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Abstract

This study investigated the effects of urbanization on zooplankton communities in the
Nanming River, a typical karst urban river in Southwest China. Thirty-three sampling sites
were set along an urbanization gradient: urban, suburban, and exurban areas. We identified
33 zooplankton species, with rotifers dominating (84.62%). Zooplankton abundance and
diversity were significantly higher in the exurban area, showing a negative correlation
with urbanization intensity. Lepadella ovalis and Monostyla angulata were dominant, while
Lecane cornuta was exclusive to the exurban zone. Gradient Boosting Models (GBMs) and
Structural Equation Modeling (SEM) indicated that Cu, Zn, TN, and NH3-N were key
drivers, and urbanization acted via heavy metal pollution and nutrient regulation. Rotifers
showed strong urbanization adaptability, while copepods were most sensitive. Controlling
nitrogen and heavy metals is critical for protecting karst urban river ecosystems.

Keywords: urbanization; Nanming River Basin; zooplankton; aquatic environment; biodiversity

1. Introduction
As the core water system of Guiyang City, the Nanming River not only serves as a

critical source of domestic and industrial water supply for the urban area but also plays
an irreplaceable role in landscape shaping, ecological regulation, and biodiversity conser-
vation [1]. With the global acceleration of urbanization [2], urban river ecosystems are
increasingly subjected to dual pressures from land-use change and environmental pollution,
which profoundly alter the structure and function of aquatic biological communities [3,4].
Rivers in the karst region of Southwest China, characterized by unique hydrological and
ecological features driven by karst geology, represent typical examples of such vulnerable
urban river systems [5]. In recent decades, the sharp decline in natural vegetation, expan-
sion of construction land, and intensification of human activities within the basin have
exacerbated soil erosion. Concurrently, the discharge of industrial wastewater, domestic
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sewage, and agricultural non-point source pollution has led to increasingly prominent
eutrophication and heavy metal accumulation [6], resulting in persistent water quality
deterioration that poses a serious threat to river ecological health and urban sustainable
development [7].

Zooplankton, as a key component in aquatic ecosystems, exhibit high sensitivity to wa-
ter quality changes and occupy a central position in the food web [8,9], making them widely
recognized as reliable indicator organisms for assessing aquatic ecosystem health [10]. By
grazing on algae and microorganisms, zooplankton regulate algal population dynamics
and maintain aquatic ecological balance [11]; they also serve as a primary food source
for various fish species, playing a crucial role in energy flow and material cycling pro-
cesses [12]. Nevertheless, due to their small size and diverse life-history strategies, the
mechanisms underlying zooplankton responses to environmental changes remain inad-
equately understood [13]. This knowledge gap is particularly pronounced in the karst
region of Southwest China, where urban rivers exhibit high habitat heterogeneity shaped
by unique geological and hydrological conditions. Consequently, studies on the ecological
responses of zooplankton to urbanization stress in this specific region remain relatively
scarce [14]. Urbanization directly alters the physicochemical properties of water bodies
by modifying land-use patterns and introducing exogenous pollutants (e.g., nutrients and
heavy metals), thereby significantly impacting zooplankton community structure [15].
Previous studies have demonstrated that eutrophication-induced algal blooms and subse-
quent fluctuations in dissolved oxygen can trigger zooplankton population collapses [16],
while heavy metal pollution can inhibit their reproduction and growth, leading to reduced
species richness [17]. Additionally, zooplankton can act as vectors for pollutant transfer
within the food web, amplifying ecological risks [18]. To date, most research on the aquatic
environment of the Nanming River Basin has focused on physicochemical water quality
indicators and microbial communities. Systematic investigations into the zooplankton
community—particularly their response mechanisms along urbanization gradients and
analyses using coupled models—remain insufficient. Therefore, a systematic analysis
of zooplankton structural changes and taxonomic group responses along urbanization
gradients is crucial for revealing the evolutionary patterns of aquatic ecosystems under
anthropogenic disturbance.

