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Understanding how biological traits and functional diversity of riverine
communities respond to environmental factors across different ecoregions is
vital for biodiversity conservation and river restoration. This study investigated
macroinvertebrates from mountain and lowland rivers in Beijing to compare 33
biological trait categories and six functional diversity indices between these
ecoregions. We applied an integrated approach combining environmental
variable matrix (R), species community matrix (L), and biological trait matrix (Q)
(RLQ) and fourth-corner analyses to link macroinvertebrate traits with
hydrological, physical, and chemical factors. Furthermore, generalized linear
models (GLMs) were used to compare the responses of traits and functional
diversity to multiscale environmental variables and to identify sensitive indicators
for ecosystem assessment. Our results showed that 28 of the 33 biological traits
differed significantly between the two ecoregions. The mountain ecoregion was
characterized by macroinvertebrates with traits such as semivoltine, small and
medium size individuals, strong swimming ability, abundant drift, and clinger,
shredder, and predator preferred habitats. In contrast, the lowland ecoregion,
which experiences greater human impact, was associated with traits such as bi-
or multivoltine, large-sized individuals, depositional substrate, warm
eurythermal, weak swimming ability, rare drift, and collector—gatherer. All
functional diversity indices except Functional Divergence were significantly
higher in the mountain ecoregion, demonstrating that environmental stressors
in the lowlands substantially reduced functional diversity. The RLQ and fourth-
corner analyses confirmed that these biological traits exhibited predictable
responses along environmental gradients. The GLM indicated that trait
distribution and functional diversity in the two ecoregions were driven by
different environmental variables across spatial scales. Hydrological and
physical factors explained most of the variations in the mountains, whereas
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reach-scale chemical factors were the primary drivers of functional diversity loss
in the lowlands. This study demonstrates that macroinvertebrate traits and
functional diversity serve as effective indicators for river ecosystem health
assessment, providing a scientific basis for targeted ecological restoration and
sustainable river management.

KEYWORDS

Beijing river, biological traits, functional diversity, RLQ analysis, fourth-corner,
environmental variables

1 Introduction

River ecosystems exhibit a typical hierarchical dendritic
structure, in which the composition and function of biological
communities are jointly regulated by multiscale environmental
factors (Poff, 1997). Across different ecoregions, the influences of
natural factors (e.g., topography, hydrology) and anthropogenic
disturbance (e.g., urbanization, water conservancy projects) on
macroinvertebrate communities vary significantly. Such
differences often stem from heterogeneous characteristics among
ecoregions (Allan, 2004). However, current river management
practices often overlook ecoregion specificity, resulting in
management measures that lack targeted effectiveness. This not
only makes it difficult to effectively maintain or restore the unique
structure and function of biological communities in different
ecoregions but may even exacerbate ecosystem degradation by
neglecting inter-ecoregion differences (Zhang et al., 2025;
Ao et al, 2022; Maasri et al, 2021). Therefore, the response
mechanisms of biological communities to environmental
gradients across different ecoregions should be explored in depth.
Through this, the causes of adaptive differentiation in communities
can be revealed, and the reasons for the degradation of ecosystem
functions can be elucidated. Subsequently, precision management
strategies for river ecosystems can be advanced, which are based on
ecoregional classification.

The functional traits of macroinvertebrates represent survival
strategies formed through long-term adaptation to environmental
pressures and can sensitively reflect both the functional diversity of
communities and their response trends to environmental changes
(Elliott and Quintino, 2007; Poff et al., 2006). Since ecosystems are
often shaped more by the functional attributes of species than by
taxonomic identity alone, quantifying functional diversity, which
integrates species traits and abundances based on interspecific trait
dissimilarity, provides a powerful metric for understanding
ecosystem processes (Loreau et al, 2001; Pfisterer and Schmid,
2002). Compared with traditional taxonomic diversity metrics,
functional traits are more capable of revealing the functional
potential and stability mechanisms of ecosystems (Loreau et al,
2001; Pfisterer and Schmid, 2002; Chalcraft et al., 2004).
Consequently, trait-based functional diversity not only quantifies
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the roles and functions of organisms in ecosystems but also provides
mechanistic insights into the patterns of biodiversity (Statzner
et al., 2001).

However, there remains considerable disagreement in the
literature regarding the relationship between the functional traits
of macroinvertebrates and environmental factors across spatial
scales (Brown et al., 2018; Benitez et al., 2018). On one hand, the
habitat filtering theory emphasizes that environmental conditions
shape community structure by selecting for suitable traits, with
particularly strong trait-environment correlations observed at the
microhabitat scales. For example, a study by Lamouroux et al.
(2004) at the microhabitat scale demonstrated significant
correlations between the biological traits of macroinvertebrates
and local environmental variables (such as flow velocity and
substrate), supporting the dominant role of local environmental
filtering. Furthermore, research by Brown et al. (2018) in glacial
retreat streams showed that reductions in glacial coverage
systematically filtered trait groups with specific cold tolerance and
dispersal capacities by altering water temperature and hydrological
regimes, illustrating a strong filtering effect of large-scale
environmental gradients on community trait composition. In
contrast, the niche complementarity hypothesis posits that
communities with higher functional diversity can utilize resources
more efficiently, and that the resulting community assembly
patterns may be consistent across spatial scales. For instance, a
study by Dolédec et al. (2011) in New Zealand rivers found
relatively low variation in trait composition of macroinvertebrates
among large-scale ecoregions, with changes primarily driven by
broad-scale factors such as regional climate and land use, suggesting
that large-scale processes may attenuate the effects of local habitat
filtering. Conversely, Zuellig and Schmidt (2012), in a study of
wadeable streams across the continental United States, observed
that despite differences among ecoregions, the impact of land use
types on functional trait composition showed remarkable
consistency across ecoregions. This indicates that anthropogenic
disturbances can transcend natural geographical boundaries,
producing universal trait filtering patterns. These discrepancies
may arise from inconsistent definitions of spatial scales, variations
in the type and intensity of disturbances, and the influence of factors
such as topography and geomorphology. Therefore, investigating
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the differential responses of macroinvertebrate functional traits to
environmental gradients across different ecoregions is crucial for
elucidating the scale dependency of trait-environment relationships
and revealing the intrinsic mechanisms of functional degradation in
biological communities under multiple stressors.

