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Abstract

Background: Functional diversity of aquatic macrophytes can provide mechanistic insight
into community assembly beyond taxonomic diversity metrics. Aims: We tested whether
functional diversity indices can help infer the dominant processes shaping macrophyte
communities along hydromorphological and physicochemical gradients, and whether these
signals remain interpretable after accounting for species richness. Methods: We surveyed
aquatic macrophytes in the Dnipro–Orilsky Nature Reserve (Ukraine) during four field
campaigns in 2024 (453 sampling sites), measured key environmental characteristics, and
calculated functional diversity indices from plant trait data. Results: The indices showed
distinct responses consistent with environmental filtering, dispersal limitation related to
reduced hydrological connectivity, and biotic interactions. Anthropogenic degradation was
associated with functional simplification and shifts toward opportunistic trait syndromes.
Conclusions: A complementary set of functional diversity indices can distinguish major
community assembly mechanisms in macrophyte assemblages and supports more robust
assessment of ecosystem condition under combined natural and anthropogenic pressures.

Keywords: functional traits; ecosystem processes; species interactions; habitat filtering;
hemeroby; Ukraine; aquatic macrophytes; environmental water quality criteria

1. Introduction
The link between species diversity and ecosystem function or stability remains de-

bated [1]. The dynamics of species diversity within an ecosystem may exhibit a weak
correlation with alterations in ecological processes, such as productivity [2]. Examining
the functional traits of species may offer a more effective way of linking diversity indica-
tors to ecosystem processes [3]. The concept of macrophyte functional traits provides a
vital framework for understanding their adaptations, interactions with other ecosystem
components, and assessing external factors that influence aquatic environments [4,5]. The
functional traits of macrophytes demonstrate their capacity to adapt to environmental
changes, influence community structure and dynamics, and respond to human-induced
pressures [6]. In particular, adaptive responses operating from organismal and tissue

Sustainability 2026, 18, 939 https://doi.org/10.3390/su18020939

https://crossmark.crossref.org/dialog?doi=10.3390/su18020939&domain=pdf&date_stamp=2026-01-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0961-7608
https://orcid.org/0000-0002-2503-3648
https://orcid.org/0000-0002-3631-8884
https://orcid.org/0000-0001-9382-8269
https://orcid.org/0000-0002-3415-0862
https://orcid.org/0000-0003-3661-3012
https://doi.org/10.3390/su18020939


Sustainability 2026, 18, 939 2 of 27

levels to cellular and molecular levels are reflected in physiological [7] and biochemical
traits [8]. The primary trait categories considered in functional-trait approaches include
morphological, physiological, phenological, biochemical, biomechanical, and reproductive
characteristics [9,10]. Through these trait dimensions, macrophytes regulate water clarity,
stabilise sediments, provide habitat for diverse aquatic species, and compete with phyto-
plankton for light and nutrients [11]. Using the functional traits of macrophytes in research
enables precise evaluations of aquatic ecosystems, predictions of their changes, and the
development of effective water management strategies [12]. This is because functional traits
link environmental constraints to plant performance [13], so trait-based metrics translate
variation in habitat and water quality into predictable shifts in community composition
and functioning [14,15]. The functional traits of macrophytes closely correspond to envi-
ronmental gradients, as these traits influence the plants’ ability to adapt to variations in
hydromorphological and physicochemical conditions within aquatic ecosystems [16,17].
The composition of macrophyte communities is shaped by key environmental factors,
particularly hydrological changes, substrate type, and dissolved oxygen levels, all of which
are especially significant [18].

Environmental filtering, dispersal limitations, and species interactions significantly
influence the assembly of macrophyte communities, affecting the range of species traits
present [18]. The rules governing the assembly of communities from a regional species
pool represent a critical area of inquiry within the field of ecology, thereby enhancing
our comprehension of ecosystem functioning [19]. Assembly rules are a community-
level analogue of natural selection [20]. Environmental filtering plays a crucial role in
determining the capacity of individuals of a specific species to survive and reproduce
under particular environmental conditions [21]. The concept of limiting similarity among
species, arising from interspecific competition, constitutes another filter that influences the
absence of species in otherwise suitable habitats, even when environmental conditions are
favourable [22]. For species to coexist, they must exploit different resources [23]. Both the
environmental filtering and the limiting similarity of species exert opposing effects on the
distribution of trait values within the community [24]. Environmental filtering tends to
promote functional trait convergence [25,26], resulting in reduced variation in trait values
compared to random selection, as traits that do not confer adaptation to local conditions are
systematically excluded [25]. The divergence of traits associated with limiting similarity is
evidenced by the fact that coexisting species utilise distinct resources and exhibit significant
differences in relevant traits, leading to greater variation in trait values than would be
anticipated from random selection [26]. Dispersal limitation also plays a vital role in
the community assembly. It is argued that the taxonomic and phylogenetic aspects of
biodiversity are controlled by both environmental filtering and dispersal limitations [27].
At the same time, the functional component of community diversity is predominantly
structured by environmental filtering [28]. The contribution of different processes to
community assembly varies with the disturbance gradient [29,30]. The influence of trait
filtering increases compared to the limiting similarity as the intensity of the disturbance
increases, which can lead to a decrease in functional evenness [31].

The three components of functional diversity (functional richness, functional evenness,
and functional divergence) have been proposed to be differentiated by drawing an analogy
with the components of species diversity [32]. The triadic conceptualisation of functional
diversity implies that a large set of available indices is, at least in part, redundant because
multiple metrics capture overlapping information about the same underlying components.
Existing typologies of functional diversity indices were largely developed to discriminate
community assembly rules, yet previous assessments relied mainly on artificial datasets
and focused on only two rules (niche filtering and limiting similarity) [33]. However,
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this analysis was conducted using artificial datasets and only two assembly rules were
examined: niche filtering and limiting similarity. The importance of functional diversity
indices in assessing the role of dispersal limitation in shaping functional diversity patterns
therefore remains insufficiently resolved. We hypothesise that the primary patterns of
variability in functional diversity are influenced by key factors that shape community
assemblages: ecological filtering, dispersal limitations, and species interactions. The
aims of this study were to (i) identify the structure of relationships among functional
diversity indices in aquatic macrophyte communities using empirical field data; (ii) compare
the extracted dimensions with the canonical triad of functional richness, evenness, and
divergence; and (iii) interpret these dimensions in terms of community assembly rules.

This study provides an empirical, field-based demonstration of the multidimen-
sional nature of macrophyte functional diversity. Our PCA-based synthesis identified
two dimensions consistent with the canonical triad of functional diversity (richness- and
evenness-related structure), whereas a distinct, standalone “functional divergence” dimen-
sion was not observed; instead, divergence signals were distributed across multiple axes.
Importantly, we identified two additional, ecologically meaningful dimensions beyond
the classical triad—one best described as a convergence–redundancy gradient and another
reflecting functional specialisation. We further interpreted these extracted dimensions in
terms of community assembly processes, linking them to natural environmental filtering
(convergence–redundancy), dispersal limitation driven by low connectivity (specialisation),
biotic interactions and competition (richness-oriented differentiation), and community
transformation under anthropogenic pressure (evenness-related structure). This integrative
mapping reduces redundancy among indices and strengthens the mechanistic interpreta-
tion of trait-based diversity patterns in aquatic ecosystems.

