manfrin et al., 2020; Feng et al., 2024). It has been also examined 
how fish assemblages develop in individual side arms or flood plains 
after reconnection to the main channel (Pander et al., 2015; Marin 
et al., 2026). However, standardized comparisons of fish assemblages 
among island associated main- and side-channel habitats remain 
limited. In particular, it is still unclear how species richness and the 

taxonomic and functional structure of fish assemblages vary among 
these habitat types and to what extent finer-scale hydro- 
morphological characteristics shape these patterns. A notable 
exception in this regard is Johnson and Jennings (1998), who 
examined associations between fish assemblages and habitat 
features surrounding alluvial islands in the upper Mississippi 
River; they found that mesohabitat characteristics, particularly 
vegetation abundance, were more important than island-scale 
macrohabitat features in determining fish density. Understanding 
how hydro-morphological diversity at different spatial scales 
underpins fish assemblage structure is critical for developing 
effective restoration and conservation strategies (Langhans et al., 
2016; Wohl et al., 2024). Such insights are essential for the spatial 
prioritization of biodiversity and restoration measures in large river 
systems, where balancing navigation, flood protection, and 
ecological integrity is a key management challenge (Weigelhofer 
et al., 2020; Díaz-Redondo et al., 2018; Erős and Bányai, 2020).

Here, we apply a hierarchical spatial framework to quantify 
hydro-morphological and fish diversity in the littoral zone of the 
Danube River, Hungary, and to assess their associations. Such an 
approach is particularly suitable for riverine island systems, where 
reaches, islands, and side-channel habitats are clearly organized 
across multiple nested spatial scales (Ward et al., 2002; Pegg and 
Taylor, 2007). Specifically, we examine how hydro-morphological 
patterns vary within and between the main and side channels 
adjacent to Danubian islands, and how these physical attributes 
influence fish diversity and taxonomic and trait-based assemblage 
structure. Since species turnover may mask underlying functional 
patterns that cannot be directly resolved through taxonomic 
analyses alone, we were particularly interested in examining how 
traits reflect ecological strategies at both the species and assemblage 
levels, as well as how they respond to hydro-morphological 
conditions (see also Pease et al., 2012; Feng et al., 2024). By 
linking habitat heterogeneity to assemblage organization across 
spatial scales, we aim to advance our understanding of how 
physical complexity sustains biodiversity in the mainstem of 
large, regulated rivers and to provide a scientific basis for 
conservation-oriented river management.

Based on the keystone role of islands in shaping fluvial habitat 
diversity, we predict that hydro-morphological patterns will differ 
significantly between main and side channels, with the latter 
exhibiting greater habitat heterogeneity driven by more variable 
flow conditions and dynamic sedimentation processes (Amoros, 
2001; Gurnell and Petts, 2002). We further hypothesize that this 
spatial variation in physical attributes will be reflected in fish 
assemblage structure and can be detected through our analyses of 
environmental variables, species composition, and functional traits 
(for floodplain systems, see Copp, 1989; Persat et al., 1994; Williams 
et al., 2024). Specifically, we expect systematic differences in flow 
velocity, substrate composition, and vegetation cover among habitat 
types, with side channels characterized by lower flow velocities, finer 
sediments, and higher macrophyte or riparian vegetation cover than 
main-channel habitats, which are expected to exhibit higher 
velocities, coarser substrates, and reduced vegetation. These 
environmental gradients are expected to drive corresponding 
shifts in species richness, assemblage composition, and the 
occurrence of indicator species, with slow-water specialists and 
habitat-generalist taxa being more prevalent in the side channels, 
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whereas rheophilic species associated with higher flow velocities and 
coarse substrates are expected to dominate main-channel habitats. 
In terms of trophic structure, we anticipate a higher dominance of 
omnivore species in side arms, reflecting more vegetated conditions, 
while insectivore species are expected to be more abundant in main- 
channel habitats. Regarding life-history strategies, we expect 
opportunistic species to be more prevalent in the main channel, 
whereas equilibrium strategists are predicted to be relatively more 
common in the more benign and slower flowing side arms. We also 
predicted a relatively even distribution of large-bodied periodic 
species, which are widespread in the Danube, while expecting 
differences in species-specific abundances between the main 
channel and the side arms. Overall, we expect trait-based 
structure (e.g., flow preference, trophic guild, and life-history 
strategy) to vary predictably along these physical habitat 
gradients, thereby identifying key environmental drivers of 
assemblage differentiation. Collectively, these patterns are 
expected to result in higher overall fish diversity and greater 
functional heterogeneity within and among island-associated 
reaches of the Danube.

Materials and methods

Study area

With a length of 2,847 km and a drainage area of 
796,250 km2, the Danube is the second largest river in 

Europe. River regulation, including the construction 
of hydroelectric schemes in the Upper Danube (Germany and 
Austria) and extensive channelization, has profoundly altered 
its physical structure along much of its course. The 
Hungarian section, referred to as the “Middle Danube,” 
extends for 417 km and has a mean annual discharge of 
approximately 2,000 m3 s−1. The main channel is 300–600 m 
wide, with a substrate dominated by gravel and sand, a mean 
water depth of approximately 4 m, and an average current 
velocity of 0.6 m s−1. Although large portions of the 
riverbanks remain relatively natural, particularly outside the 
Budapest metropolitan area, the system has been 
substantially modified over the past century and a half 
through river regulation, including channelization, 
bank stabilization, and the construction of embankments and 
rip-rap shorelines that occur intermittently along reaches of 
approximately 100–1,000 m. In addition, 
historical navigation improvements and flood protection 
works have contributed to the simplification of channel 
morphology and the progressive siltation and disconnection 
of former side arms and floodplain habitats (Erős and Bányai, 
2020; Ádám and Malatinszky, 2022; Erős et al., 2023). Despite 
this degree of regulation, the Middle Danube still retains a 
mosaic of semi-natural and altered habitats, making it a 
highly relevant study system for river conservation research 
aimed at understanding how hydro-morphological 
modification influences habitat heterogeneity and aquatic 
biodiversity responses.