As a highly urbanized region, Beijing possesses river systems
that exhibit both natural and artificial attributes. The marked
differences in hydrological regimes, physical habitat structure,
and human disturbance intensity between its mountainous
and plain ecoregions make this area an ideal setting for
investigating how multiscale environmental factors drive the
functional trait differentiation of benthic macroinvertebrates
(Zhang et al, 2023). Based on this context, the present study
proposes the following core hypotheses: (1) Systematic differences
exist in the functional trait composition and functional diversity of
benthic macroinvertebrates between mountainous and plain rivers,
with mountain communities expected to exhibit higher functional
diversity. (2) The key environmental factors driving functional trait
differentiation are ecoregion-specific, with hydromorphological
factors predominating in mountainous areas and chemical
pollution factors being more influential in the plains. (3) Specific
functional trait sets will show predictable responses along
environmental gradients—for instance, traits adapted to high flow
velocities will correlate positively with mountainous conditions,
while pollution-tolerant traits will associate more strongly with
plain environments. To test these hypotheses, this study analyzes
the functional trait composition and diversity of benthic
macroinvertebrates in the region, employing statistical approaches
such as combining environmental variable matrix (R), species
community matrix (L), and biological trait matrix (Q) (RLQ) and
fourth-corner analysis, with the objectives of (1) quantifying
differences in functional traits and functional diversity of benthic
macroinvertebrates among different ecoregions, (2) identifying key
environmental variables influencing trait composition and
functional diversity, and (3) revealing ecoregion-specific effects of
environmental variables on functional traits. The findings will not
only provide a scientific basis for ecological conservation and
restoration of rivers in Beijing but also offer theoretical insights
and methodological support for biological monitoring and
ecosystem management in similar ecological regions, such as
urban rivers in semi-arid areas and mountain—plain transition zones.

2 Material and methods
2.1 Study area

The river systems of Beijing (39.4°N-41.6°N, 115.7°E-117.4°E)
comprise five major basins: the Yongding, Daqing, Chaobai,
Beiyun, and Jiyun Rivers, which together form an integrated
drainage network (Figure 1). The northwestern part of the
municipality constitutes the mountainous ecoregion, covering an
area of 9,973.4 km? (60.8% of the total area) with elevations ranging
from 1,000 to 1,500 m. In contrast, the southeastern area comprises
the lowland ecoregion, covering 6,342.3 km* (39.2%) at elevations of
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20-60 m (Zhang et al, 2023). These lowlands slope gently from
northwest to southeast, forming a gradual topographic descent.
This topographical gradient causes most rivers to converge in the
southeast before exiting the municipality. The Beiyun River is
primarily situated within the central, highly urbanized lowlands.
In contrast, the upper reaches of the other river systems are largely
located in the mountainous region, with their middle and lower
reaches flowing through the lowlands. The region experiences a
typical semi-humid continental monsoon climate, characterized by
hot, rainy summers and cold, dry winters, with a multiyear average
rainfall of 576.4 mm (Zhang et al.,, 2018).

2.2 Field sampling

Between September 2020 and July 2021, we conducted four
seasonal field surveys (spring, summer, autumn, and winter) at 101
river monitoring sites in Beijing, selected based on river system
length, density, and logistical accessibility. Macroinvertebrates were
collected using a Surber sampler (30 x 30 cm, 500 um mesh). At
each site, three replicate quantitative samples were collected from
the three most representative benthic microhabitat types, including
riffles, pools, and macrophyte-covered or other areas, to ensure a
comprehensive representation of local biodiversity. The three
replicates from each site were combined into a single composite
sample and preserved in a 500-ml jar filled with 70% ethanol
immediately upon collection. Laboratory identifications of all
specimens to the genus level or lower were based on standard
taxonomic references (Wiggins, 1996; Morse et al., 1984; Zhou,
2002; Environmental Protection Administration of China, 1993).

At each sampling site, we measured a suite of environmental
variables encompassing hydrological, physical habitat, and water
chemistry parameters. Water depth (WD, m) and flow velocity (Vel,
m/s) were measured in triplicate using a digital velocity meter
(Global Water flow probe FP201). Water temperature (WT, °C) and
dissolved oxygen (DO, mg/L) were recorded with a multiparameter
water quality probe (YSI Pro Plus).

Water samples were collected using a 1-L plexiglass water
sampler, following standard protocols (The State Environmental
Protection Administration, 2002). These samples were analyzed for
the following parameters: permanganate index (CODyy,, mg/L),
chemical oxygen demand (COD, mg/L), 5-day biochemical oxygen
demand (BODs, mg/L), ammonia nitrogen (NH;-N, mg/L), total
phosphorus (TP, mg/L), copper (Cu, mg/L), zinc (Zn, mg/L),
fluoride (F-, mg/L), and mercury (Hg, mg/L).

Substrate particle size distribution was determined using a set
of stainless-steel sieves according to a modified Wentworth
classification system. Substrate types were categorized into seven
classes based on particle diameter: boulder (>256 mm), large cobble
(128-256 mm), cobble (64-128 mm), large pebble (32-64 mm),
pebble (16-32 mm), large gravel (8-16 mm), and fine sediments
(<8 mm, comprising small gravel, sand, and silt).

The physical habitat quality of each river was assessed using a
habitat quality index (HQ) following the methodology of Zheng
et al. (2007). This index comprises 10 metrics: substrate
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Spatial distribution of surveyed plots and sampling design

composition, stream habitat complexity, range of combined water
depth and velocity, bank stability, channel sinuosity, water quantity,
water cleanliness, riparian plant biodiversity, habitat environmental
stress, and land use types. Each metric was scored on a scale from 0
(low quality) to 20 (high quality).