Urbanization is a long-term, cumulative process for which historical ecological data are
often limited. The “space-for-time substitution” method has thus emerged as an effective
approach to elucidate the ecological effects of urbanization [19]. By establishing sampling
sites along a spatial gradient representing different urbanization intensities, this method
enables the analysis of community–environment relationships within a relatively short
timeframe [20,21]. Based on this rationale, the Nanming River was selected as the study
area. A comprehensive analysis was conducted to explore the relationships among water
physicochemical properties, land-use types, and the zooplankton community. The specific
objectives of this study were to: (1) clarify the variation characteristics of zooplankton
species diversity and community structure along the urbanization gradient; (2) analyze the
differential regulatory effects of key environmental factors (heavy metals and nutrients) on
the density of different taxonomic groups (rotifers, cladocerans, copepods) and identify
their ecological thresholds; (3) reveal the direct and indirect pathways through which
urbanization—mediated by land use and aquatic environmental factors—influences the
structure of zooplankton taxonomic groups. This research aims to provide a theoretical
basis and practical guidance for the ecological restoration, biodiversity conservation, and
scientific management of the Nanming River and similar plateau urban rivers in the karst
region of Southwest China.
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2. Materials and Methods
2.1. Study Area and Sampling Site Design

The Nanming River Basin (26◦23′–26◦35′ N, 106◦37′–106◦52′ E) is located in the core
area of Guiyang City, Southwest China (Figure 1). With a total length of 118 km and an
average annual precipitation of 1000–1200 mm (Guiyang Water Resources Bulletin, 2024),
the basin serves as a critical waterbody for urban water supply, flood regulation, and the
maintenance of regional ecological balance. As a typical urban river in the karst region
of Southwest China, the Nanming River not only undertakes important socio-economic
functions but also holds irreplaceable ecological value in sustaining aquatic biodiversity
and shaping urban landscape patterns [22].

Figure 1. Sampling area map of Nanming River in Guiyang City.

In October 2018, 33 sampling sites were established along the river course of the
Nanming River Basin, forming an urbanization gradient from upstream exurban areas to
downstream urban areas. Site classification was based on two key criteria: (1) the shortest
geographical distance from the city center (Guizhou Provincial People’s Government
(106.71◦ E, 26.61◦ N), located in Yunyan District—the political and geographical center of
Guiyang City—was selected as the reference point for calculating the shortest geographical
distance), which was calculated using the Euclidean distance tool in ArcGIS 10.8 software;
and (2) the characteristics of riparian land use types (predominantly built-up land in urban
areas, with increasing proportions of cropland and forestland in suburban and exurban
areas) and the distribution of major pollution sources. The two criteria were used in
combination. Sites were first assigned to three zones according to distance thresholds from
the city center. This preliminary classification was then checked against riparian land use
composition and the distribution of major pollution sources. Where the distance-based
classification did not fully match the local land use and pollution-source context, the site
was assigned to the zone that best represented its actual urbanization intensity. All sites
were categorized into three groups: urban area (0–5 km from the city center, n = 11),
suburban area (5–10 km from the city center, n = 11), and exurban area (>10 km from the
city center, n = 11) (Figure 2).
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Figure 2. Relationship between zooplankton species richness and distance from the city center.

2.2. Water Sample Collection and Physicochemical Analysis
2.2.1. Water Sample Collection and In-Situ Measurement

At each sampling site, in-situ measurements of water temperature (WT), pH, dissolved
oxygen (DO), electrical conductivity (EC), and turbidity (NTU) were performed using a
portable water quality analyzer (HI98194, Hanna Instruments, Woonsocket, RI, USA).
Integrated water samples were collected by mixing surface water (0.5 m below the water
surface) and bottom water (0.5 m above the riverbed) at a 1:1 volume ratio using a 2.5 L
plexiglass vertical water sampler (model PWS-2.5, Beijing Purkinje General Instrument Co.,
Ltd., Beijing, China). The sampler was slowly lowered to the target depth, opened to allow
water to fill completely, then sealed and lifted to the surface to avoid sample disturbance.
Two types of mixed water samples were collected: one 1 L aliquot for nutrient analysis
and another 1 L aliquot for heavy metal analysis. Immediately after collection, all water
samples were stored in a 4 ◦C refrigerated container and transported to the laboratory for
processing within 24 h to ensure sample integrity.