2. Materials and Methods
2.1. Study Area

The study was conducted in 2024 over four rounds of surveys: 6–10 May, 3–7 June,
15–19 July, 19–23 August, within the water bodies of the Dnipro–Orilsky Nature Reserve
(Dnipropetrovska Oblast, Ukraine) (Figure 1). The Dnipro–Orilsky Nature Reserve was
established in 1990 and encompasses an area of 3766 hectares. The reserve’s water bodies
are situated within the Dnipro Reservoir, a part of the Dnipro River’s cascade of reservoirs.
The total area of the water bodies within the reserve is 602.8 hectares, and the database
of recorded water bodies includes 302 distinct water bodies. These water bodies can be
categorised into the following systems: the Dnipro riverbed (total area of 223.4 hectares),
the Obukhivka ledge system (73.3 hectares), the Orilsky Canal (21.7 hectares), the Taromske
ledge system (183.4 hectares), and the Mykolaivka ledge system (101.0 hectares) [34].
During each survey round, we revisited the same set of 453 sampling locations to record
aquatic macrophytes and measure water properties (Figure 2).

2.2. Workflow of Data Processing and Analyses

The study workflow is summarised in Figure 3 and integrates taxonomic diversity,
functional diversity, environmental gradients, and waterbody morphometry to infer com-
munity assembly mechanisms. Field surveys were conducted in 2024 over four campaigns,
encompassing 453 sampling locations. At each site, macrophyte species composition was
recorded, and in situ water variables were measured, including temperature, dissolved
oxygen, pH, electrical conductivity, and Secchi depth. These variables were summarised
into environmental gradients for subsequent analyses. Functional traits were compiled
from standardised sources (the TRY database and published macrophyte trait compila-
tions), with taxonomy harmonised according to Euro + Med. A species × trait matrix was
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assembled and used to compute functional diversity indices (e.g., FRic, FEve, FDiv, FDis,
RaoQ, and indices of originality, specialisation, redundancy, and functional identity). In
parallel, taxonomic diversity was characterised using species richness (SR) and standard
diversity indices. To account for the dependence of many functional indices on SR, richness
effects were controlled by regressing each index against log(SR), with residuals retained as
richness-adjusted metrics. Raw and richness-adjusted indices were synthesised by principal
component analysis (PCA), yielding four interpretable functional-diversity dimensions:
richness-oriented differentiation, evenness-related structure, convergence–redundancy, and
functional specialisation. Waterbody morphometry was derived from DEM and bathymetry
using lakemorpho metrics and summarised by PCA (PC1–PC3). The extracted functional
and morphometric dimensions were interpreted in relation to community assembly mecha-
nisms, producing key outputs on mechanistic drivers and the sensitivity of diversity indices
to species richness.

Figure 1. Location of the study area and the Dnipro–Orilskyi Nature Reserve (Ukraine): geographic
context showing study location within Ukraine.
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Figure 2. Sampling design and water-system units within the Dnipro–Orilskyi Nature Reserve (Ukraine).
The map shows the spatial distribution of sampling locations (yellow points) across the main floodplain
water-system units (Dnipro riverbed, Mykolaivka ledge system, Obukhivka ledge system, Orilskyi Canal,
Protich, and Taromske ledge system). The red outline delineates the boundary of the Dnipro–Orilskyi
Nature Reserve.

Figure 3. Workflow of the study and analytical pipeline linking taxonomic and functional diversity to
community assembly mechanisms. Field surveys (2024; 453 sampling locations across four campaigns)
provided macrophyte species composition and in situ water variables, which were summarised into
environmental gradients. Functional traits were compiled from standardised sources (TRY and
macrophyte trait compilations; taxonomy aligned to Euro + Med) to assemble a trait matrix and
calculate functional diversity indices. Species diversity (species richness and diversity indices) and
functional indices were synthesised using PCA (raw values and richness-adjusted residuals), yielding
four interpretable functional-diversity dimensions (richness-oriented differentiation, evenness-related
structure, convergence–redundancy, and functional specialisation). Waterbody morphometry was
derived from DEM/bathymetry (lakemorpho metrics) and summarised by PCA (PC1–PC3). The
extracted dimensions were interpreted in terms of community assembly mechanisms, producing key
outputs on mechanistic drivers and the sensitivity of indices to species richness.
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2.3. Morphology of Water Bodies

The procedure for investigating the morphology of the water bodies and creating
a digital elevation model is described in detail in our previous paper [35]. The digital
terrain model was integrated with the digital model of the reservoir bottom to produce a
comprehensive digital elevation model that encompasses both above and below the water
surface. A total of 312 water bodies were identified within the study area. Among these,
93 (29.8%) were classified as channels, 54 (17.3%) as confluential lakes, 52 (16.7%) as Isolated
floodplain lakes, 50 (16.0%) as bays, 38 (12.2%) as confluential-confluent lakes, 17 (5.5%) as
confluent lakes, and 8 (2.6%) as artificial water bodies. The morphometric characteristics
of the water bodies (surface area, shoreline length and shoreline development, maximum
length, maximum/mean width, major and minor axes, axis ratio, fetch, maximum and mean
depth, and volume) were calculated using the lakemorpho package [36]. These characteristics
were then subjected to principal component analysis, resulting in the extraction of principal
components with eigenvalues greater than one [35].

2.4. Measurement of Water Properties

The electrical conductivity, temperature, water transparency, and dissolved oxygen
content were measured at each monitoring location. The measurements were taken between
11 a.m. and 1 p.m., when the daily temperature variation was at its lowest. This time frame
was selected because it provides the closest approximation to the maximum daily tempera-
tures. The electrical conductivity of the water was measured using a portable conductivity
metre (HI 993310) Hanna Instruments, Woonsocket, RI, USA [37]. The dissolved oxygen
content was assessed with a Hanna HI 98193 oximetre Hanna Instruments, Woonsocket,
RI, USA [38]. Water temperature and pH were measured using a Hanna 98107 pH metre
Hanna Instruments, Woonsocket, RI, USA. Water transparency was evaluated using a
Secchi disc [39].

2.5. Recording of Plants

The submerged, floating, and emergent vegetation of the water bodies was surveyed.
The field survey procedure employed the strip transect method [40]. This method involves
observing aquatic vegetation along 20-metre-wide strips perpendicular to the shoreline,
encompassing the entire vegetation zone from the upper eulittoral to the outer limit of
macrophyte growth. At each site, the maximum depth of cover and the average plant cover
were recorded, and all submerged, floating, and emergent plants were identified. Plant
taxonomy was based on the Euro + Med Plantbase [41].