FIGURE 1 
Map of the study area in the main channel of the Danube River, Hungary. The 100 m long sampling units in the main arm and side arms are indicated 
with filled green circles and filled orange triangles, respectively.
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Environmental data

Data on habitat characteristics and fish assemblages were 
collected along three islands between 5 and 26 September 2023 
(Figure 1). The islands were chosen to represent the largest 
remaining relatively natural island systems along this river 
segment. Along the shore, five 500-m-long sections were selected 
in the inner (side arm) and outer (main channel) side of each island. 
Site selection depended on water level related habitat availability 
(i.e., only boatable sections were chosen with sufficient depth for fish 
surveys). Each section was subdivided into five 100-m-long sections 
delineated using a GPS unit to characterize habitat and fish 
assemblages, but they were subsequently pooled depending on 
the type of analyses in order to provide robust, easily 
interpretable and visualized data in multivariate analyses (for 
details, see below).

Habitat measurements were conducted during the daytime to 
quantify mean distance from the bank, water velocity, water depth, 
and large woody debris (LWD) as numeric variables, while substrate 
composition, macrophyte cover, and riparian vegetation were 
visually estimated as proportional (%) values for each 100 m 
stretch (Erős et al., 2008). Boat distance from the bank (m) was 
calculated as the mean of visual estimates made by three team 
members at 30 m intervals (i.e., at the upper, middle, and lower 
portions of each 100 m unit), with high consistency among observers 
(±1 m). Mean water velocity (cm s−1) was measured at 30 m intervals 
using an FP201 Global Flow Probe (Global Water Instrumentation, 
Inc.) at a depth corresponding to 60% of the water column within 
the electro-fished zone. Mean water depth (cm) was recorded with a 
meter stick at the same intervals. Substratum composition was 
visually estimated at each 30 m point and classified into the 
following categories: silt or clay (<0.25 mm), sand (0.25–2 mm), 
gravel (2–64 mm), and cobble or stone (>64 mm). Proportional 
composition of emergent and submerged macrophtyes and the 
quantity of LWD (logs and branches, predominantly of willow 
sprouts of Salix spp.) was visually estimated for the entire 100 m 
unit along the ~1 m wide littoral strip where fish sampling occurred. 
Finally, the proportional composition of herbaceous and woody 
bank vegetation was visually estimated for the entire 100 m unit 
along a ~5 m wide strip of the bank.

Fish collections

Fish assemblages were sampled by boat electrofishing using a 
Hans-Grassl Gmbh EL64 II GI, DC, 7.5 kW device and one 
handheld anode (2.5 m long pole with a 40 cm diameter ring 
anode and 6 mm net mesh) while slowly moving downstream 
(Wolter and Bischoff, 2001; Wolter and Freyhof, 2004). At the 
end of each 100 m section, captured fish were identified, counted, 
measured for standard length (SL, cm), and stored until the whole 
500 m long section was sampled. Fish were then released in the 
upper end of each section to minimize the risk of recapture (Erős 
et al., 2008). All age groups were included in the samples; however, 
this shoreline electrofishing method is most efficient for juvenile to 
intermediate size classes and less effective for very small individuals 
(<2 cm) and very large adults. Consequently, 0+ fish inhabiting 
extremely shallow areas (<30 cm), as well as larger, offshore- 
dwelling individuals, may be underrepresented. Although such 

bias is typical for boat electrofishing (Simon, 1999; Goffaux et al., 
2005), our results are explicitly based on samples collected with 
conventional boat-based electrofishing in riverine littoral zones 
(Erős et al., 2008).

Trait-based characterization

To characterize trait-based fish assemblage structure, each 
species was assigned to five ecological guilds based on published 
biological and ecological classifications for Central European 
freshwater fish and standardized trait databases (Froese and 
Pauly, 2023; Erős, 2005; Noble et al., 2007). In cases of 
inconsistencies, we assigned trait categories based on our expert 
knowledge of the Middle Danube region. The guilds included 
vertical position in the water column (VG: benthic, 
benthopelagic, or pelagic), flow preference (FG: rheophil, 
eurytop, or stagnophil), migration behavior (MG: non-migratory 
or potamodromous), trophic guild (TG: herbivore, omnivore, 
invertivore, piscivore, or planktivore), and life-history strategy 
(LG: equilibrium, opportunistic, or periodic). Detailed 
descriptions, abbreviations, ecological meanings, and references 
for all functional guilds are provided in Supplementary Table S1, 
while species-specific trait assignments are presented in 
Supplementary Table S2. The latter reflect species-level variation 
in habitat use, feeding strategies, reproductive traits, and ecological 
specialization to ensure consistent characterization across sites and 
comparability between ecological or biogeographic regions 
(Hoeinghaus et al., 2007; Feng et al., 2024).