2.3 Traits and functional diversity

Ten functional traits were selected for analysis: voltinism,
occurrence in drift, swimming ability, attachment ability, body
shape, size at maturity, rheophily, thermal preference, habit, and
trophic habit (Table 1). These traits are well established as
responsive to key environmental drivers, including hydrological
disturbance (e.g., flow velocity, discharge), physical habitat
structure (e.g., substrate composition, habitat quality), and water
quality parameters (e.g., nutrient levels, organic pollution) (Poff
et al,, 2006; Usseglio-Polatera et al., 2000; Brinkhurst, 1986). For
instance, swimming ability and rheophily are directly associated
with species adaptations to hydraulic conditions; voltinism and
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body size reflect life-history strategies; and trophic habits indicate
pathways of material cycling and energy flow within ecosystems
(Poff et al., 20065 Jiang et al., 2018; Brinkhurst, 1986). Consequently,
this suite of traits provides a comprehensive framework to capture
the adaptive differentiation strategies of macroinvertebrate
communities under distinct environmental pressures in
mountainous versus lowland river systems.

Functional trait data for each taxon were primarily obtained
from published regional monographs, taxonomic guides, and
internationally recognized trait databases (Poff et al.,, 2006; Jiang
et al., 2018; Usseglio-Polatera et al., 2000; Tachet et al., 2002; Epler,
2001; Brinkhurst, 1986). We employed a fuzzy coding system to
score the affinity of each taxon for the various categories within a
trait. Each category was assigned an integer value from 0 (no
affinity) to 3 (high affinity), reflecting the degree of affiliation.
These raw scores for all categories under a given trait were then
normalized to sum to 1, forming a probability distribution (Poft
et al., 2006; Usseglio-Polatera et al., 2000; Tachet et al., 2002). For
traits with ambiguous documentation or significant ontogenetic
variation, a species was allowed to hold affinity for multiple
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TABLE 1 Functional traits, categories, and codes of macroinvertebrates.

Traits

Traits Categories
number
Semivoltine (<1 generation/ (1
year)
. Univoltine (1 generation/
Voltinism tl t12
year)
Bi- or multivoltine (>1 13
generation/year)
Streamlined (flat, fusiform) t21
Shape © Not streamlined o
(cylindrical, round, or bluff)
Small(<9 mm) t31
Size at maturity t3 Medium(9-16 mm) 32
Large(>16 mm) t33
Depositional only t41
Rheophily t4 Depositional and erosional 42
Erosional t43
Cold stenothermal or cool
t51
eurythermal
Thermal .
preference Cool/warm eurythermal 52
Warm eurythermal 53
Collector—gatherer t61
Collector-filterer t62
Trophic habit t6 Scrapers t63
Predator t64
Shredder t65
Burrower t71
Climber 72
Habit t7 Sprawler t73
Clinger t74
Swimmer t75
None t81
Swimming ability t8 Weak 82
Strong 83
Rare (catastrophic only) t91
C icall
Occurrence in ommon (typically 92
K t9 observed)
drift
Abundant (dominant in
. 193
drift samples)
None (free-ranging) t101
Attachment t10 Some (sessile, sedentary) t102
Both t103
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categories simultaneously, with the normalized probabilities
summing to 1 (Usseglio-Polatera et al., 2000; Dray and Legendre,
2008). This procedure resulted in a functional trait matrix for the
macroinvertebrate community, ensuring a robust and reproducible
basis for subsequent statistical analysis.

Trait and functional diversity indices were calculated based on
the relative abundance of species within each trait category. Trait
diversity indices included trait richness (TR) and trait diversity
(TD). Functional diversity indices included functional richness
(FRic), functional evenness (FEve), functional divergence (FDiv),
and Rao’s quadratic entropy (RaoQ). TR represents the total
number of distinct biological trait categories present at each site
(Béche and Statzner, 2009). TD quantifies the diversity of biological
traits by integrating both trait category richness and their relative
abundances (Larsen et al., 2011). FRic reflects the range of
functional trait space filled by the macroinvertebrate community.
A larger FRic value indicates occupation of a broader range of
ecological niches (Cornwell et al., 2006). FEve measures the
evenness of species abundance distribution within the occupied
trait space. A lower FEve value suggests suboptimal utilization of
available ecological niches (Mason et al., 2005). FDiv describes the
degree to which species abundances are distributed toward the
extremes of the trait space. A higher FDiv value indicates greater
niche differentiation and reduced resource competition among
species (Laliberte and Legendre, 2010). RaoQ combines species’
relative abundances with their pairwise functional differences to
represent the expected functional distance between two randomly
selected individuals in the community (Mouchet et al., 2010; Botta-
Dukat, 2005).

2.4 Statistical analysis

The non-parametric Kruskal-Wallis test was used to compare
the differences in environmental variables, trait category and species
occurrence frequencies, and trait and functional diversity indices
between mountain and lowland ecoregions. Nonmetric
multidimensional scaling (NMDS) and analysis of similarities
(ANOSIM) test were used to analyze the spatiotemporal
distribution differences of macroinvertebrate communities.
Comprehensive RLQ (R: environmental variables matrix, L:
species community matrix, Q: biological trait matrix) and fourth-
corner methods analyze the relationship between environmental
stress, species composition, and biological traits (Dray and
Legendre, 2008). The comprehensive RLQ and fourth-corner
analysis helps address the limitations of each individual method.
It not only considers the co-variation effects of biological traits or
environmental variables but also determines the main
environmental variables that affect changes in biological traits.
First, permutation tests (999 permutations) were performed on
fourth-corner Model 2 and Model 4. The results from both models
were combined, and their p-values were re-calculated using a
combined permutation procedure to control the overall Type I
error rate. In the RLQ framework, the R (environment) and
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Q (traits) matrices are linked through the L (species abundance)
matrix. Model 2 tests the null hypothesis (H;) of no association
between environment (R) and species composition (L), whereas
Model 4 tests the null hypothesis (H,) of no association between
species composition (L) and traits (Q). The global null hypothesis
(Ho) for the R-Q relationship posits that there is no association
between environmental variables and functional traits, which is
rejected only if both H, (Model 2) and H, (Model 4) can be rejected.
The alternative hypothesis is that a significant R-Q relationship
exists. Specifically, Hy is rejected in favor of the alternative only
when both Model 2 and Model 4 are simultaneously significant,
with the combined significance level determined as o,=0t;,0t,
(Dray and Legendre, 2008).