2.2.2. Laboratory Analysis

Nutrient indicators, including total nitrogen (TN), total phosphorus (TP), and ammo-
nia nitrogen (NH3-N), were determined following the protocols described in the HACH
Water Analysis Handbook using a HACH DR 2800 spectrophotometer [23]. Heavy metals,
including copper (Cu), lead (Pb), mercury (Hg), arsenic (As), and zinc (Zn), were analyzed
using a WFX-210 atomic absorption spectrophotometer (Beijing Beifen-Ruili Analytical In-
strument [Group] Co., Ltd., Beijing, China). To ensure data reliability, strict quality-control
procedures were implemented throughout the analyses. One procedural blank and one
certified reference material, GBW08607, were analyzed with every batch of 10 samples.
GBW08607 was used to verify the analytical recoveries of Cu, Pb, and Zn, which ranged
from 92% to 108% [24]. All heavy-metal and nutrient analyses were performed in duplicate,
and the relative standard deviations (RSDs) of duplicate measurements were below 5%.

2.3. Zooplankton Sampling and Identification

Qualitative zooplankton samples were collected using a 13-µm mesh plankton net.
At each site, the net was held at approximately 0.5 m below the water surface and towed
within an approximately 5 m sampling reach. During each tow, the net was moved laterally
from one side of the sampling point toward the channel center, then to the opposite side,
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and finally back through the center, so that both sides of the local channel and the central
flow were covered. The towing speed was maintained at approximately 0.5 m/s, and this
lateral sweeping procedure was repeated three times at each site to improve sampling
representativeness. Collected samples were preserved in a 4% formaldehyde solution [25].
For quantitative sampling, a 25-µm mesh plankton net was used to filter 15 L of water from
both the surface (0.5 m) and bottom (0.5 m) layers, resulting in a total integrated water
volume of 30 L per site. The filtered samples were concentrated via the plankton net, and
the concentrates were fixed and preserved in 4% formalin [26] before transportation to the
laboratory for taxonomic identification and enumeration.

For quantitative enumeration, each sample was thoroughly homogenized, and a 1 mL
subsample was transferred to a Sedgwick–Rafter counting chamber. Species identification
and individual counting were conducted under an optical microscope (BX53, Olympus,
Japan). Species were identified to the lowest possible taxonomic level using standard
taxonomic keys [27]. Each subsample was counted three times, and the average value was
used to calculate zooplankton abundance. The abundance (N, ind./L) was computed using
the following formula:

N =
Ns × Vt

Vs × Va
(1)

where:
N = zooplankton abundance (ind./L);
Vs = average number of individuals counted in 1 mL subsample;
Vt = total volume of the concentrated sample (mL);
Vs = volume of the counted subsample (1 mL);
Va = volume of the original water sample (L).

2.4. Data Processing and Analysis

All statistical analyses were performed using R software (version 4.3.1). One-way
analysis of variance (ANOVA) followed by the Least Significant Difference (LSD) post-hoc
test was used to compare differences in environmental factors and biological indicators
among the three urbanization zones, with statistical significance set at p < 0.05. In the
figures and tables, “ns” denotes non-significant differences (p ≥ 0.05), whereas different
lowercase letters indicate statistically significant differences among groups at p < 0.05. The
Shannon–Wiener diversity index was calculated following Shannon (1948) [28]. Non-metric
Multidimensional Scaling (NMDS) and ANOSIM analyses were performed using the R
package vegan. The exact package version used in the analysis was recorded and reported
to ensure reproducibility; in the present analysis, vegan version 2.7–3 was used [29].
Gradient Boosting Models (GBM) were constructed using the “gbm” package [30] to
evaluate the influence of key environmental factors on the densities of rotifers, cladocerans,
and copepods, and to quantify the relative importance of each factor. The key parameters
for GBM were set as follows: learning rate = 0.01, number of trees (n.trees) = 1000, and
interaction depth = 3. The optimal parameter combination was determined through 5-fold
cross-validation to avoid overfitting.