Statistical analysis

We used both sample-unit and individual-based rarefaction 
analyses to compare the diversity of fish assemblages (Gotelli and 
Colwell, 2001; Chao et al., 2014). The analyses were carried out at the 
100-m sampling-unit scale, which were subsequently pooled to 
inform scale dependent changes in alpha, beta, and gamma 
diversity (see Erős and Schmera, 2010). The rarefaction curves 
were computed separately for each side-arm and main-channel 
site of each island, as well as for the pooled datasets. However, 
for brevity, only the pooled dataset is presented here.

We used the 500 m long sections as sampling units to 
characterize patterns in the environmental variables, taxonomic 
and guild-based fish assemblage structure, and taxonomic and 
guild-based fish environmental relationships. Environmental 
variation was assessed using standardized principal component 
analysis (PCA) (based on the correlation matrix; Legendre and 
Legendre, 2012). Continuous variables were log-transformed and 
proportional variables arcsine–square root transformed prior to 
analysis (Zar, 2010).

Fish assemblage structure was analyzed using species 
abundances, including only species occurring in at least three 
500 m long sample units. Abundances were Hellinger- 
transformed to reduce the influence of dominant species 
(Legendre and Gallagher, 2001), and principal coordinates 
analysis (PCoA) based on Bray–Curtis dissimilarities was used to 
visualize gradients in assemblage structure (Anderson et al., 2011). 
Weighted-average species coordinates were calculated, and 
abundance-based indicator value (IndVal) analysis identified 
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significant indicator species (p < 0.05), thus distinguishing main 
versus side-arm channels (Dufrêne and Legendre, 1997).

Guild based functional composition was assessed using 
community-weighted means (CWM) of fish traits, expressed as 
percentages (Lavorel et al., 2008). Categorical traits were 
converted to one-hot matrices, and CWM values were square- 
root arcsine transformed prior to standardized PCA to visualize 
functional gradients among sites (Villéger et al., 2008).

For all three data types, multivariate differences among sites 
were formally tested using PERMANOVA on Euclidean distance 
matrices, considering hierarchical contrasts including channel 
(main vs. side-arm) across all sites, within each region, among 
regions across channels, and among regions within each channel 
(Anderson, 2001; McArdle and Anderson, 2001). Pairwise regional 
comparisons were corrected for multiple testing using the false 
discovery rate. The homogeneity of multivariate dispersion (β- 
dispersion) was assessed prior to PERMANOVA to ensure that 
observed differences were not confounded by unequal within-group 
variability (Anderson, 2006).

Finally, redundancy analysis (RDA) was used to quantify 
relationships between fish assemblage structure, guild-based 
functional composition, and environmental variables (Legendre 
and Legendre, 2012). RDAs were performed separately for the 
Hellinger-transformed fish abundance matrix and the CWM trait 
matrix described above. Environmental predictors were 
standardized prior to analysis, and variance inflation factors 
(VIF) were examined to control for multicollinearity (Dormann 
et al., 2013). The significance of the overall models, individual axes, 
and single environmental variables was assessed using 
permutation tests.

All analyses were performed in the R environment (version 4.4.3; R 
Core Team, 2025). Rarefaction and extrapolation curves were 
generated using the iNEXT function in the iNEXT package (Hsieh 
et al., 2025). PCA was conducted using the PCA function in the 

FactoMineR package (Lê et al., 2008), while PCoA was performed using 
the cmdscale function from the stats package. Indicator species analysis 
was conducted using the multipatt function in the indicspecies package 
(De Cáceres and Legendre, 2009). CWM were computed using the 
dbFD function in the FD package (Laliberté et al., 2014). Dissimilarity 
matrices were calculated using the vegdist function in the vegan 
package, which was also used for PERMANOVA (adonis2), tests of 
homogeneity of multivariate dispersion (β-dispersion; betadisper and 
permutest), RDA (rda), and the calculation of VIF (vif.cca) (Oksanen 
et al., 2022). All graphical visualizations were produced using the 
ggplot2 package (Wickham, 2016).

Results

Habitat characteristics

The first two components of the habitat PCA explained 59.9% of 
the total variance and indicated good interpretable correlation 
among many environmental variables (Figure 2). Component 
1 characterized a gradient which was determined by a mixture of 
within-channel and riparian variables. Samples with strong positive 
loadings characterized main channel sites with woody riparian 
vegetation and open-water, higher velocity habitats with gravel 
and sand substrate. Conversely, sites with strong negative 
loadings characterized the side arms of the islands, with a higher 
proportion of herbaceous vegetation on the bank, higher 
macrophyte coverage in the channel, slower velocity, and a silty 
substrate. Component 2 further delineated sites with deeper 
habitats, higher bank steepness, and courser substrate at one end 
of the gradient (positive loadings), while sites had opposite 
characteristics on the other side (negative loadings). 
PERMANOVA analyses indicated that environmental 
characteristics differed significantly between side-arm and main- 
channel sites, both within individual regions and among regions 
(Table 1 However, regional differences became non-significant 
when main- and side-channel samples were pooled. This pattern 
suggests that habitat-type differences were stronger than regional 
variation and dominated the overall environmental structure.

These results suggests that habitat-type differences (side arm vs. 
main channel) were stronger than regional variation and dominated 
the overall environmental structure.

Diversity of fish assemblages

We collected a total of 37 species and 9,203 specimens during the 
study (Table 2). Both sample-based (Figure 3a) and individual-based 
(Figure 3b) rarefaction curves indicated higher species richness in 
the side arms than in the main channel. Rarefaction curves derived 
from pooled data (i.e., combining side arms and the main channel) 
showed significantly higher species richness at a standardized 
sample size for both sample- and individual-based analyses, 
indicating that each habitat type harbors several unique species 
not shared with the other (see also Table 2).