Generalized linear models (GLMs) were used to fit the effects of
environmental variables at different spatial scales on traits and
functional diversity indices, to compare the relative importance of
environmental variables in mountain and lowland ecoregions, and
to use the adjusted R*> to determine the combination of
environmental variables with the highest explanatory power. Due
to the over-dispersion present in the TR, which violates the
assumptions of a normal distribution, a negative binomial
distribution was used to fit the count-based variable TR, while a
Gaussian distribution was applied to the remaining trait and
functional diversity indices.

To address potential collinearity when assessing biological
assemblage—environment relationships, we performed Pearson
correlation screening (|r| > 0.6) among hydrological, physical, and
chemical variables. Variables with high loadings on the first two
principal component analysis (PCA) axes (|scores| = 0.6) were
selected to represent key environmental gradients. Inter-variable
correlations were further verified using supplementary Pearson tests
(Wu et al., 2014; Ferreira et al., 2015). Prior to statistical analysis,
species relative abundance data and all environmental variables
(except pH) were log(x+1)-transformed, and all variables were
standardized to eliminate scale differences. All statistical analyses
were conducted in R (version 4.1.3). The “dbFD” function in the FD
package was used to calculate trait and functional diversity indices;
the ade4 package was employed for RLQ and fourth-corner
analyses; and the vegan package was used for NMDS, ANOSIM,
PCA, and Pearson correlation analyses.

3 Results
3.1 Environment variable

Significant differences were found in 20 environmental variables
between the mountain and lowland ecoregions rivers of Beijing
(P<0.05, Table 2). Among hydrological factors, the flow velocity in
mountain ecoregions is significantly higher than that of lowland
ecoregions, and the water temperature and water depth in lowland
ecoregions are significantly higher than that of mountain
ecoregions. Among the physical factors, except for the sediment
particle size <8 mm in mountain ecoregions, which is significantly
lower than that of lowland ecoregions, other variables are
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significantly higher than that of lowland ecoregions. Among
chemical factors, DO has no significant difference between
mountain and lowland ecoregions, and other variables are
significantly higher in lowland than in mountain ecoregions.

3.2 Macroinvertebrates communities, traits,
and functional diversity

NMDS analysis showed that there was an obvious spatial
distribution pattern between mountain and lowland ecoregions for
macroinvertebrates in Beijing’s rivers (Figure 2). ANOSIM analysis
showed that there were significant differences in the community
structure of macroinvertebrates in mountain and lowland ecoregions
(R =0.73, P<0.05). A total of 271 species of macroinvertebrates were
identified in Beijing’s rivers, of which 196 species were collected from
mountain ecoregions, and the community was composed of
Amphipoda (23.49%), Ephemeroptera (23.22%), Diptera (22.85%),
and Trichoptera (11.50%) (Figure 3a), and the dominant species are
Gammarus sp. (23.49%), Baetis sp. (11.01%), Macrobrachium sp.
(10.01%), Hydropsyche sp. (6.66%), and Ephemera sp. (5.67%). A total
of 203 species were collected from lowland ecoregions, and the
community composition was dominated by Diptera (45.89%),
followed by Mesogastropoda (13.33%), Decapoda (10.66%), and
Tubificida (10.04%) (Figure 3b), and the dominant species are
Cricotopus trifasciatus (16.01%), Macrobrachium sp. (10.21%),
Bellamya purificata (7.68%), Chironomus flaviplumosus (7.09%),
Limnodrilus hoffmeisteri (6.85%), and Hydropsyche sp. (5.50%).

The composition of biological traits exhibited significant spatial
differences between the two ecoregions (Table 3). Regarding
mobility, the proportions of macroinvertebrates with strong
swimming ability (t83, 34.15%), weak swimming ability (t82,
16.20%), and common drift ability (t92, 37.89%) were
significantly higher in the mountain ecoregions than in the
lowlands. Conversely, the proportions of those with no swimming
ability (t81, 49.64%) and rare drift ability (t91, 23.59%) were
significantly lower in the mountains. This pattern suggests that
the higher flow velocities in mountain rivers selectively favor trait
combinations associated with greater mobility, enabling organisms
to maintain their position or actively migrate in swift currents. In
contrast, the sluggish-flowing and lentic habitats of the lowlands are
more conducive to the survival of taxa with weak mobility, which
often rely on strategies like burrowing to withstand sedimentation.

In terms of habit, the proportions of clinger (t74, 32.52%),
swimmer (t75, 22.78%), and sprawler (t73, 10.66%) were
significantly higher in mountain ecoregions than in the lowlands.
In contrast, the proportions of burrower (t71, 28.04%) and climber
(t72, 5.99%) were significantly lower in the mountains. Regarding
rheophily preference, the proportion of taxa preferring depositional-
erosional substrates (t42, 64.70%) was significantly higher in
mountain ecoregions, while the proportion of those preferring
depositional substrates only (t41, 23.04%) was significantly lower
compared to the lowlands. This distribution pattern results from the
combined effects of hydrological conditions and substrate types. The
coarse substrates in mountain rivers provide firm attachment surfaces
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TABLE 2 Summary of environmental variables among sampling sites at mountain and lowland ecoregions.