Structural Equation Modeling (SEM) was conducted using the “lavaan” package [31,32] to
clarify the causal relationships among urbanization, environmental factors, and zooplank-
ton taxonomic groups. Urbanization was represented by two complementary variables in
the SEM: (1) “Urb” (urban land proportion), a continuous variable reflecting the intensity
of built-up land within the riparian zone, which directly captures the degree of urban
land expansion; (2) “DsN” (distance from city center), a continuous variable quantifying
the spatial gradient of urbanization from the city center outward. Hg was selected as a
representative heavy metal due to its significant positive correlations with other heavy

https://doi.org/10.3390/land15071294

https://doi.org/10.3390/land15071294


Land 2026, 15, 1294 6 of 16

metals (Cu, Zn, Pb; r > 0.7, p < 0.001). TN was chosen as a representative nutrient because
it exhibited a significant correlation with TP (r = 0.68, p < 0.01) and a larger coefficient of
variation, indicating its sensitivity to urbanization gradients. The model was iteratively
modified to optimize fit, and the final model exhibited good fit statistics: X2/df = 1.32,
Root Mean Square Error of Approximation (RMSEA) = 0.06, and Comparative Fit Index
(CFI) = 0.95. All path coefficients were estimated using the maximum likelihood method,
with standard errors reported.

We acknowledge that the sample size of 33 sites is relatively small for SEM, which
may limit the statistical power of the model. However, the final model exhibited good fit
statistics, and all path coefficients were statistically significant (p < 0.05), suggesting that
the results are reliable for exploratory purposes. Future studies with larger sample sizes
are needed to confirm these findings.

3. Results
3.1. Zooplankton Community Composition and Spatial Patterns of Diversity

In this study, a total of 33 zooplankton species were identified across the 33 sampling
sites, belonging to 13 families and 25 genera. Rotifers were the dominant taxon, comprising
22 species and accounting for 84.62% of the total species count. This was followed by
cladocerans with 3 species (11.54%) and copepods with 1 species (Mesocyclops leuckarti,
3.84%), which ranked second in total abundance among all taxonomic groups.

The individual abundance per unit volume (ind./L) showed an overall increasing
trend with decreasing urbanization intensity, although the linear regression relationship
between abundance and distance from the city center was not statistically significant
(R2 = 0.161, p = 0.052) (Figure 2). However, one-way ANOVA revealed significant differ-
ences in mean abundance among the three zones: the exurban area exhibited the highest
individual abundance (128 ± 32 ind./L), which was significantly higher than that in the
suburban (86 ± 24 ind./L) and urban (65 ± 18 ind./L) areas (p < 0.05 for both comparisons).
No significant difference was observed between the urban and suburban areas (p = 0.21).

The Shannon–Wiener diversity index followed a similar trend, increasing signifi-
cantly from the urban (3.82 ± 2.05) to suburban (4.73 ± 2.08) and exurban (5.18 ± 2.56)
areas (p < 0.05). NMDS analysis (stress value = 0.12) combined with ANOSIM test results
(R = 0.42, p < 0.01) indicated significant spatial differentiation in zooplankton community
structure (Figure 3). The exurban community formed a distinct cluster, significantly sep-
arated from the urban and suburban communities. In contrast, the urban and suburban
communities showed partial overlap, suggesting a degree homogenization [33]. Lepadella
ovalis and Monostyla angulata were common dominant species across all gradients. Lecane
cornuta showed a significantly higher relative abundance in the exurban area, making it
a characteristic indicator species for that region. The variation in species richness reflects
subtle differentiation in zooplankton community structure under different environmental
pressures [34].

https://doi.org/10.3390/land15071294

https://doi.org/10.3390/land15071294


Land 2026, 15, 1294 7 of 16

Figure 3. Spatial distribution characteristics and dominant species of the zooplankton community in
Nanming River based on Non-metric Multidimensional Scaling (NMDS).