The first two axes of the PCoA explained 54.2% of the total 
variance in fish relative abundance data (Figure 4). Side-channel 
habitats were clearly separated from main-channel sites along the 
first axis, whereas the second axis reflected variation among 

FIGURE 2 
Principal component analysis (PCA) ordination of the 500 m long 
sampling units based on their physical habitat variables. Black circles 
and triangles represent main-channel and side-arm habitats adjacent 
to the islands, respectively, while red, blue, and green indicate the 
Erebe, Táti, and Rácalmási islands, respectively.
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individual sites within both habitat types. Side-channel habitats 
exhibited greater regional separation than main-channel habitats 
in the ordination space. Indicator species analysis identified several 
species that were significantly associated with either main- or side- 
channel habitats (Figure 4). PERMANOVA results (Table 3) were 
fully consistent with the environmental analyses, revealing a 
significant separation of fish assemblage structure between side- 
and main-channel habitats both within and among regions (i.e., for 
the pooled samples). In contrast, regional differences in fish 
assemblage structure were significant when main- and side- 
channel habitats were analyzed separately, but only marginally 
significant when samples from both habitat types were pooled 
(Table 3). This suggests that variation associated with habitat 
type exceeded regional variation and partly obscured regional 
differences in the pooled analysis.

The first two axes of the PCA explained 77.1% of the total 
variance in the functional structure of fish assemblages based on 
community-weighted means (Figure 5). Both PC1 and PC2 axes 
contributed to the clear separation of side- and main-channel 
habitats. However, individual sites within both habitat types 
exhibited substantial variability in each region along these two 
axes. PERMANOVA analyses indicated a significant separation 
between main- and side-channel habitats both within regions and 
for the pooled samples (Table 4). In contrast, regional differences 
were not significant for main-channel habitats, side-channel 
habitats, or the pooled samples.

Fish–habitat associations

The first two axes of the redundancy analysis explained 50.2% of 
the constrained variation in fish–environment relationships based 

on relative fish abundances (Figure 6). The first axis represented a 
gradient separating side- and main-channel sites, primarily driven 
by differences in substrate composition (primarily silt) and flow 
velocity. Further separation of sites was jointly influenced by the first 
and second axes, with additional substrate (e.g., gravel, sand, and 
cobble), riparian, and other environmental variables (e.g., depth, 
slope, emergent vegetation) shaping fish assemblage structure.

The first two axes of the redundancy analysis explained 57.1% of 
the constrained variation in fish–environment relationships based 
on functional structure (Figure 7). As with taxonomic structure, a 
well-defined environmental gradient was associated with fish 
assemblage structure along the side–main channel gradient, with 
velocity and gravel and sand substrates representing one end, 
whereas silt, emergent in-channel vegetation, LWD, and 
herbaceous riparian vegetation characterized the other end of 
the gradient.

Discussion

Our results demonstrate that riverine islands and their 
associated side channels play a central role in sustaining hydro- 
morphological heterogeneity and fish assemblage diversity in the 
mainstem of the Danube River. Across all analyses, side-channel 
habitats consistently differed from main-channel habitats in their 
physical structure, taxonomic composition, and functional 
organization, supporting our initial hypotheses regarding the 
keystone role of islands in shaping habitat mosaics and 
biodiversity patterns. Importantly, habitat-type effects were 
stronger and more consistent than regional differences among 
islands, suggesting that local hydro-morphological conditions 

TABLE 1 Summary results of the PERMANOVA analyses for habitat characteristics.

Comparison df_model df_residual PERMANOVA 
R2

PERMANOVA 
F

PERMANOVA 
p

β- 
dispersion 

F

β- 
dispersion 

p

Channel M vs. S (all 

region)

1 28 0.451 22.986 0.001 0.002 0.957

Channel M vs. S 

(region E)

1 8 0.621 13.108 0.007 2.779 0.141

Channel M vs. S 

(region R)

1 8 0.311 3.618 0.022 0.596 0.503

Channel M vs. S 

(region T)

1 8 0.967 235.470 0.007 0.258 0.613

Region E vs. R vs. T 

(all channel)

2 27 0.092 1.369 0.221 2.106 0.151

Region E vs. R vs. T 

(channel M)

2 12 0.547 7.258 0.001 16.816 0.001

Region E vs. R vs. T 

(channel S)

2 12 0.360 3.380 0.016 2.481 0.130

Abbreviations: M and S, respectively, denote main-channel and side-arm habitats adjacent to the islands, while E, T, and R represent the Erebe, Táti, and Rácalmási islands, respectively. Beta- 
dispersion tests indicated no significant differences in within-group dispersions in any case (except for Region E vs. R vs. T in channel M, as noted in the results table), confirming that significant 
PERMANOVA results reflect true differences in group centroids. Bold values indicate variables that are statistically significant at p < 0.05.
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TABLE 2 List of species, their species name codes, and relative abundance values in side- and main-arm habitats.