2.6. Plants’ Functional Traits

A total of 101 plant species were identified due to the surveys (see Supplementary
Table S1). The following traits are considered as functional characteristics of plants: flower
sexual syndrome describes how male and female reproductive functions are distributed
within flowers and/or among individuals and was coded as bisexual (hermaphroditic),
monoecious, dioecious, or variable (monoecious/dioecious) [42], Raunkiær plant life-
form [43], pollenochores, diasporochores (ecobiochores) [44,45], competitor, stress tolerator,
and ruderal (CSR) Grime’s strategies [46,47], Ellenberg indicator values (EIVs) [48,49],
disturbance indicator values [50], naturalness [51,52], hemeroby [53,54], plant height, leaf
area, specific leaf area, leaf thickness [42], leaf type [55], leaf water content per leaf dry
mass [42], leaf nitrogen content per leaf dry mass, seed dry mass, seed number per plant, leaf
carbon/nitrogen (C/N) ratio, flowering time, fruit size [42], body flexibility [55], vertical
shoot architecture [55], rooting at nodes, below-ground to above-ground biomass ratio,
life span [42], dispersal distance class [56], growth form [55], mode of reproduction [55],

https://doi.org/10.3390/su18020939

https://doi.org/10.3390/su18020939


Sustainability 2026, 18, 939 7 of 27

number of reproductive organs [55], leaf texture [55], leaf cover [55]. Information regarding
the species composition of vegetation and the functional traits of plant species is provided
in Supplementary Table S1.

2.7. Species and Functional Diversity Indices

The calculation of distances between pairs of species based on functional traits for
species collected in communities was conducted via the mFD package [57]. This study
considered the following species and functional diversity indices (Supplementary Table
S2). Species richness (Sp_richn) [58], Gini-Simpson (GSimpson) [59], functional richness
(Fric) [60], functional evenness (Feve) [61], functional divergence (Fdiv) [61], functional
originality (Fori) [31], functional specialisation (Fspe) [62], functional dispersion (Fdis) [63],
Rao’s quadratic entropy [64], functional redundancy (FunRed) [65], functional mean pair-
wise distance (Fmpd) [66], functional mean nearest neighbour distance (Fnnd) [67], func-
tional identity (Fide) [68]. Functional axes were computed using Principal Coordinate
Analysis (PCoA), which utilised the functional distance between species [69,70]. Mean
Squared Deviation (mSD) is a metric that quantifies the loss of information resulting from a
reduction in the number of dimensions within a feature space [71,72]. Gsimpson, FunRao,
and FunRedundancy were calculated using the Rao diversity function from the SYNCSA
package [73]. Ideally, indices of functional diversity should encompass dimensions of the
community beyond mere species richness to effectively establish a connection between
trait expression and functional performance [74]. The residuals obtained from the linear
regression analysis of the diversity indices against the logarithm of species richness were
utilised for subsequent analyses. This approach aimed to eliminate the variability compo-
nent in the functional diversity indices and the Simpson index that is attributable to species
richness. In essence, a transformation was implemented:

Itr = Iobs − k × log2Sp,

where Itr is the transformed value of the index, Iobs denotes the observed value of the index,
k signifies the slope of the regression line (assuming a regression model with a constant
equal to zero), and Sp indicates the species richness within the community.

3. Results
3.1. Variability of Morphometric Characteristics of the Water Bodies

The principal component analysis of the variability in the morphometric characteristics of
the water bodies (surface area, shoreline length and shoreline development, maximum length,
maximum/mean width, major and minor axes, axis ratio, fetch, maximum and mean depth,
and volume) identified three principal components with eigenvalues exceeding one (Table 1).
Principal component 1 showed a positive correlation with all morphometric characteristics
of the water bodies, except for the axis ratio, which was negatively associated with PC1.
This suggests that principal component 1 may be interpreted as a measure of water body
size. Principal component 2 showed a positive correlation with characteristics indicating the
volume and depth of the water bodies, as well as with the axis ratio; however, it exhibited
a negative correlation with shoreline development, shoreline length, and the major axis.
This enables the interpretation of principal component 2 as reflecting an inverse relationship
between depth and the complexity of shorelines in water bodies; larger water bodies tended
to have less shoreline development. Principal component 3 was positively correlated with the
maximum and average widths of the water bodies, the minor axis, and the axis ratio. Thus,
principal component 3 can be interpreted as a measure of reservoir elongation.
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Table 1. Principal component analysis of variability of morphometric characteristics of water bodies
(n = 312, factor loadings that were statistically significant at p < 0.05).

Morphometric Characteristics
of the Reservoir

Descriptive Statistics Principal Components

Mean ± st. Error Minimum Maximum PC1,
λ = 8.5

PC2,
λ = 1.9

PC3,
λ = 1.2

Surface area, ha 8.9 ± 2.2 0.009 431.4 0.98 – –
Shoreline length, km 1.4 ± 0.1 0.061 20.7 0.95 −0.29 −
Shoreline development 0.32 ± 0.01 0.028 0.8 0.18 −0.61 −0.22
Max depth, metres 2.5 ± 0.2 0.029 15.1 0.56 0.68 −0.40
Volume, thousand cubic metres 417 ± 198 0.011 43727 0.96 0.22 −
Mean depth, metres 0.9 ± 0.1 0.008 15 0.56 0.72 −0.37
Max length, metres 423 ± 42 25 7580 0.93 – –
Max width, metres 100 ± 9.3 4.375 1692.7 0.90 – 0.30
Mean width, metres 63 ± 6 3 876 0.95 – 0.21
Major axis, metres 633 ± 60 31 9935 0.91 −0.37 –
Minor axis, metres 249 ± 25 9 4233 0.92 – 0.31
Axis ratio 0.46 ± 0.01 0.05 1.4 −0.13 0.51 0.75
Fetch, metres 97 ± 9 3 1506 0.89 – –

The functional types of the water bodies accounted for 22% of the variability in principal
component 1 (F = 84.9, p < 0.001). Artificial water bodies and canals exhibited the largest
sizes, as indicated by the highest principal component 1 score. In contrast, confluent lakes,
bays, and isolated floodplain lakes were the smallest. The functional types of the water bodies
explained 37% of the variability in principal component 2 (F = 179.2, p < 0.001).

Artificial water bodies were characterised by the greatest depth and the lowest shore-
line complexity, while channels and isolated water bodies exhibited the shallowest depths
and the highest shoreline complexity. This pattern is expected because channels and iso-
lated floodplain water bodies typically have sinuous, irregular shorelines shaped by fluvial
processes and dense emergent vegetation, which increases shoreline length relative to area
and thus elevates shoreline complexity. Additionally, the functional types of the water
bodies accounted for 1.5% of the variability in principal component 3 (F = 5.6, p < 0.001).
Artificial water bodies displayed the most elongated shapes, whereas isolated floodplain
lakes had the least elongated shapes.

3.2. Environment Properties in Water Bodies

The temporal, functional, and morphometric characteristics of the water bodies accounted
for 85% of the variability in water temperature (Table 2). Water temperature in the water bodies
rose until July, after which it began to decline. The increased elongation of the water bodies is
a factor that enhances their capacity to warm. The temporal, functional, and morphometric
characteristics of the water bodies explained 54% of the variability in water transparency,
which decreased over time. Generally, larger water bodies, in terms of overall size and depth,
exhibited greater transparency. These characteristics also accounted for 79% of the variability
in the electrical conductivity of water in the water bodies. This indicator showed a downward
trend throughout the season, although there was a slight increase in electrical conductivity
in August. The temporal, functional, and morphometric characteristics of the water bodies
explained 36% of the variability in dissolved oxygen content.