3.2. Characteristics of Environmental Factors Along the Urbanization Gradient

Water quality was assessed according to the Environmental Quality Standards for
Surface Water (GB 3838-2002) [24]. The assessment indicated severe water pollution in the
Nanming River. Overall, 63.6% of all sampling sites were classified as inferior to Grade
V, the lowest water quality class. Urban sites had the poorest water quality, with 63.6%
classified as inferior to Grade V and 27.3% as Grade IV. Suburban sites showed even higher
proportions of inferior Grade V water (72.7%), while exurban sites exhibited moderate
improvement, with 54.5% inferior to Grade V and 18.2% meeting Grade III standards.

Analysis of environmental factors revealed that heavy metal pollution was closely
associated with urbanization intensity (Table 1) [35]. Concentrations of Hg, Cu, and Pb
were highest in urban areas and generally decreased with increasing distance from the city
center. Pb and Zn concentrations showed significant differences among the three zones
(p < 0.05). For nutrients, TN concentrations differed significantly between exurban areas and
both urban and suburban areas (p < 0.05), while TP concentrations showed significant differ-
ences only between urban and exurban areas (p < 0.05). Urban areas had high average TN
(3.45 mg/L) and TP (0.272 mg/L) concentrations, indicating severe eutrophication. Subur-
ban areas had the highest mean TN concentration (3.72 ± 0.13 mg/L), slightly exceeding
that of urban areas.

Table 1. Water quality indicators at different distance scales.

Environmental
Factor

Distance Scale
0–5 km 5–10 km >10 km

Hg (µg/L) 0.222 ± 0.234 a 0.104 ± 0.062 a 0.049 ± 0.018 a
As (µg/L) 1.260 ± 1.943 a 1.028 ± 0.148 a 0.975 ± 0.036 a
Cu (µg/L) 2.501 ± 0.354 a 1.927 ± 0.435 a 2.149 ± 0.631 a
Pb (µg/L) 25.5 ± 1.8 a 22.4 ± 1.7 ab 15.4 ± 5.9 b
Zn (µg/L) 19.0 ± 2.4 a 21.5 ± 3.4 b 12.8 ± 2.0 b
TN (mg/L) 3.45 ± 0.43 a 3.72 ± 0.13 b 1.93 ± 1.10 b
TP (mg/L) 0.272 ± 0.033 a 0.40 ± 0.38 ab 0.126 ± 0.087 b

NH3-N (mg/L) 0.40 ± 0.38 a 0.19 ± 0.21 a 0.69 ± 0.21 a
Note: letters indicate statistically significant differences at p < 0.05 level; different letters denote significant
differences between groups.
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3.3. Driving Effects of Environmental Factors on the Zooplankton Community

Pearson correlation analysis was used to examine pairwise linear associations between
environmental factors and total zooplankton abundance across different spatial scales and
land use types (Figure 4). On the distance scale, abundance in the urban area was primarily
inhibited by NH3-N and As. In the suburban area, it showed positive correlations with Pb
and As, but significant negative correlations with TN and Zn. In exurban areas, abundance
was negatively correlated with Hg and Zn. Regarding land use types, zooplankton abun-
dance in built-up land was suppressed by heavy metals such as Hg and Pb. In cropland,
abundance showed a strong positive correlation with nutrient inputs, while being inhibited
by pollutants like As and Zn. In contrast, zooplankton in forestland and grassland exhibited
greater tolerance to heavy metals. These differences reflect how the intensity and patterns
of human activities collectively shape zooplankton habitats [36].