Species name Common name Code Side arms Main arm

Abramis brama Freshwater bream Abrbra 1.07 2.46

Alburnus alburnus Bleak Albalb 48.17 55.63

Babka gymnotrachelus Racer goby Babgym 2.66 0.73

Ballerus sapa White-eye bream Balsap 0.07 0.35

Barbus barbus Barbel Barbar 0.05 0.76

Blicca bjoerkna White bream Blibjo 7.63 1.37

Carassius gibelio Prussian carp Cargib 2.11 0.06

Chondrostoma nasus Common nase Chonas 1.57 7.02

Cobitis elongatoides Spined loach Cobelo 0.02

Cyprinus carpio Common carp Cypcar 0.78

Esox lucius Northern pike Esoluc 0.54

Gasterosteus aculeatus Three-spined stickleback Gasacu 0.09

Gymnocephalus baloni Danube ruffe Gymbal 0.06

G. cernua Ruffe Gymcer 0.1 0.06

G. schraetser Schraetzer Gymsch 0.94

Lepomis gibbosus Pumpkinseed Lepgib 0.16

Leuciscus aspius Asp Leuasp 0.76 0.35

L. idus Ide Leuidu 0.73 0.23

Neogobius fluviatilis Monkey goby Neoflu 0.52 0.38

Neogobius melanostomus Round goby Neomel 0.64 1.46

Perca fluviatilis European perch Perflu 0.29 0.26

Ponticola kessleri Bighead goby Ponkes 0.24 0.79

Proterorhinus semilunaris Western tubenose goby Prosem 0.14

Pseudorasbora parva Stone moroko Psepar 0.07

Rhodeus amarus European bitterling Rhoama 2.14 0.03

Romanogobio vladykovi White-finned gudgeon Romvla 0.42 18.33

Rutilus rutilus Roach Rutrut 25.3 0.5

R. virgo Cactus roach Rutvir 1.09 3.98

Sander lucioperca Pike-perch Sanluc 1.9 0.76

S. volgensis Volga pikeperch Sanvol 0.14 0.18

Scardinius erythrophthalmus Rudd Scaery 0.09

Silurus glanis Wels catfish Silgla 0.12

Squalius cephalus Chub Squcep 0.38 2.25

Tinca tinca Tench Tintin 0.03

Vimba vimba Vimba bream Vimvim 0.1 0.41

Zingel streber Danube streber Zinstr 0.03

Z. zingel Zingel Zinzin 0.53

Number of individuals 5,782 3,421

Number of species 32 28
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linked to channel position outweigh broader longitudinal or 
regional variation in structuring fish assemblages along this 
section of the Danube.

Hydro-morphological differentiation 
between main and side channels

Environmental ordinations revealed clearly interpretable 
gradients separating main- and side-channel habitats in the 
Danube islands studied, primarily driven by flow velocity, 
substrate composition, and riparian and in-channel vegetation. 
Main-channel sites were characterized by higher flow velocities 
and coarser substrates, whereas side channels exhibited slower 
flow, finer sediments, and greater macrophyte and herbaceous 
riparian cover. Although some variability occurred among 
islands, the consistent separation of habitat types indicates that 
island-associated side channels constitute a distinct and functionally 
important component of the habitat mosaic in this Danube reach. 
Furthermore, the limited regional differentiation observed when 
samples were pooled suggests that similar hydro-geomorphological 
processes operate across islands despite differences in local 
geomorphic setting and regulation history.

Beyond the Danube, these findings support general conceptual 
models of island-braided and ana-branching rivers, in which islands 
generate hydraulic shelter, promote sediment retention, and create 
low-energy habitats adjacent to the main flow (Tockner and 
Stanford, 2002; Gurnell et al., 2001; Gurnell and Petts, 2002). The 
recurrence of these habitat patterns across multiple islands suggests 
that island-driven habitat heterogeneity represents a scalable feature 
of large river systems rather than a site-specific phenomenon. 
Consequently, our results reinforce the broader view that islands 
function as repeating geomorphic units that maintain physical 
habitat complexity and contribute to ecological resilience in 
regulated large rivers worldwide (Belletti et al., 2015; Wu 
et al., 2024).

Taxonomic diversity patterns and the role of 
habitat heterogeneity

Fish assemblage diversity patterns closely mirrored the observed 
environmental gradients. In the Danube islands studied, both sample- 
and individual-based rarefaction analyses indicated higher species 
richness in side channels than in the main channel and revealed 
additional species unique to each habitat type. Species occurring 
exclusively in side channels were primarily stagnophilic or eurytopic, 
including the spined loach (Cobitis elongatoides), northern pike (Esox 
lucius), three-spined stickleback (Gasterosteus aculeatus), and rudd 
(Scardinius erythrophthalmus). In contrast, species recorded 
exclusively along the main-channel side of islands were 
predominantly rheophilic specialists, such as Danube streber (Zingel 
streber), zingel (Z. zingel), Danube ruffe (Gymnocephalus baloni), and 
schraetzer (G. schraetser). This complementarity demonstrates that side 
channels substantially increase gamma diversity by supporting species 
that are absent from the adjacent main channel.

Multivariate analyses further showed that fish assemblage 
composition differed consistently between side- and main- 
channel habitats, whereas regional differences among islands 
were comparatively weak. Although regional effects became 

FIGURE 3 
Estimated number of species (±95% CI) as a function of (a) 
number of samples and (b) number of individuals collected in the main 
arm (filled circles) and side arm (filled triangles) habitats in the Danube 
River, Hungary.

FIGURE 4 
Principal coordinate analysis (PCoA) ordination of the 500 m long 
sampling units based on the relative abundance data of their fish 
assemblages. Black circles and triangles represent main-channel and 
side-arm habitats adjacent to the islands, respectively, while red, 
blue, and green indicate the Erebe, Táti, and Rácalmási islands, 
respectively.
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significant when habitat types were analyzed separately, habitat 
type explained a substantially larger proportion of the variation. 
This suggests that island-specific environmental conditions 
influence fish assemblages, but their effects are secondary to 
the stronger and more consistent environmental filtering 
associated with channel type. The high dispersion of both 
side- and main-channel assemblages in the ordination space 

also indicates considerable beta diversity within each habitat, 
reflecting fine-scale habitat heterogeneity generated by 
variation in substrate composition, sediment deposition, 
aquatic vegetation, and flow refugia around islands.