The oxygen content in the water increased over the season. An increase in the overall
size and depth of the water bodies contributed to higher dissolved oxygen levels. These
characteristics accounted for 54% of the variability in water pH within the water bodies,
which decreased over time.
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Table 2. General Linear Models of the influence of time, functional and morphometric parameters of
water bodies on water properties.

Predictors

Water
Temperature in
the Reservoir

Water
Transparency

in the
Reservoir

Electrical
Conductivity

of Water

Oxygen
Dissolved in

Water

pH of Water in
Water Bodies

F = 869.03,
p < 0.001,

Radj
2 = 0.85

F = 178.14,
p < 0.001,

Radj
2 = 0.54

F = 566.56,
p < 0.001,

Radj
2 = 0.79

F = 85.83,
p < 0.001,

Radj
2 = 0.36

F = 176.13,
p < 0.001,

Radj
2 = 0.54

Time *
VI 0.97 ± 0.03 * −0.54 ± 0.05 * −2.03 ± 0.03 * 0.61 ± 0.05 * −0.99 ± 0.05 *
VII 2.27 ± 0.03 * −1.24 ± 0.05 * −2.15 ± 0.03 * 0.95 ± 0.05 * −1.50 ± 0.05 *
VIII 2.11 ± 0.03 * −1.87 ± 0.05 * −1.82 ± 0.03 * 1.46 ± 0.05 * −1.90 ± 0.05 *

Type **

Artificial water body −0.05 ± 0.08 0.11 ± 0.14 0.08 ± 0.09 0.87 ± 0.16 * 0.09 ± 0.14
Bay 0.10 ± 0.04 * −0.46 ± 0.08 * 0.17 ± 0.05 * −0.29 ± 0.09 * 0.13 ± 0.08
Confluent lake −0.10 ± 0.07 −0.09 ± 0.12 −0.37 ± 0.08 * 0.36 ± 0.15 * 0.46 ± 0.12 *
Contrafluent-
confluent lake −0.02 ± 0.02 −0.36 ± 0.04 * 0.06 ± 0.03 −0.31 ± 0.05 * −0.11 ± 0.04 *

Contrafluent lake −0.12 ± 0.03 * −0.35 ± 0.06 * −0.18 ± 0.04 * 0.04 ± 0.07 0.21 ± 0.06 *
Isolated lake −0.04 ± 0.08 −0.27 ± 0.13 * −0.12 ± 0.09 −0.79 ± 0.16 * −0.09 ± 0.13

Morphology
of the
water
bodies

Size of the reservoir
(PC1) −0.00 ± 0.01 0.09 ± 0.02 * −0.11 ± 0.01 * 0.10 ± 0.02 * 0.15 ± 0.02 *

Opposite dynamics
of depth in relation to
the shoreline
complexity of the
water bodies (PC2)

−0.02 ± 0.01 0.06 ± 0.02 * 0.02 ± 0.01 0.11 ± 0.02 * −0.06 ± 0.02 *

Elongation of the
reservoir (PC3) 0.05 ± 0.01 * −0.01 ± 0.02 0.04 ± 0.01 * −0.03 ± 0.02 0.03 ± 0.02

Note: * V month is a reference variable; ** Channel is a reference variable.

3.3. Principal Component Analysis of Variability of Taxonomic and Functional Diversity Indices

A statistically significant linear relationship was established between the logarithm
of species richness and the functional diversity indices, except for functional dispersion
(Fdis) and the Simpson index (Table 3). This relationship accounted for 1% to 54% of the
variation in the respective index. Principal component analysis of the indices confirmed
the effectiveness of the applied procedure in differentiating the variability of functional
diversity indices from species richness. Four principal components with eigenvalues greater
than one were extracted. Notably, species richness did not load onto any of these principal
components. Principal component 5 had an eigenvalue of 1 and a species richness loading
of 1. Consequently, it was possible to completely differentiate the variability of other indices
of community functional diversity and the Gini-Simpson index from species richness.

3.4. Principal Component 1: The Influence of Natural Environmental Filters

The first four principal components accounted for 68.6% of the variability in the
diversity indices. FunRedundancy exhibited a positive loading on principal component 1
(PC1), while the other functional diversity indices, except Feve, displayed negative loadings.
Fide 1 had a positive loading on PC1, whereas Fide 3 and Fide 5 showed negative loadings.
The variable Fmpd had the most extensive absolute loading on PC1, and this variable,
along with Fric and Fori, was unique to this principal component. PC1 demonstrated a
statistically significant correlation with the Ellenberg indicator values, showing a positive
correlation with continuity, acidity, and nutrients indicators, and a negative correlation
with temperature (Table S3).
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Table 3. Principal component analysis of variability of species and functional diversity indices and
identity factor scores (correlation coefficients are shown that are statistically significant for p < 0.001).

Diversity Index

Parameters of Linear Regression
Analysing Functional Diversity Indices

in Relation to Species Richness
Principal Components *

R2 k p-Value
PC1,

λ1 = 6.3,
37.3%

PC2,
λ2 = 2.6,
15.5%

PC3,
λ3 = 1.5,

8.8%

PC4,
λ3 = 1.2,

7.0%

Species diversity indices

Species richness (Sp_richn) – – – – – – –
Gini-Simpson (Gsimpson) 0.64 0.07 <0.001 – 0.55 – –

Functional diversity indices

Functional mean pairwise
distance (Fmpd) 0.05 −0.02 <0.001 −0.36 – – –

Functional richness (Fric) 0.54 0.13 <0.001 −0.30 – – –
Functional originality (Fori) 0.01 −0.01 <0.001 −0.29 – – –
Functional redundancy
(FunRedundancy) 0.36 0.04 <0.001 0.33 0.18 – –

Rao’s quadratic entropy
(FunRao) 0.24 0.03 <0.001 −0.29 0.38 – –

Functional divergence (Fdiv) 0.02 −0.02 <0.001 −0.26 −0.24 – −0.32
Functional specialisation
(Fspe) 0.18 −0.05 <0.001 −0.32 – 0.28 0.23

Functional mean nearest
neighbour distance (Fnnd) 0.37 −0.14 <0.001 −0.30 – −0.26 –

Functional dispersion (Fdis) 0.00 0.00 0.939 −0.34 – – −0.27
Functional evenness (Feve) 0.01 0.01 0.015 – 0.36 −0.23 −0.47

Functional identity axes

Fide 1 0.06 0.02 <0.001 0.19 −0.26 −0.18 −0.51
Fide 2 0.01 0.01 0.006 – −0.42 – –
Fide 3 0.15 −0.02 <0.001 −0.14 −0.30 0.37 −0.39
Fide 4 0.12 −0.02 <0.001 – – −0.60 –
Fide 5 0.02 −0.01 <0.001 −0.25 – −0.41 0.19

Note: *—PC1–PC4 were interpreted as the dominant assembly processes shaping macrophyte communities:
PC1—natural environmental filtering; PC2—competition; PC3—dispersal limitation; PC4—anthropogenic envi-
ronmental filtering (see Sections 3.4–3.7).