Mountain Lowland

Variable Abbreviation

Mean + SD Max—Min Mean + SD Max—Min
Hydrological
Water temperature WT (°C) 1526 + 1.9 19.20—11.95 18.08 + 1.73 21.73—14.00 <0.001
Velocity Vel (m/s) 0.34 +0.21 0.97—0.067 0.11 +0.16 1.167—0.003 <0.001
Water depth WD (m) 0.50 + 0.29 1.37—0.25 0.88 + 0.58 3.07—0.17 <0.001
Physical
Habitat quality HQ 140.55 + 12.83 182.75—111.00 106.69 + 19.21 158.00—60.00 <0.001
Sediment grain size <8 mm <8 (mm) 28.01 + 38.01 100.00—0.00 83.12 + 31.61 100.00—0.00 <0.001
Sediment grain size <16 mm <16 (mm) 7.57 +10.37 49.87—0.00 5.55 + 12.27 49.83—0.00 <0.001
Sediment grain size <32 mm <32 (mm) 9.91 + 1391 69.61—0.00 2.39 +8.13 49.80—0.00 <0.001
Sediment grain size <64 mm <64 (mm) 9.66 + 10.71 41.45—0.00 1.04 + 3.85 19.21—0.00 <0.001
::limem grain size <128 <128 (mm) 12.86 + 11.12 36.34—0.00 255+ 9.18 57.24—0.00 <0.001
:::mem grain size <256 <256 (mm) 17.32 + 16.86 46.06—0.00 220 +9.20 49.91—0.00 <0.001
Sediment grain size >256
o >256 (mm) 14.48 + 19.86 54.78—0.00 3.08 + 14.41 99.60—0.00 <0.001
Chemical
Dissolved oxygen DO (mg/L) 8.95 + 1.11 10.82—6.10 8.48 + 2.09 15.40—4.20 0.095
Permanganate index CODyy, (mg/L) 245+ 1.11 5.90—1.00 4.09 £ 1.36 8.30—1.40 <0.001
Chemical oxygen demand COD,, (mg/L) 10.16 + 4.27 21.50—3.00 16.91 + 6.08 34.50—8.00 <0.001
Biochemical oxygen demand BOD; (mg/L) 1.32 £ 0.81 4.60—0.55 3.00 + 1.69 7.80—0.20 <0.001
Ammonia nitrogen NH4 (mg/L) 0.10 £ 0.11 0.59—0.02 0.28 + 0.34 2.52—0.03 <0.001
Total phosphorus TP (mg/L) 0.03 + 0.02 0.09—0.005 0.12 + 0.07 0.328—0.008 <0.001
Cu Cu (mg/L) 0.001 + 0.002 0.01—0.00 0.006 + 0.022 0.177—0.000 <0.001
Zn Zn (mg/L) 0.005 + 0.007 0.034—0.000 0.008 + 0.005 0.025—0.000 <0.001
Fluoride Fl (mg/L) 0.29 + 0.31 1.175—0.000 0.38 + 0.21 0.997—0.000 0.038
Hg Hg (mg/L) 0.00001 + 0.00001 0.00002—0.00001 0.00002 + 0.00001 0.00002—0.00001 <0.001

for clingers and sprawlers, whereas the soft, sedimentary substrates in
the lowlands are more suitable for burrowers. Additionally, the
abundant aquatic macrophytes in the lowlands likely offer more
habitat space for climbers.

In terms of size at maturity, the proportion of medium-sized
individuals (t32, 33.71%) was significantly higher in the mountain
ecoregions than in the lowlands, whereas the proportion of large-
sized individuals (t33, 18.10%) was significantly lower. For other
traits, the proportions of semivoltine (t11, 10.10%), cool/warm
eurythermal (t52, 80.11%), streamlined (t21, 25.02%), and
shredder (t65, 8.82%) taxa were significantly higher in the
mountain ecoregions. Conversely, the proportions of non-
streamlined (t22, 25.02%) and warm eurythermal (t53, 8.82%)
taxa were significantly higher in the lowland ecoregions. This
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pattern aligns with the theory of life-history strategies under
environmental stress. The unstable hydrological regime in
mountains favors r-strategists, which are typically small- to
medium-sized organisms with short life cycles and rapid
reproductive rates. These traits facilitate rapid population
recovery after disturbances. In contrast, the relatively stable
conditions of the lowlands permit the survival of K-strategists,
such as certain snail species, which are characterized by longer life
cycles and larger body sizes.

Differential analysis of the occurrence frequency of
macroinvertebrate traits between ecoregions revealed that 28 trait
categories differed significantly between mountain and lowland
rivers (P<0.05; Figure 4). The macroinvertebrate communities in
mountain rivers were significantly enriched with trait combinations
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Nonmetric multidimensional scaling analysis of macroinvertebrate communities across mountain and lowland ecoregions.

adapted to high-energy aquatic environments. These were
characterized by shorter life cycles [e.g., semivoltine (t11),
univoltine (t12)], medium-sized individuals (t32), a preference for
depositional-erosional substrates (t42) or erosional substrate (t43),
and strong mobility and attachment capabilities [e.g., clinger (t74),
swimmer (t75), and common drift (t92)]. In contrast, the
communities in lowland rivers were dominated by taxa with bi-
or multivoltine (t13), large-sized individuals (t33), a preference for
depositional substrates (t41), warm eurythermal (t53), and weak
mobility [e.g., burrower (t71) and no swimming ability (t81)].
Furthermore, the relative frequency of the collector-gatherer (t61)
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FIGURE 3
Community composition of macroinvertebrates: (a) mountain; (b) lowland.
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was significantly higher in the lowlands, while the frequency of
predators (t64) and shredders (t65) was significantly lower
compared to the mountain regions.

With the exception of FDiv, all other trait and functional diversity
indices differed significantly between the mountain and lowland
ecoregions (P < 0.05; Figure 5). Specifically, TR, TD, FRic, FEve, and
RaoQ were significantly higher in the mountain ecoregions than in the
lowlands. This pattern indicates that anthropogenic disturbances in the
lowlands act as strong environmental filters, leading to functional
homogenization and a reduction in overall community functional
diversity. The lower FRic and FEve values suggest that the lowland
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TABLE 3 Macroinvertebrate traits composition in different ecological regions.