Figure 4. Pearson correlation between environmental factors and zooplankton abundance under
different urbanization gradients (a) and land use types (b).

We examined the spatial distribution of zooplankton densities across three major
taxonomic groups (rotifers, cladocerans, and copepods), and found significant spatial
heterogeneity among them within the urbanization context. The occurrence frequency
of the different groups was in the order of rotifers > copepods > cladocerans (Figure 5).
However, all three groups shared a common characteristic: they tended to have higher
densities in waters with lower pollution and less disturbance. The GBM was further
employed to analyze the influence of key environmental factors on the density of each
group (Figure 6). The results revealed significant differences in how the groups responded
to environmental stress. Cu was the most influential factor affecting rotifer density, with
its relative importance considerably higher than that of other factors. Zn and Cu were the
primary drivers influencing copepod density. For cladocerans, NH3-N and TN had the most
prominent effects. These findings indicate that heavy metals (Cu and Zn) and nutrients (TN
and NH3-N) exert taxon-specific effects on the densities of different zooplankton taxonomic
groups, reflecting differences in ecological niches and physiological sensitivity among
rotifers, cladocerans, and copepods.
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Figure 5. Spatial distribution patterns of the densities of different zooplankton taxonomic groups.

Figure 6. The influence of environmental factors on the densities of different taxonomic groups.
(a) Rotifers; (b) Radulids; (c) Branchiopods.

3.4. Path Analysis of Urbanization Effects on Zooplankton Taxonomic Groups

To systematically elucidate the causal relationships among various driving factors,
we constructed a SEM (Figure 7). The model demonstrated a good fit (X2/df = 1.32,
RMSEA = 0.06, CFI = 0.95), revealing the pathways through which urbanization affects
zooplankton taxonomic groups both directly and indirectly. Cladocerans were not included
in the final SEM because their abundance was extremely low across all sampling sites
(average density < 2 ind./L), and preliminary path analysis showed that all path coefficients
related to cladocerans were not statistically significant (p > 0.05), indicating that cladoceran
communities were not strongly driven by the environmental factors measured in this study.

The model identified two main pathways for urbanization effects. The direct pathway
primarily involved urban land expansion (Urban), which had a strong direct positive
driving effect on heavy metals (represented by Hg) (path coefficient, e = 0.82). The accu-
mulation of heavy metals, in turn, directly suppressed the density of copepods (e = −0.33).
This indicates that urban construction is a major source of heavy metal pollution and
directly exerts toxic effects on sensitive copepods. The indirect pathway showed that the
distance gradient indirectly influenced zooplankton by regulating nutrients. Specifically, as
the distance from the city center increased and urbanization pressure decreased [37], the
TN content in the water declined significantly (e = −0.51). This created a more suitable
habitat for rotifers, leading to an increase in their density (e = 0.37). Furthermore, the
model revealed a significant positive correlation between rotifers and copepods (e = 0.75),
suggesting potential similarities in resource requirements or niche overlap between the two
groups [38]. In summary, the SEM clearly delineates how urbanization shapes the structure
of zooplankton taxonomic groups through dual pathways: the direct inhibitory path of
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“urban land → heavy metals → copepods” and the indirect regulatory path of “distance
gradient → nutrients → rotifers”.

Urbanization Effects on Zooplankton Taxonomic Groups.

Figure 7. The structural equation model (SEM) illustrating the direct and indirect pathways among
urbanization, zooplankton taxonomic groups, and environmental factors. Bold lines and numbers
indicate statistically significant path coefficients (p < 0.05). ‘Urb’ and ‘Hg’ represent urban land and
heavy metals (represented by mercury), respectively; ‘TN’ represents nutrients (represented by total
nitrogen); ‘DsN’ represents the distance numeric value (a quantification of the urbanization gradient);
‘Rtf’ and ‘Cpp’ represent rotifers and copepods, respectively.