PC1 was sensitive to the antagonistic relationships between Helophytes, Hydrophytes,
and Therophytes (Figure 4).

Hydrochory and plants with an annual life span exhibited negative correlation coeffi-
cients with PC1 (Figure 5). Additionally, PC1 was responsive to the contrasting dynamics
of single basal growth point preference versus multiple apical growth point preference
(Figure 6). It also reflected the response of plant communities to disturbance frequency
and grazing pressure. PC1 demonstrated a negative correlation with seed mass and fruit
size, as well as with free-floating submerged plants. Notably, PC1 was sensitive to the
mode of plant reproduction, showing a positive correlation with rhizomes and a negative
correlation with tubers. Time, functional types, morphological features of the water bodies,
and water properties accounted for 47% of the variability in PC1 (Table S4).
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Figure 4. Box-and-whiskers plots illustrating the variation in PC 1 through Fide PC4 scores and
species richness across different functional traits. The ordinate represents the scores for Fide 1 to
Fide 5, while the abscissa delineates the following categories: (a) flower sexual syndromes, which
include B—bisexual, D—dioecious, M—monoecious, and MD—monoecious/dioecious; (b) Raunkiær
plant life-forms (climamorphes), categorised as G—geophytes, Hd—hydrophytes, Hel—helophytes,
HKr—hemicryptophytes, nPh—nanophanerophytes, Ph—phanerophytes, and T—therophytes; and
(c) pollenochores, which include Anph—anemophilous plants, Ent—entomophilous plants, Hdgph—
gametohydrophilous plants, Hdph—hydrophilous plants. The box plot displays the interquartile range,
which encompasses the first quartile (Q1, 25%) and the third quartile (Q3, 75%), with the median (Q2,
50%) represented by the line within the box. The whiskers indicate the minimum and maximum values
that are not classified as outliers. According to the results of the Dunn test, identical letters denote levels
of factors that are statistically indistinguishable at a significance level of p < 0.05, while differing letters
indicate levels of factors that are statistically significantly different.
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Figure 5. Box-and-whiskers plots illustrating the variation in PC 1 through Fide PC4 scores and
species richness across different functional traits. The ordinate represents the scores for Fide 1 to
Fide 5, while the abscissa delineates the following categories: (a) diasporochores, which include
Anch—anemochory, Bal—ballistochory, Bar—barochory, EndZ—endozoochory, EpZ—epizoochory,
Hdch—hydrochory; (b) leaf types, categorised as T—tubular, C—capillary, E—entire; and (c) life
spans. The box plot displays the interquartile range, which encompasses the first quartile (Q1, 25%)
and the third quartile (Q3, 75%), with the median (Q2, 50%) represented by the line within the
box. The whiskers indicate the minimum and maximum values that are not classified as outliers.
According to the results of the Dunn test, identical letters denote levels of factors that are statistically
indistinguishable at a significance level of p < 0.05, while differing letters indicate levels of factors
that are statistically significantly different.
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Figure 6. Box-and-whisker plots illustrating the variation in PC 1 through Fide PC4 scores and species
richness across different functional traits. The ordinate represents the scores for Fide 1 to Fide 5, while
the abscissa delineates the following categories: (a) number of reproductive organs, categorised as
L—low, M—medium, H—high, VH—very high; (b) vertical shoot architectures include: sag—single
apical growth point, sbg—single basal growth point, mag—multiple apical growth point; and (c)
rooting at nodes, which include 1—yes, 0—no. The box plot displays the interquartile range, which
encompasses the first quartile (Q1, 25%) and the third quartile (Q3, 75%), with the median (Q2, 50%)
represented by the line within the box. The whiskers indicate the minimum and maximum values
that are not classified as outliers. According to the results of the Dunn test, identical letters denote
levels of factors that are statistically indistinguishable at a significance level of p < 0.05, while differing
letters indicate levels of factors that are statistically significantly different.

PC1 (waterbody size) differed significantly among functional types, with the highest scores in
artificial waterbodies and channels, and the lowest (negative) scores in bays and confluent lakes,
indicating smaller waterbody size in these types (Figure S1). PC1 scores peaked in June
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and decreased monotonically throughout the season (Figure S2). Artificial water bodies
and contrafluent lakes exhibited the highest correlations with PC1. Increases in water
temperature and electrical conductivity were the primary drivers of PC1 increases, while
increases in transparency and dissolved oxygen had the opposite effect. The morphology
of the water bodies also influenced PC1 scores; increasing the depth and elongation of the
reservoir positively affected PC1, whereas enlarging the reservoir had a negative impact.

3.5. Principal Component 2: The Impact of Competition

Principal component 2 (PC2) exhibited a positive correlation with Gini-Simpson, Func-
tional Redundancy (FunRedundancy), Functional Rao (FunRao), and Five indices. Conversely,
Functional Diversity (Fdiv) demonstrated a negative correlation with PC2. Gini-Simpson,
Functional Identity 2 (Fide 2), and FunRao displayed the highest loadings on PC2. This
component was sensitive to contrasting dynamics within plant communities characterised by
different ecological strategies, such as competitors and ruderals. PC2 showed a positive corre-
lation with whole leaf types and a negative correlation with tubular leaf types. Additionally,
PC2 was responsive to community transformations influenced by mowing frequency. Factors
such as time, functional types, morphological features of the ponds, and water properties
accounted for 30% of the variability in PC2. Notably, PC2 values decreased over the season.
Isolated lakes exhibited the lowest correlations with PC2, while channels and bays also demon-
strated minimal correlations with PC2. The characteristics of PC2 enable the interpretation
of this principal component as indicative of trends in the variability of functional properties
within the macrophyte community, driven by interspecific competition. Increased competition
correlates with heightened functional divergence within the community and a reduction in
both functional and taxonomic evenness.

3.6. Principal Component 3: The Impact of Dispersal Limitations

Principal component 3 (PC3) exhibited dynamics that contrasted with the complex
of indicators, such as Fspe and Fmpd on one side, and Fori and Feve on the other. The
variables Fspe, Fide 3, Fide 4, and Fide 5 displayed the largest modulus loadings on PC3. The
positive correlation with the dispersal distance class underscores PC3’s sensitivity to dispersal
restrictions. Generally, entomophilous plants exhibited a lower potential for seed dispersal.
This principal component highlights that plants with a capillary leaf type possess a greater
potential for dispersal compared to those with a whole leaf type. Temporal factors, functional
types, and morphological characteristics of the ponds, along with water properties, accounted
for 18% of the variability in PC3. PC3 scores increased throughout the season, peaking in
July. The combination of PC3 characteristics allows for the interpretation of this principal
component as a trend reflecting the variability of functional properties within the macrophyte
community, induced by dispersal limitations. An increase in distributional restrictions is
accompanied by heightened functional divergence and originality within the community,
alongside a decrease in both functional and taxonomic evenness.