Relative abundance %

Relative abundance %

Traits Trait code Trait code
Mountain Lowland Mountain Lowland
1 10.10 142 t71* 28.04 54.20
Voltinism t12 42.14 42.98 t72% 5.99 19.54
t13 47.76 55.61 Habit t73* 10.66 4.58
1% 25.02 11.10 74* 32.52 15.61
Shape
22* 74.98 88.90 t75* 2278 6.06
t31 48.19 53.54 t81* 49.64 79.55
. . Swimming
Size at maturity 32% 3371 8.49 . 82% 16.20 4.01
ability
33* 18.10 37.97 183* 34.15 16.43
t41% 23.04 57.94 91% 23.59 37.74
o )
Rheophily 42" 64.70 39.25 i £92* 37.89 13.72
t43 1227 2.81 193 38.52 48.54
t51 15.93 1821 t101 60.73 54.81
Thermal
52% 80.11 67.13 Attachment t102 19.30 34.12
preference

53* 3.96 14.66 t103 19.97 11.08

t61 48.22 59.15

t62 9.26 278

Trophic habit t63 10.39 19.54

t64 23.31 17.72

165* 8.82 0.81

* Indicates significant differences between ecoregions at *p* < 0.05 level.

communities have access to a narrower range of ecological niches and
utilize them less evenly, implying that their ecosystem functions are
more vulnerable. In contrast, the higher functional diversity in the
mountains signifies more stable and resilient ecosystem functioning.

3.3 Relationship between environmental
variables and macroinvertebrates traits and
functional diversity index

The combined RLQ and fourth-corner analyses revealed that
several biological traits were significantly correlated with
hydrological conditions (Figure 6). Specifically, body shape (t2),
trophic habit (t6), habit (t7), swimming ability (t8), occurrence in
drift (t9), and attachment ability (t10) were primarily positively
correlated with flow velocity. This finding underscores the role of
hydrodynamic conditions as a key habitat filter. In mountainous
rapid-flow environments, these forces select for taxa possessing
streamlined shapes, strong swimming capacity, high drift
propensity, and effective attachment mechanisms to resist
hydraulic scouring. In contrast, voltinism (t1) and size at
maturity (t3) were negatively correlated with flow velocity. This
confirms that unstable hydrological conditions favor r-strategist
taxa, which are characterized by short life cycles and smaller body

Frontiers in Ecology and Evolution

sizes. These traits enable them to rapidly recolonize habitats and
recover their populations following flow disturbances.

Among the physical factors, most biological traits showed a
positive correlation with habitat quality, with the exception of habit
(t7), which was negatively correlated. Specifically, voltinism (t1),
body shape (t2), habit (t7), swimming ability (t8), occurrence in
drift (t9), and a preference for sediment grain sizes <256 mm were
all positively correlated with habitat quality. Furthermore, body
shape (t2) and rheophily (t4) showed positive correlations with
sediment grain sizes <64 mm, but negative correlations with grain
sizes <8 mm. These results indicate that higher habitat quality,
characterized by complex substrate composition and abundant
cover, generally supports greater functional diversity. Although
the negative correlation for habit (t7) may be attributed to
specific taxonomic groups, the overall positive pattern strongly
suggests that the complexity and stability of physical habitats
form the foundation for maintaining a diverse spectrum of
functional traits.

Most biological traits showed negative correlations with the
measured chemical factors. Specifically, voltinism (t1), body shape
(t2), size at maturity (t3), habit (t7), occurrence in drift (t9), and the
water quality parameter BODs were all negatively correlated with
overall habitat quality or other chemical variables. Furthermore,
voltinism (t1), body shape (t2), and size at maturity (t3) were
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FIGURE 4
Box plots of the relative frequency of macroinvertebrate traits at mountain and lowland sites.

negatively correlated with both NH;-N and COD,. In contrast,
trophic habit (t6) showed a positive correlation with BOD5, NH3-N,
COD,,, and TP. This pattern clearly illustrates the filtering effect of
pollution stress: the richness of most functional traits decreases with
increasing pollution, leading to functional homogenization.

The results of the GLM (Table 4) indicated that hydrological
and physical factors explained a greater proportion of the variance
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in trait and functional diversity indices in the mountain ecoregions
than in the lowlands. In contrast, chemical factors were the most
important predictors of these indices in the lowland ecoregions.
This result indicates a fundamental difference in the dominant
environmental drivers between the two ecoregions. In mountainous
areas with minimal anthropogenic disturbance, community
assembly is primarily governed by natural factors such as
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Box plots of trait and functional diversity distributed between mountain and lowland ecoregions.

hydrology and physical habitat structure. Conversely, within the
intensely impacted lowland regions, anthropogenic stressors,
particularly water pollution, have superseded natural factors as
the principal drivers shaping functional community structure.
These findings underscore the necessity of implementing
ecoregion-specific management strategies in river basin governance.

Environmental variables in the mountain ecoregions had the
highest explanatory power for TD, FEve, and TR, accounting for
73.4%, 69.9%, and 64.6% of the variance, respectively. Flow velocity
and water depth were the most important explanatory variables in
the mountain models, each being selected in four of all the GLMs. In
the lowland ecoregions, the explanatory power of environmental
variables was highest for FDiv and RaoQ, yet the values were only
56.6% and 55.0%, respectively. The explained variance for TD was
particularly low at only 23.8%, while for other indices, it ranged
between 30% and 40%. NH;-N and flow velocity were important
explanatory variables in the lowland models; NH;-N was selected in
five of all GLMs, and flow velocity in four. The physical predictors,
sediment grain size <8mm and <64mm, each appeared only once,
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specifically in the FEve model. The high explanatory power of the
mountain models indicates that ecosystem functions in this region
are strongly and predictably controlled by a few key natural factors.
In contrast, the overall lower explanatory power of the lowland
models suggests that macroinvertebrate communities in the
lowlands are likely influenced by more complex and unmeasured
multiple stressors. This implies that the mechanisms shaping
functional patterns in the lowlands are more intricate
and uncertain.