Indicator species analysis further emphasized this ecological 
differentiation. Characteristic side-channel species included the 
eurytopic roach (Rutilus rutilus), white bream (Blicca bjoerkna), 
pikeperch (Sander lucioperca), and the more stagnophilic 
northern pike (E. lucius) and bitterling (Rhodeus amarus). In 
contrast, indicator species of the main-channel habitats were 
exclusively rheophilic benthic insectivores, including barbel 
(Barbus barbus), zingel (Z. zingel), schraetzer (G. schraetser), 
cactus roach (Rutilus virgo), and white-finned gudgeon 
(Romanogobio vladykovi).

Beyond the segment under study, these findings reinforce the 
general importance of channel diversity within island complexes 
for sustaining fish biodiversity in large rivers. The role of habitat 
complementarity has been reported from other segments of the 
Danube or from other large river systems, where off-channel and 
low-energy habitats support additional lentic and semi-lentic 
species that are absent from the main channel (Johnson and 
Jennings, 1998; Loisl et al., 2014; Meulenbroek et al., 2018). More 
broadly, our results support the concept that mesoscale habitat 
heterogeneity, rather than geographic location alone, is a 
primary driver of fish assemblage organization in large rivers 
(Boys and Thoms, 2006; Pegg and Taylor, 2007; Wolter et al., 
2016; Erős et al., 2017). The repeated occurrence of these 
patterns across multiple Danube islands suggests that island- 
associated side channels function as recurring biodiversity 
hotspots and that conserving or restoring these habitats is 
likely to enhance fish diversity and ecological resilience in 
regulated large rivers worldwide.

TABLE 3 Summary results of PERMANOVA analyses for taxonomic structure of fish assemblages based on relative abundance data.

Comparison df_model df_residual PERMANOVA 
R2

PERMANOVA 
F

PERMANOVA 
p

β- 
dispersion 

F

β- 
dispersion 

p

Channel M vs. S (all 

region)

1 28 0.383 17.370 0.001 0.009 0.932

Channel M vs. S 

(region E)

1 8 0.525 8.847 0.008 1.944 0.198

Channel M vs. S 

(region R)

1 8 0.377 4.831 0.016 0.197 0.621

Channel M vs. S 

(region T)

1 8 0.662 15.667 0.010 1.228 0.271

Region E vs. R vs. T 

(all channel)

2 27 0.122 1.881 0.059 0.719 0.473

Region E vs. R vs. T 

(channel M)

2 12 0.269 2.207 0.014 0.802 0.504

Region E vs. R vs. T 

(channel S)

2 12 0.502 6.047 0.001 0.390 0.658

Abbreviations: M and S, respectively, denote main-channel and side-arm habitats adjacent to the islands, while E, T, and R represent the Erebe, Táti, and Rácalmási islands, respectively. Beta- 
dispersion tests indicated no significant differences in within-group dispersions in any case, confirming that significant PERMANOVA results reflect true differences in group centroids. Bold 
values indicate variables that are statistically significant at p < 0.05.

FIGURE 5 
Principal component analysis (PCA) ordination of the 500 m long 
sampling units based on the guild based structure of their fish 
assemblages. Black circles and triangles represent main-channel and 
side-arm habitats adjacent to the islands, respectively, while red, 
blue, and green indicate the Erebe, Táti, and Rácalmási islands, 
respectively.
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Functional structure and trait-based 
responses to environmental gradients

Trait-based analyses revealed that differences between main 
and side channels extend beyond species identities to encompass 
fundamental aspects of functional organization. Functional PCA 
based on community-weighted means showed a strong 

separation of assemblages along the side–main channel 
gradient, indicating that habitat filtering operates on 
ecological traits related primarily to flow preference, habitat 
use, and substrate association. Side channels were associated 

TABLE 4 Summary results of PERMANOVA analyses for functional structure of fish assemblages based on CWM data of ecological guilds.

Comparison df_model df_residual PERMANOVA 
R2

PERMANOVA 
F

PERMANOVA 
p

β- 
dispersion 

F

β- 
dispersion 

p

Channel M vs. S (all 

region)

1 28 0.365 16.093 0.001 1.596 0.205

Channel M vs. S 

(region E)

1 8 0.452 6.603 0.008 2.719 0.160

Channel M vs. S 

(region R)

1 8 0.491 7.719 0.014 0.085 0.789

Channel M vs. S 

(region T)

1 8 0.386 5.039 0.009 0.918 0.374

Region E vs. R vs. T 

(all channel)

2 27 0.072 1.051 0.382 1.399 0.283

Region E vs. R vs. T 

(channel M)

2 12 0.164 1.180 0.324 0.740 0.517

Region E vs. R vs. T 

(channel S)

2 12 0.243 1.931 0.116 0.187 0.845

Abbreviations: M and S, respectively, denote main-channel and side-arm habitats adjacent to the islands, while E, T, and R represent the Erebe, Táti, and Rácalmási islands, respectively. Beta- 
dispersion tests indicated no significant differences in within-group dispersions in any case, confirming that significant PERMANOVA results reflect true differences in group centroids. Bold 
values indicate variables that are statistically significant at p < 0.05.