3.7. Principal Component 4: The Impact of Anthropogenic Environmental Filters

Principal component 4 (PC4) exhibited sensitivity to the contrasting dynamics of Fspe,
as well as Fdiv, Fdis, and Feve. The variables Feve and Fide 1 displayed the largest absolute
loadings on PC4. A notable characteristic of PC4 is its responsiveness to the opposing
dynamics of the hemeroby and naturalness indices, as well as a range of environmental
disturbance indicators. An increase in the slopes of this principal component signifies an
enhancement in the naturalness of communities, while a decrease in the slopes indicates
a rise in hemeroby. The increase in hemeroby is associated with a higher presence of
monoecious plants and helophytes within the community, accompanied by a decrease in
the proportion of hydrophytes. An increase in the level of hemeroby is associated with a rise
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in the proportion of stress-tolerant species within the community. The positive correlation
between PC4 and the humidity index emphasises the predominance of hydrophytes in
natural conditions. Conversely, the negative correlation between PC4 and the continuity
index may suggest that pre-adaptation to broader environmental fluctuations is a factor
contributing to survival under increasing anthropogenic pressure. Plants found in more
natural habitats tend to have a higher seed weight but a lower seed count. Additionally,
species in natural communities typically exhibit a larger specific leaf area, greater leaf water
content per unit of leaf dry mass, larger fruit size, and increased stem flexibility.

Under conditions of anthropogenic pressure, the proportion of plants with rigid leaf
textures has generally increased. Inhabitants of natural habitats are usually anchored
plants with floating or submerged leaves. These plants often utilise tubers as a method of
propagation, whereas species that reproduce via seeds are favoured under anthropogenic
pressure. Time, functional types, morphological features of the water bodies, and water
properties accounted for 18% of the variability in PC4.

The lowest PC4 correlations were observed in the contrafluent-confluent and isolated
lakes. Water transparency and pH were positive predictors of PC4, while water temperature
served as a negative predictor of this principal component. Additionally, reservoir size and
elongation were identified as positive predictors of PC4. The combination of these PC4 prop-
erties enables the interpretation of this principal component as a trend in the variability of the
functional properties of the macrophyte community, which is influenced by anthropogenic
environmental filters. An increase in anthropogenic environmental transformation is asso-
ciated with a rise in mean nearest neighbour distance and evenness in the functional space,
alongside a decrease in the functional specialisation of the community (Figure 7).

3.8. Functional Aspect of Species Richness Variability

The functional indices under consideration have undergone a preliminary transforma-
tion, resulting in the loss of variability associated with the species richness of the community.
However, this does not imply that species richness is independent of its relationship with
certain functional traits of plant species. The proportion of bisexual plants was higher in
more species-rich communities. A positive correlation was also observed between species
richness and hemicryptophytes. Conversely, a negative correlation was found between
species richness and the humidity indicator value. Disturbance severity at the commu-
nity level and grazing pressure can be considered factors contributing to the increase in
species richness. More diverse communities are characterised by plants that exhibit earlier
flowering or possess a rigid leaf texture. Time, functional types, morphological features
of the water bodies, and water properties accounted for 26% of the variability in species
richness. Increases in water conductivity and pH negatively affected the species richness of
macrophyte communities, whereas increases in water temperature had a positive effect.
Generally, the species richness of macrophytes was higher in smaller water bodies, although
it was associated with greater depth and lower shoreline complexity.
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Figure 7. Variation in PC 1 through Fide PC4 scores and species richness within the survey periods
(a) and the differences according to the functional type of the water bodies (b). The box plot displays
the interquartile range, which encompasses the first quartile (Q1, 25%) and the third quartile (Q3,
75%), with the median (Q2, 50%) represented by the line within the box. The whiskers indicate the
minimum and maximum values that are not classified as outliers. In the ordinate (a), V corresponds
to May, VI to June, VII to July, and VIII to August. In panel (b), the following designations are
used: Artificial refers to artificial bodies of water, Bay denotes bays, Channel indicates channels,
Confluent represents confluent lakes, Contr confl refers to contrafluent lakes, Contrafluent signifies
contrafluent-confluent lakes, and Isolated pertains to isolated floodplain lakes. According to the
results of the Tukey test, identical letters denote levels of factors that are statistically indistinguishable
at a significance level of p < 0.05, while differing letters indicate levels of factors that are statistically
significantly different.
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4. Discussion
4.1. Species Richness Provides Information on Functional Diversity

Functional diversity of the community can be assessed using a wide range of in-
dices [75]. It is essential to note that these indices offer valuable insights into the complexity
of functional relationships within a community and the overall species richness. Petchey
and Owen [60] note that increasing species richness enhances the degrees of freedom for
forming more complex functional structures. This diversity index allows for the potential re-
placement of functional patterns with dynamics that arise solely from variability in species
richness, devoid of inherent functional content. Mouchet et al. [33] proposed that functional
indices can be classified according to their sensitivity to community species richness: those
driven primarily by species richness and those driven mainly by trait distributions shaped
by community assembly processes. Our findings support this general approach, but allow
a more fine-grained classification in which functional indices show strong, moderate, or
weak associations with species richness. Indices strongly related to species richness in-
clude functional redundancy, the functional mean nearest-neighbour distance, functional
richness, and the Gini–Simpson species diversity index (R2 = 0.36–0.64). Indices moder-
ately related to species richness include functional specialisation, Rao’s quadratic entropy,
FIde1, FIde3, and FIde4 (R2 = 0.06–0.35). Indices weakly related to species richness include
functional originality, functional evenness, functional divergence, the functional mean
pairwise distance, and FIde2 and FIde5 (R2 = 0.01–0.05). Notably, functional dispersion
showed no relationship with species richness. The relationship between species diversity
and functional diversity facilitates the identification of the mechanisms underlying local
community assembly [76]. The findings also indicate that species richness, although cal-
culated independently of the functional properties of species, still conveys a degree of
information related to the community’s functional diversity.

4.2. Functional Diversity Components and PCA-Based Interpretation

The common triadic view of functional diversity distinguishes functional richness,
functional evenness, and functional divergence by analogy with the components of taxo-
nomic diversity [32]. Our results generally support the premise that functional diversity
indices are not entirely independent, as each index conveys overlapping information about
multiple components, rendering an extensive list of indices partly redundant. However,
the PCA-based structure suggests a more nuanced and system-specific mapping between
conceptual components and operational proxies (Table 4).

In our dataset, the richness-related dimension of functional space was primarily
captured by PC2, with Rao’s quadratic entropy (RaoQ) showing the strongest alignment
with this axis. This PC2 structure was interpreted as competition-related differentiation
(limiting similarity), indicating that richness-oriented trait-space occupation co-varied
with signals of competitive structuring. PC4 was most closely associated with functional
evenness (FEve), capturing shifts in the uniformity of trait distribution; this axis was
interpreted as reflecting community transformation under anthropogenic pressure. In
contrast, we did not identify a single PCA axis that could be unambiguously interpreted
as functional divergence sensu stricto; divergence-related signals (e.g., FDiv and related
disparity measures) appeared to be distributed across multiple dimensions rather than
forming a standalone component. Importantly, the dominant gradient (PC1) was sensitive
to nearly all indices except FEve and, consistent with Table 4, is more parsimoniously
interpreted as a convergence–redundancy gradient associated with natural environmental
filtering, rather than as functional divergence. Finally, traits and indices related to functional
specialisation (FSpe) and mean nearest neighbour distance (MNND) were characteristic of
PC3, supporting its interpretation as a dispersal-limitation axis linked to low connectivity
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and an under-filled functional space. Collectively, these results emphasise that functional
diversity metrics should be interpreted as overlapping descriptors of trait-space structure
and assembly constraints, rather than as one-to-one proxies of a fixed triad of strictly
separable components.