4 Discussion

4.1 Differences of macroinvertebrate traits
in different ecological regions

Functional traits of organisms represent morphological,
physiological, or behavioral characteristics that reflect adaptations
to environmental conditions (Allan, 2004). The findings of this
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FIGURE 6

Results of combining RLQ and fourth-corner analysis along the RLQ
axis. R: Environmental variables; L: Species; Q: Traits. The red/blue
lines represent positive/negative correlations of environmental
variables and biological traits, respectively. Environmental variables
and biological trait codes are shown in Tables 1 and 2, respectively.

study strongly support the applicability of the habitat filtering
theory in river ecosystems. This theory posits that environmental
conditions shape community structure by selecting species with
suitable traits based on their requirements for biotic and abiotic
resources (Southwood, 1977). Our analysis identified 28
macroinvertebrate traits that differed significantly between
mountain and lowland ecoregions—a direct manifestation of this
filtering process. Specifically, the combination of higher flow
velocity, favorable substrate conditions, and lower anthropogenic

10.3389/fevo.2025.1692850

disturbance in mountainous areas functions as a selective “filter.”
This filter favors the establishment of taxa with short life cycles,
small to medium body sizes, strong swimming ability, high drift
propensity, and adhesive habits, which represent effective
adaptations to unstable hydrological environments (Poff, 1997).
In contrast, the lowland areas, which are characterized by slow flow,
depositional substrates, and high nutrient concentrations, select for
taxa with long life cycles, large body sizes, weak swimming ability,
burrowing habits, and collector-gatherer feeding strategies that rely
on sedimentary organic matter. This systematic shift in trait
composition clearly demonstrates the habitat filtering effect along
an environmental gradient from natural to anthropogenically
disturbed habitats, indicating that human activities can
substantially alter the selective pressures that prevail under
natural conditions.

Changes in key traits provide profound insights into
disturbance ecology mechanisms. First, regarding mobility traits,
the shift from strong swimming ability and high drift propensity in
mountainous areas to weak swimming and rare drift in the lowlands
reflects adaptations to distinct hydrological regimes. In
mountainous rivers, species require strong mobility to cope with
hydraulic stress and occupy suitable microhabitats. In contrast, in
the lowlands, where hydrology is more stable but water quality is
severely degraded, sedentary burrowers are better adapted to
tolerate hypoxic and polluted conditions within sediments (Wise,
1980; Statzner et al., 2001).

Generally, as environmental stress increases, communities tend
to shift from K-strategists, characterized by large body size, long life
cycles, and low reproductive capacity, to r-strategists, characterized
by small body size, short life cycles, and high recovery capacity.
Smaller, short-lived organisms can recover more rapidly after

TABLE 4 Results of GLM for trait and functional diversity indices in mountain and lowland ecoregions(abbreviations are as in Table 1).

Traits and functional diversity Vel WD HQ <16

<64 <128 <256 DO COD TP AdjR?

Mountain
TR 2.05 -1.78 3.45 0.65
TD -0.04 0.02 0.38 0.73
FRic 15.37 -20.70 29.19 0.14 0.39
FEve -0.27 0.59 0.01 -0.002 -0.001 -0.07 0.70
FDiv 0.48 0.51
RaoQ 6.48 -8.78 -4.34 0.45
Traits and functional diversity Vel <8 <64 <128 <256 BOD; NH," Zn Hg Adj R
Lowland
TR 20.63 0.39
TD 0.38 -0.22 8.18 -92.09 0.24
FRic 64.18 -2.02 8.08 -9.88 0.36
FEve 0.01 0.17 0.02 0.02 0.17 0.37
FDiv -0.05 0.21 8.16 -136.90 0.57
RaoQ 25.18 -0.17 3.48 -9.21 162.46 0.55
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disturbances (Menezes et al., 2010; Jiang et al, 2018). Seasonal
rainfall causes hydrological fluctuations in mountainous areas,
while sluices and weirs maintain relatively stable hydrological
conditions in the lowlands. This explains the greater abundance
of short-lived and small-bodied taxa in the mountains. However,
this pattern appears inconsistent with the chemical factor analysis,
likely because larger-bodied, pollution-tolerant non-insect taxa
(e.g., oligochaetes) dominate the lowland areas. Regarding trophic
habits, the relative abundance of shredders is significantly higher in
mountainous areas. Shredders play a key role in breaking down
coarse organic debris, and their decline often indicates a disruption
in the processing pathway for terrestrial organic matter inputs from
riparian vegetation. In contrast, the overwhelming dominance of
collector-gatherers in lowland rivers suggests that these ecosystems
rely more heavily on internal fine particulate organic matter
(Vannote et al., 1980), which is a typical characteristic of organic
pollution and functional simplification.

4.2 Relationship between
macroinvertebrate traits and environmental
variables

The results of this study demonstrate that most
macroinvertebrate biological traits exhibit clear responses to
environmental stress. Locomotory habits, including swimming
ability, attachment capacity, and drift propensity, are sensitive to
variations in flow velocity (Jiang et al., 2018). In mountainous
rivers, where current velocities are generally higher, taxa with strong
mobility traits are better adapted to high-flow environments. In
contrast, in lowland areas where flow is slower, groups with weak
swimming ability become dominant, reflecting the influence of
hydraulic filtering on community structure. The negative
correlations observed for both voltinism and body size with flow
velocity indicate that in the hydrologically unstable mountainous
habitats, which are subject to seasonal rainfall disturbances, species
with short life cycles and smaller body sizes can complete their life
history more rapidly. This trait enhances community resilience
(Menezes et al., 2010).

Habitat quality, a comprehensive indicator reflecting physical,
chemical, and biological conditions (Zheng et al., 2007), showed
significant associations with almost all traits. This finding further
confirms the central role of habitat filtering in community assembly.
For instance, body shape (t2) and rheophily (t4) were closely linked
to substrate type. In the heavily disturbed lowland areas, fine-
grained sediments dominate, thereby selecting for non-
streamlined, burrowing-adapted taxa that can cope with substrate
instability (Wise, 1980). In contrast, in the less disturbed
mountainous areas, coarse gravel and cobble substrates prevail.
These conditions favor species with streamlined body shapes that
are adapted to erosional-depositional transition environments,
reflecting morphological adaptations to flowing water conditions
(Jiang et al., 2018).