FIGURE 6 
Redundancy analysis ordination of the 500 m long sampling units 
based on their environmental characteristics and relative abundance 
data of their fish assemblages. Black circles and triangles represent 
main-channel and side-arm habitats adjacent to the islands, 
respectively, while red, blue, and green indicate the Erebe, Táti, and 
Rácalmási islands, respectively.

FIGURE 7 
Redundancy analysis ordination of the 500 m long sampling units 
based on their environmental characteristics and the guild-based 
structure of their fish assemblages. Black circles and triangles 
represent main-channel and side-arm habitats adjacent to the 
islands, respectively, while red, blue, and green indicate the Erebe, Táti, 
and Rácalmási islands, respectively. The guilds included vertical 
position in the water column (VG: benthic, benthopelagic, or pelagic), 
flow preference (FG: rheophil, eurytop, or stagnophil), migration 
behavior (MG: non-migratory or potamodromous), trophic guild (TG: 
herbivore, omnivore, invertivore, piscivore, or planktivore), and life- 
history strategy (LG: equilibrium, opportunistic, or periodic).
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with functional traits linked to slower flow, finer sediments, and 
increased structural complexity (vegetation, LWD), whereas 
main-channel assemblages were dominated by traits adapted 
to higher velocities and coarser substrates.

As predicted, trophic guild structure also changed between 
habitat types, with omnivore and predator species being relatively 
more dominant in side-channel habitats, whereas invertivore species 
were more strongly associated with the main channel. This pattern 
likely reflects fundamental differences in habitat complexity, flow 
and substrate conditions, and food-resource availability between the 
two habitat types. Side channels are typically characterized by lower 
current velocities, finer sediments, and higher macrophyte and 
shoreline vegetation cover, which increase habitat heterogeneity 
and promote the accumulation of organic matter and diverse 
food resources. Such conditions favou species feeding on plant 
materials, such as omnivore species with broader feeding 
plasticity (Loisl et al., 2014; Silva et al., 2021; Thomaz et al., 
2025), as well as more sedentary predatory fishes such as pike 
and pike-perch, that benefit from structurally complex habitats 
providing both feeding opportunities and shelter (Pauwels et al., 
2017; Ramler and Keckeis, 2019; Pelz et al., 2026). In contrast, the 
main channel was dominated by benthic invertivore species, likely 
because higher flow velocities and coarser substrates support benthic 
macroinvertebrate production (Rempel et al., 2000; Duan et al., 
2008) and favor rheophilic species specialized for feeding under lotic 
conditions. The analysis also revealed that an interesting exception 
of these differences was the herbivore nase (Chondrostoma nasus), 
which preferred main channel habitats. This rheophilic species 
prefers flowing water, feeding on benthic algae from the stony- 
gravelly bottom (Ovidio and Nzau Matondo, 2024). Overall, our 
results are consistent with those of previous studies, although those 
investigations did not specifically focus on island-associated main 
and side channels. Research at the mesohabitat (Hirzinger et al., 
2004; Loisl et al., 2014), reach (Pelz et al., 2026), and river-segment 
scales (Erős et al., 2017) reported similar distribution patterns for the 
Danubian fish species examined in this study around Danubian 
islands. For example, omnivore species such as roach and predatory 
species such as pike-perch were also found to prefer slow-flowing 
habitats, while the benthic invertivore nase, barbel, and zingel 
species were more abundant in the fast flowing zones of the 
main channel in these studies (Hirzinger et al., 2004; Loisl et al., 
2014; Pelz et al., 2026).

Differences were also observed in life-history strategies, albeit 
not so contrasting as in the case of vertical position and flow 
preference guilds—that is for traits indicating habitat use 
patterns. For example, opportunistic species, such as the genera 
Zingel, Gymnocephalus, and Romanogobio, were relatively more 
abundant in the main channel, while periodic strategists were 
more characteristic of side-channel habitats. The higher relative 
abundance of opportunistic species in the main channel can be 
linked to the more dynamic and hydrologically variable conditions 
of these habitats, where rapid colonization ability, early maturation, 
and flexible reproductive strategies provide advantages under 
frequent disturbance. Conversely, the RDA analysis revealed that 
the relatively higher abundance of large-bodied periodic species was 
associated with side-channel habitats in samples characterized by 
steeper banks and greater water depths. However, the literature also 
suggests that both trophic guild structure and life-history strategies 

often exhibit only moderate responses to lateral connectivity, with 
these responses varying according to hydrological conditions and 
the degree of connectivity (Silva et al., 2021; Feng et al., 2024).

Overall, redundancy analyses directly linked environmental 
variables to both taxonomic and functional assemblage structure. 
The strong explanatory power of velocity and substrate composition 
across both RDAs underscores their role as master variables 
structuring fish communities in rivers (Poff and Allan, 1995). 
Notably, the comparable proportion of variance explained by 
taxonomic and functional RDAs suggests that trait-based 
approaches may provide integrative and mechanistic 
understanding of fish–habitat relationships, particularly in 
systems where species composition may vary regionally but 
functional roles remain conserved (Lamouroux et al., 2002). This 
finding aligns with growing evidence that functional traits capture 
key ecological responses to environmental gradients and 
disturbance in riverine ecosystems (Logez et al., 2013; Lima 
et al., 2017).