4. Discussion
4.1. Structural Succession and Habitat Homogenization of Zooplankton Communities Along the
Urbanization Gradient

This study clearly reveals a regular pattern of zooplankton community succession
along the urbanization gradient in the Nanming River. Both species richness and the
Shannon–Wiener diversity index increased significantly with decreasing urbanization in-
tensity and were markedly higher in the exurban area than in the urban area. This pattern
is consistent with the widely reported negative relationship between urbanization intensity
and biodiversity, whereby increasing urbanization is generally associated with biodiver-
sity loss [39]. Rotifers, as the dominant taxon constituting 84.62%, possess ecological
traits characteristic of an “r-strategy”—such as short reproductive cycles and high toleran-
ce—granting them a strong competitive advantage in the heavily polluted waters [40].
NMDS analysis further corroborates the homogenizing effect of urbanization at the commu-
nity composition level: the exurban community formed a distinct cluster, while the urban
and suburban communities exhibited high overlap. This indicates that intensive human
activities such as channelization and point-source pollution erase the natural heterogeneity
of habitats, leading to simplification and convergence of biological communities [41].

As a lotic ecosystem, the Nanming River has a longitudinal flow regime that transports
pollutants, nutrients, and planktonic individuals from upstream reaches to downstream
reaches. Zooplankton communities in rivers may also be supplemented by inputs from
adjacent water bodies, such as tributaries, lakes, and reservoirs, which makes it difficult
to distinguish resident individuals from transient individuals transported downstream.
Therefore, the spatial patterns observed in this study may reflect both the direct effects
of local environmental conditions and the downstream propagation of organisms and
pollutants originating from upstream and connected water bodies. Future studies should
incorporate hydrological parameters, such as flow velocity and discharge, and sample
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adjacent water bodies to better evaluate source–sink dynamics of zooplankton communities
in urban rivers.

Notably, the karst region where the Nanming River is located features a developed
network of subterranean rivers. This geological characteristic may provide additional
pathways for pollutant migration, accelerating the dispersal of urban pollutants to sub-
urban areas and thereby exacerbating habitat similarity between these two zones [42].
This phenomenon could be a crucial reason for the lack of significant differences in their
community structures.

The observed differences in correlation patterns across land use types reflect how
different intensities and patterns of human activities shape zooplankton habitats. Built-up
land areas are characterized by high levels of industrial and domestic pollution, which
suppress zooplankton abundance. Cropland areas receive nutrient inputs from agricultural
runoff, which can promote zooplankton growth. Forestland and grassland areas have
minimal human disturbance, resulting in more stable environmental conditions.

4.2. Differential Regulation and Ecological Thresholds of Key Environmental Factors on
Zooplankton Taxonomic Groups

This study identified heavy metals Cu and Zn and nutrients TN and NH3-N as key
environmental factors regulating the zooplankton community, with their impacts demon-
strating significant taxonomic group specificity. Results from the GBM indicated that
rotifers were most sensitive to Cu, copepods were jointly constrained by Zn and Cu, and
cladocerans were most sensitive to changes in NH3-N and TN. This difference in response
is closely linked to the physiological and ecological characteristics of each taxonomic group.
As filter feeders, cladocerans, with their relatively larger body size and longer turnover
cycles, are generally more sensitive to toxic substances in water [43]. In contrast, many
rotifer species, leveraging their high reproductive efficiency and physiological resilience
to harsh conditions, gain a survival advantage in eutrophic and heavy metal-polluted wa-
ters [44,45]. This explains why rotifer density was highest in the most polluted urban area,
while cladocerans and copepods, which have higher environmental quality requirements,
exhibited higher densities in the exurban area with relatively better water quality.

The higher TN concentration in suburban areas compared to urban areas can be
attributed to extensive agricultural non-point source pollution in this zone. Suburban areas
have large areas of cropland (35.8 ± 6.9%), where nitrogen fertilizers are widely used. In
contrast, exurban areas have less intensive agriculture and more forestland, which acts as a
natural buffer for nutrient runoff, resulting in lower TN concentrations.