Table 4. Conceptual components of functional diversity and their operational proxies and PCA-based
interpretation.

Item
Functional Diversity Component According Mason et al. [32] Additional Component of Functional

Diversity

Functional
Richness

Functional
Evenness

Functional
Divergence

Functional
Redundancy

Functional
Specialisation

Conceptual
meaning

Breadth/volume
of occupied trait

space

Uniformity of trait
distribution within
the occupied space

Extent to which
abundance is

distributed toward
extremes of trait

space/niche
differentiation

Degree of
functional overlap

among species
(how many species
share similar trait

combinations)

Degree to which
species (or the

community) are
positioned away

from the
trait-space centre,
i.e., composed of

relatively
extreme/unique

trait combinations

Analogy to
taxonomic
diversity

Species richness (S) Abundance
evenness No direct analogue No direct analogue No direct analogue

Typical in-
dices/operational
proxies

FRic; in this study,
Rao’s quadratic
entropy (RaoQ)

showed the
strongest

alignment with
PC2

(richness-oriented
axis)

FEve; in this study,
FEve was most

closely associated
with PC4

(evenness-related
axis)

FDiv (and related
disparity

measures); no
“pure” divergence
axis was identified

in the PCA

Functional
redundancy

metrics and FMPD;
in this study, PC1

was most
consistently

associated with
redundancy-

related variation
(most indices

except FEve loaded
on this gradient)

FSpe and MNND
(Fnnd/FMNND);
in this study, these

metrics were
characteristic of

the dispersal-
limitation axis

(PC3)

Typical assembly
signal in this study
(interpretation
framework)

Primarily
associated with

PC2 (axis
interpreted as
competition-

related
differentia-

tion/limiting
similarity)

Associated with
PC4 (axis

interpreted as
community

transformation
under

anthropogenic
pressure)

No unambiguous
standalone axis;

divergence signals
were mixed with
other dimensions

Associated with
PC1 (natural

environmental
filtering/convergence–

redundancy
gradient)

Associated with
PC3 (dispersal
limitation/low

connectivity and
under-filled trait

space)

4.3. Functional Redundancy Is a Marker of Environmental Filtration in Natural Conditions

Functional diversity indices measure various aspects of functional diversity, and some
index exhibit significant redundancy, as demonstrated by comparisons of indices calculated
for model communities [33]. Our empirical results provide independent support for the con-
clusions obtained from modelling. The principal component analysis of the functional index
exhibits that the variability in functional diversity among aquatic macrophyte communities
can be attributed to three primary mechanisms of the community assembly: environmental
filtration, competition, and dispersal limitation. Our findings align with those of Hedberg
et al. [77] who argue that functional diversity analyses help to identify filters shaping
community assembly. In this framework, the community assembly mechanisms are treated
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as conditionally independent drivers of community structure, which is consistent with the
mathematical nature of principal components derived from PCA, i.e., mutually orthogo-
nal axes of variation. The mathematical nature of principal components is that they are
mutually orthogonal, thereby representing independent patterns of trait variability [78].
The gradient resulting from the inverse relationship between functional redundancy and
functional richness is described by principal component 1. Functional diversity indices that
exhibit significant weights on principal component 1 reflect an aspect of functional diversity
known as functional richness. Functional richness characterises a community’s functional
space [61]. It demonstrates the extent to which filtering factors influence the structural com-
position of a community [79]. Functional redundancy refers to the reduction in biodiversity
that occurs during diversity assessments, where the interrelationships among species traits
are carefully considered [4,80]. It can be argued that functional redundancy significantly
enhances ecological resilience and stability. The insurance hypothesis posits that ecosys-
tems containing a greater diversity of species performing similar ecological roles are more
resilient [81]. This resilience is attributed to the mitigation of negative impacts resulting
from the loss of individual species when those species are functionally redundant [82]. The
results indicate that functional richness changes under the influence of natural environ-
mental filters, such that an increase in functional redundancy accompanies a decrease in
functional volume. Functional redundancy is sensitive to interspecies interactions, which
should provide a limiting similarity between species [83]. The spatial and temporal vari-
ability of the environment may create opportunities for functional redundancy at smaller
spatial and temporal scales; however, such redundancy is not expected to manifest at larger
scales, where environmental variation plays a crucial role in facilitating coexistence [84].
Functional redundancy within a specific environment can confer functional distinctiveness
when environmental conditions change. Such alterations are linked to the shifting roles
and interactions among species. Species that exhibit functional redundancy in one context
may assume critical roles in another [85]. Experimental evidence supports the notion that
functional redundancy increases the resilience of plant communities [86]. A high degree of
specialisation is crucial for the coexistence of species in diverse communities [87]. Func-
tional redundancy enhances community resilience to natural extremes. This finding aligns
with the results of a meta-analysis indicating that functional redundancy has a positive
influence on the stability and resilience of communities [82]. The mechanism by which
functional redundancy increases as functional diversity decreases may serve as a strategy
for enhancing ecosystem resilience under natural conditions.

4.4. The Gini-Simpson Index and Rao’s Quadratic Entropy Are Sensitive Measures of Competition
as a Mechanism of Assembly of Macrophyte Communities

The characteristics of the diversity indices that define principal component 2, along
with the correlation of this component to the indicators of competitor and ruderal presence
in Grime’s CSR model [88], suggest that this component reflects the influence of compe-
tition as a mechanism for the assembly of macrophyte communities. Ruderal species are
supplanted by stress-tolerant species during the dynamics of species succession following
a disturbance [89]. Environmental factors, such as temperature, affect the ratio of competi-
tors to stress-tolerant species [90]. The contrasting dynamics of competitors and ruderals
correspond to the initial stages of plant community succession under conditions of high
potential productivity [88]. The predominance of stress-tolerant species characterises the
subsequent stage of succession. Principal component 2 (PC2) can be interpreted as the C
axis of competition, which indicates the capacity of plants to displace other species under
favourable environmental conditions [91].

The Gini-Simpson index and its functional equivalent, Rao’s quadratic entropy, exhib-
ited the highest weights on Principal component 2 (PC 2). This suggests that, although the
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Gini-Simpson index does not explicitly incorporate information regarding the functional
properties of species, it is sensitive to the variability in community functional diversity
induced by interspecies competition. The Gini-Simpson index is exceptionally responsive
to the dominance structure of the community [92,93], which is influenced by competitive
interactions within the community [94]. Rao’s coefficient is especially adept at analysing
changes in trait variance. A trait variance that is lower than expected by chance indicates
that environmental filters play a crucial role in shaping community structure. Conversely,
a trait variance that exceeds expected levels suggests the presence of mechanisms that limit
similarity, thereby preventing coexisting species from becoming excessively alike [95]. The
high loadings of functional divergence on PC 2 support the hypothesis that this principal
component is sensitive to competition within the community. Both the functional diver-
gence index and Rao’s coefficient are regarded as indicators of the intensity of competitive
relationships within a community [33]. Additionally, it is essential to highlight the signifi-
cant contribution of functional evenness to the identification of PC 2, as Rao’s quadratic
entropy incorporates information about the evenness of the distribution of functional traits
within the community. The functional diversity of plant communities, as estimated using
Rao’s entropy, enhances the spatial stability of biomass [96].