Most traits showed negative correlations with chemical factors,
indicating that water quality degradation acts as a selective filter for
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pollution-tolerant functional traits (Jiang et al., 2021). Notably,
trophic habit (t6) was positively correlated with nutrient-related
indicators, including BODs, NH;3-N, CODcr, and TP. As human
disturbance intensifies, the accumulation of organic matter in rivers
increases, which promotes the proliferation of collector-gatherer
taxa that feed on sedimentary detritus. This shift establishes
collector—gatherers as the dominant trophic group, reflecting the
directional selection of feeding strategies under nutrient enrichment
(Akamagwuna et al., 2019).

4.3 Differences of macroinvertebrate
functional diversity in different ecological
regions

The significant spatial variation in functional diversity reflects
the response of biological traits to environmental changes and the
associated functional trade-offs (Archaimbault et al., 2009; Ackerly
and Cornwell, 2007; Jiang et al., 2018). This study demonstrates that
functional and trait diversity indices are effective biological
indicators for distinguishing disturbance gradients between
mountain and lowland areas in Beijing. These indices also
provide key insights into ecosystem resilience. The significantly
lower functional richness (FRic) in the lowland macroinvertebrate
communities, compared to that in mountainous rivers, indicates the
presence of more unutilized resources and lower community
productivity. Communities with low functional richness often
contain vacant niche spaces, which can be readily colonized by
invasive species (Béche and Statzner, 2009; Jiang et al, 2018).
Consequently, the resistance of macroinvertebrate communities in
lowland rivers is lower than in mountainous regions.

The higher Rao’s Q and functional evenness (FEve) values in
mountainous rivers suggest greater functional redundancy and
more even resource utilization. This pattern implies that the loss
of certain species could be compensated for by other species with
similar traits, thereby buffering the impact of environmental
fluctuations on ecosystem processes and enhancing stability. This
mechanism is consistent with the redundancy hypothesis (Mason
et al,, 2005; Mouchet et al., 2010; Jiang et al., 2018). In contrast, the
lower functional redundancy and evenness in the lowlands imply
that ecosystem functions are more vulnerable. The loss of key
species is likely to lead to the collapse of specific ecosystem
functions they perform, with limited functional compensation
from other taxa (Nacem, 1998). Consequently, lowland river
ecosystems may exhibit significantly lower stability and resilience
in the face of future disturbances compared to mountainous rivers.

Compared with other studies, our findings reveal both
commonalities and particularities with research conducted in
temperate regions. Similar to Doledec et al. (2011), we identified
large-scale ecoregions as a primary driver of trait differentiation.
However, unlike Zuellig and Schmidt (2012), who reported
consistent land-use effects on traits across ecoregions in the
United States, our study demonstrates that in the highly
urbanized lowlands of Beijing, the influence of chemical pollution
overshadows that of natural geographical variation. This
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observation aligns with Brown et al. (2018), who documented
powerful filtering effects of strong environmental gradients in
glacial retreat streams. Such comparisons underscore that under
intense anthropogenic pressure, management strategies must
account for region-specific combinations of driving factors. Our
results indicate that river conservation in Beijing’s mountainous
areas should prioritize the maintenance of natural hydrological
regimes and physical habitat integrity. Conversely, for rivers in the
lowlands, the primary focus must shift to mitigating water
pollution, specifically nutrients such as nitrogen and phosphorus,
as well as organic pollutants, to restore the functional diversity of
macroinvertebrate communities. Furthermore, this study provides a
scientific framework to support biodiversity conservation,
ecosystem monitoring, and degradation diagnosis in comparable
ecoregions, including semi-arid urban rivers and mountain-
lowland transition zones.

While this study has identified key drivers of functional trait
differentiation in macroinvertebrates between mountainous and
lowland rivers, several limitations should be acknowledged. These
limitations also point to directions for future research. First, the
data were collected within a single year. Although different seasons
were covered, this design may not fully capture the long-term effects
of interannual climate variability or extreme hydrological events on
community trait structure. Future studies should therefore
incorporate long-term monitoring to better understand trait
dynamics in response to climate change. Second, taxonomic
resolution may influence trait assignment. Although organisms
were identified to the finest practicable taxonomic level, some
groups could only be determined to genus or family. While we
applied typical genus- or family-level traits for these groups, this
coarser resolution might obscure interspecific trait variation.
Further refinement of the trait database should be pursued as
taxonomic knowledge advances. Third, although the fuzzy coding
approach offers advantages in handling trait variability, it may
smooth over certain critical trait-response relationships.
Incorporating continuous traits or adopting more complex
modeling frameworks could help address this limitation.

Despite these constraints, this study underscores the significant
potential of the functional trait approach in river health assessment.
Future river restoration strategies should look beyond taxonomic
diversity and place greater emphasis on recovering functional
diversity. Creating conditions that facilitate the recolonization of
taxa with high functional redundancy will be crucial for enhancing
the overall resilience of river ecosystems.

5 Conclusions

This study demonstrates that macroinvertebrate communities
in mountain and lowland rivers of Beijing are assembled through
distinct environmental filters, leading to pronounced functional
differentiation. Mountain rivers, with their high flow velocity and
complex habitats, select for traits such as strong swimming ability,
clinging habits, and short life cycles. In contrast, lowland rivers,
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impacted by sluggish flows and nutrient pollution, are dominated
by burrowing, pollution-tolerant taxa with longer life cycles. This
functional shift results in significantly lower functional diversity in
the lowlands, confirming widespread functional homogenization
due to human activity.

Critically, the dominant environmental drivers differ by
ecoregion: natural hydrological and physical factors govern trait
assembly in the mountains, while chemical pollution is the primary
filter in the lowlands. This divergence demands ecoregion-specific
management. Protection of natural flow regimes is essential in the
mountains, whereas restoration of lowland rivers requires urgent
mitigation of nutrient and organic pollution. Our findings
underscore the power of a functional trait approach for river
health assessment. Future research should prioritize long-term
monitoring and refined trait databases to further advance trait-
based river management.
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