Islands as biodiversity amplifiers in regulated 
large rivers

Taken together, our results highlight riverine islands as 
biodiversity amplifiers that enhance both hydro- 
morphological, taxonomic, and functional diversity by 
maintaining side-channel habitats within the mainstem 
(Johnson and Jennings, 1998; Thorp, 1992; Hintz et al., 2015). 
In regulated rivers such as the Danube, where channel 
simplification and flow stabilization have reduced habitat 
diversity, islands represent critical nodes of physical and 
ecological complexity (Hohensinner et al., 2004; Ádám and 
Malatinszky, 2022). Their capacity to generate both high- and 
slow-flowing habitats, promote sediment sorting, and sustain 
riparian–aquatic linkages makes them particularly valuable for 
fish assemblages that depend on habitat heterogeneity across life 
stages (Zeug and Winemiller, 2008; Stoffers et al., 2022).

The concept of islands as biodiversity amplifiers extends beyond 
simple species richness to encompass multiple dimensions of 
diversity. Islands enhance alpha diversity within local habitats by 
increasing niche availability, beta diversity by creating distinct 
habitat types, and gamma diversity at the landscape scale by 
maintaining habitat mosaics (Thorp, 1992; Gurnell and Petts, 
2002). This multi-scale enhancement of diversity is particularly 
critical in regulated rivers, where homogenization of physical 
habitats has led to corresponding losses in biological diversity 
(Aarts et al., 2004; Schmutz et al., 1999; Tockner and Stanford, 2002).

The finding that habitat-type differences outweighed regional 
differences has important implications for conservation planning. 
It suggests that protecting or restoring side-channel habitats 
around islands may yield biodiversity benefits regardless of 
their exact longitudinal position, provided that key hydro- 
morphological processes are maintained (Riquier et al., 2015; 
Díaz-Redondo et al., 2018). Conversely, the loss or 
disconnection of side channels through island attachment, 
siltation, or bank fixation is likely to lead to the functional 
homogenization of fish assemblages and loss of key habitats, 
with potential consequences for ecosystem resilience and food- 
web dynamics.
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Study limitations

Although our study encompassed multiple riverine islands 
spanning a broad section of the Danube in Hungary, several 
limitations should be acknowledged. Firstly, the analyses were 
based on a single sampling period and therefore do not capture 
seasonal or interannual variability in hydrological conditions and 
fish assemblage dynamics. Because habitat use and lateral 
connectivity can vary substantially with discharge regime, 
future studies incorporating repeated sampling across different 
flow conditions would improve our understanding of the 
temporal stability of the observed patterns (see Feng et al., 
2025; Pelz et al., 2026). Secondly, our analyses focused on 
littoral fish assemblages associated with island habitats and did 
not include deeper offshore environments (see Szalóky et al., 
2021) or larval stages that may respond differently to hydro- 
morphological gradients (see Stoffers et al., 2025). Finally, while 
the consistent relationships between habitat characteristics and 
both taxonomic and functional assemblage structures suggest 
strong ecological mechanisms, the observational nature of the 
study precludes direct inference of causal processes. Nevertheless, 
the concordance of hydro-morphological, taxonomic, and 
functional patterns across multiple islands provides robust 
evidence that island-associated habitat heterogeneity is a major 
driver of fish biodiversity in the Danube.

Implications for river management and 
restoration

From a management and policy perspective, our study 
directly supports the objectives of the European Union’s 
Nature Restoration Regulation (NRR), which explicitly calls 
for the restoration of river connectivity, hydro-morphological 
processes, and habitat diversity in degraded river systems. While 
much of the current policy discourse has focused on longitudinal 
connectivity (e.g., dam removal and fish passage), our results 
emphasize that lateral functional connectivity, maintained by 
islands and their associated side channels, is equally critical for 
sustaining fish diversity in large rivers. Measures that preserve or 
restore side-channel dynamics, such as maintaining hydraulic 
exchange, preventing excessive siltation, and safeguarding 
sediment transport processes around islands, are therefore 
highly relevant tools for achieving the NRR’s targets for river 
ecosystem recovery (Wohl et al., 2024; Clarke, 2025). In 
navigation-dominated rivers such as the Danube, this may 
include the selective removal or modification of bank 
reinforcements, reconnection or partial reopening of side 
arms, and sediment management practices that counteract 
channel incision and island stabilization, thereby reinstating 
habitat mosaics essential for diverse fish assemblages.

More broadly, our findings align with the NRR’s shift away 
from static, reach-scale restoration toward process-based and 
spatially explicit strategies that recognize rivers as 
hierarchically structured, patchy systems (Wohl et al., 2024; 
Beechie et al., 2010). By demonstrating strong and consistent 
links between hydro-morphological heterogeneity, lateral habitat 
differentiation, and both taxonomic and functional fish 
assemblage structure, this study provides empirical evidence 

that riverine islands function as key landscape elements that 
underpin biodiversity in large rivers. Consequently, restoring 
and maintaining the dynamic character of island–side-channel 
complexes should be considered a priority action in the mainstem 
of very large rivers within EU river restoration frameworks. Such 
an approach not only enhances species richness but also supports 
functional resilience and ecological integrity, thereby 
contributing to the NRR’s long-term goals under ongoing 
climatic and anthropogenic pressures.

Conclusion

Our study demonstrates that riverine islands are key drivers 
of hydro-morphological heterogeneity and fish biodiversity in 
the mainstem of the Danube River. By creating distinct main- 
and side-channel habitats, islands generate environmental 
gradients that shape both the taxonomic and functional 
structure of fish assemblages. Habitat-type differences 
consistently outweighed regional variation, highlighting that 
local hydro-morphological conditions associated with 
island–side-channel complexes are the primary determinants 
of fish community structure in this segment of the river. 
Maintaining this habitat mosaic is therefore essential for 
preserving ecological processes and supporting diverse fish 
communities in large rivers that have been simplified by 
regulation and channel modification.
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