4.5. Dispersion Limitation Drives the Variation in Functional Evenness

The dispersal distance class exhibited the highest correlation with PC3, indicating
that this component is sensitive to dispersal limitation as a factor influencing commu-
nity assemblage. Dispersal ability is a crucial driver of metacommunity structure among
aquatic organisms [97]. The capacity to disperse significantly impacts the spatial organ-
isation of the community due to dispersal limitations [98]. Long-distance seed dispersal
is vital for the regional survival of plant species [99]. Dispersal factors are more critical
for hydrophytes than helophytes [100]. Experimental evidence has demonstrated that
hydrochorous seed dispersal is the primary mechanism for structuring plant communities
along riverbanks [101]. An increase in species richness, accompanied by greater dispersal
distances, is associated with heightened variability within the community, which can be
attributed to environmental factors. However, the spatial structure of the community tends
to diminish [102]. The assemblages of species with low to moderate dispersal abilities can
be effectively explained by spatial and environmental models [103].

PC3 is sensitive to the reverse dynamics of functional specialisation on the one hand
and functional mean nearest neighbour distance and functional evenness on the other.
Functional evenness indicates the equitable distribution of species’ functional traits within
a multidimensional functional space. It reflects the efficiency or inefficiency with which
ecological niches are utilised, avoiding both over-concentration and under-concentration
of species in specific areas of the functional space [104]. Dispersion limitations of species
can lead to trait rearrangement, which in turn affects functional evenness. Therefore, the
ability of functional diversity indices—such as functional specialisation, functional mean
nearest neighbour distance, and functional evenness—to respond sensitively to dispersal
limitations as a factor in community assemblage can be understood as a consequence of the
correlation of specific properties with dispersal distance.

4.6. Functional Transformation of the Community as a Result of Anthropogenic Pressure

The high correlation between hemeroby and naturalness with principal component
4 (PC4) suggests that this component reflects functional changes in the macrophyte com-
munity resulting from anthropogenic environmental transformations. The naturalness
scale measures the distance of the community from its most natural state [51]. Hemer-
oby is discussed as a crucial indicator of the cumulative effects of both past and present
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human activities on vegetation cover, impeding the ecosystem’s progression toward its
final stage [105]. The correlation of this component with disturbance indicator values
further supports the anthropogenic impact that generates the patterns indicated by PC4.
An increase in hemeroby is associated with heightened functional divergence, increased
functional evenness, and increased functional dispersion, while functional specialisation
decreases. Functional evenness exhibits the highest loading, suggesting that it is primarily
through evenness that anthropogenic impacts on macrophyte communities can be assessed.
This finding aligns with previous research indicating an increase in functional evenness
in response to anthropogenic pressure [106]. Indicators of functional divergence and
functional evenness are positively correlated with the hemeroby of macrophyte communi-
ties [107]. The rise in hemeroby has been found to promote the proliferation of helophytes,
although it has an adverse effect on hydrophytes. Artificial eutrophication is the most signif-
icant factor driving the anthropogenic transformation of aquatic macrophyte communities.
Helophytes are particularly sensitive to eutrophication, especially under conditions of
substantial water body degradation [108]. The anemochory of macrophytes can be viewed
as a pre-adaptation to conditions of anthropogenic pressure. This phenomenon is further
explained by the fact that anemochory is most prevalent among helophytes [109], which
tend to respond positively to anthropogenic influences. More hemerobic helophytes are
capable of producing a greater number of seeds and possess more flexible stems. Naturally,
such plants prefer seed-based reproduction. Hydrochory is the predominant method of
seed dispersal for hydrophytes [101], which are highly sensitive to anthropogenic pressure.
Seed mass is negatively correlated with the level of hemeroby. This relationship can be
attributed to the greater sensitivity of hydrophytes to anthropogenic influences and the
fact that seeds from this group of plants are typically heavier [110]. Consequently, these
plants primarily reproduce through the production of tubers.

5. Limitations and Recommendations
A limitation of the present analysis is that functional diversity patterns were inter-

preted primarily in terms of environmental filtering, dispersal limitation, and interspecific
competition, without being situated within an explicit null-model framework. In trait-
based community assembly inference, conclusions regarding trait convergence versus
divergence depend critically on the null hypothesis and the constraints maintained during
randomisation. The inferred patterns may vary across different algorithms that randomise
either the community matrix or the species-by-trait matrix. Moreover, distinct assembly
processes may operate on different subsets of traits. Future investigations of assembly rules
would therefore benefit from applying multiple null models and comparing standardised
effect sizes derived from various trait sets.

Building on these findings, a key recommendation is to employ a functional-diversity-
based diagnostic framework to disentangle the relative contributions of environmental
filtering, dispersal limitation, and biotic interactions in macrophyte community assembly,
and to translate this understanding into targeted management actions. In practice, applying
a suite of complementary functional diversity indices can assist managers in distinguish-
ing between natural constraints, such as morphometry, water clarity, and oxygen regime,
and anthropogenic pressures, including eutrophication, heavy-metal contamination, and
hydrological alteration. This approach can also indicate whether limited connectivity,
competitive dominance, or biological invasions are likely to impede community recovery.
Further research should prioritise the enhancement of assessment tools and the strengthen-
ing of inference under highly dynamic conditions. In Ukraine, a significant challenge for
trait-based monitoring is the unprecedented disturbance of aquatic ecosystems caused by
ongoing military actions. The collapse of the Kakhovka Reservoir exemplifies a catastrophic
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regime shift, in which baseline conditions and long-term ecological ‘memory’ were effec-
tively lost. Under such non-stationary conditions, functional diversity remains essential for
tracking recovery trajectories and identifying emerging assembly mechanisms. However,
interpretations based on historical reference states become unreliable. This underscores the
need for adaptive monitoring designs, repeated surveys over time, and the development
of post-disturbance reference frameworks that enable comparable functional assessments
across impacted freshwater systems.

6. Conclusions
Using a complementary set of functional diversity indices, we inferred the dominant

mechanisms structuring aquatic macrophyte communities and distinguished environmen-
tal filtering (including anthropogenic degradation), dispersal limitation, and interspecific
interactions. Environmental constraints were associated with trait convergence and func-
tional simplification, whereas reduced connectivity corresponded to a restricted occupation
of functional space and a greater contribution from functionally distinctive species. Signals
consistent with stronger biotic interactions manifested as increased functional differen-
tiation among co-occurring species. Several indices were sensitive to species richness,
emphasising the need for careful index selection and/or statistical control when interpret-
ing functional diversity patterns.
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