The lack of significant negative correlations between zooplankton abundance and
heavy metals in forestland and grassland areas may reflect lower pollution levels in these
regions rather than greater tolerance of the zooplankton communities. Further experimental
studies are needed to directly assess physiological tolerance.

Rotifers showed the strongest adaptability to urban pollution, being present at all
sampling sites. Copepods had a wider distribution range than cladocerans but were more
sensitive to heavy metal pollution than rotifers, as indicated by the significant negative
path coefficient in the SEM (e = −0.33). Cladocerans were the most sensitive group, being
absent from many heavily polluted sites.

More importantly, based on breakpoint analysis derived from the GBM, we iden-
tified ecological thresholds for the key environmental factors. For instance, the critical
concentration of Cu affecting rotifer density was approximately 1.8 µg/L, while the critical
concentration of TN affecting cladoceran density was approximately 2.0 mg/L. When envi-
ronmental factor concentrations exceed these thresholds, the densities of the corresponding
taxonomic groups may decline sharply, potentially leading to community structure collapse.
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This finding provides direct scientific evidence for formulating water quality standards
based on ecosystem health.

4.3. Driving Pathways of Urbanization Effects on Zooplankton Communities and .
Management Implications

This study employed SEM to disentangle the complex pathways through which ur-
banization affects zooplankton communities, distinguishing between direct and indirect
effects [46]. The SEM results confirmed that urbanization operates through two core path-
ways: first, the direct toxicity pathway of “land use → heavy metals,” whereby urban
land expansion directly leads to heavy metal pollution such as Hg, thereby suppressing
pollution-sensitive copepods [47]; second, the indirect habitat alteration pathway of “dis-
tance gradient → nutrients,” whereby increasing distance from the city center (and the
concomitant decrease in urbanization pressure) results in lower levels of nutrients such
as TN, thereby favoring the proliferation of specific taxa like rotifers [48,49]. This finding
moves beyond traditional simple correlation analyses, revealing the hierarchical nature of
the driving mechanisms.

These results carry clear implications for the management of karst urban rivers, sug-
gesting the need for zoned and targeted precision strategies. In urban areas, management
should focus on stringent control of heavy metal emissions, particularly Hg and Cu from
construction and industrial activities. For suburban zones, simultaneous attention to indus-
trial point sources, such as Zn, and agricultural non-point sources, including total nitrogen
and total phosphorus, is essential. In exurban areas, the priority shifts to preserving existing
low-pollution water bodies and maintaining habitat integrity. For example, the ecological
threshold of 1.8 µg/L for Cu identified in this study can directly inform the revision of
industrial wastewater discharge standards in urban settings. Additionally, the dominant
species like Lecane cornuta and community parameters such as a rotifer proportion exceed-
ing 90% can serve as bioindicators for rapid water quality assessment. These indicators
support the development of a zooplankton-based rapid evaluation framework, facilitating
long-term ecological monitoring and adaptive management.

5. Conclusions
This study systematically elucidates the integrated impact mechanisms of urbanization

on zooplankton communities in the Nanming River, a representative karst urban river in
Southwest China. The key findings are threefold. First, zooplankton diversity exhibited a
significant increasing trend with decreasing urbanization intensity, reflecting a negative
response to anthropogenic disturbance. Rotifers, characterized by strong pollution tolerance
and rapid reproduction, emerged as the dominant taxon across the study area, accounting
for 84.62% of total species. Community structure analysis revealed that the exurban area
harbored a significantly distinct zooplankton assemblage compared to urban and suburban
areas, whereas the latter two exhibited evident habitat homogenization resulting from
intensive human activities such as land-use conversion and pollutant discharge.

Second, heavy metals, particularly Cu and Zn, together with nutrients including
TN and NH3-N, were identified as the key environmental drivers shaping zooplankton
community structure. These factors exerted significant differential effects on the three
major taxonomic groups: Cu was the most critical factor affecting rotifer density; cope-
pod distribution and abundance were jointly regulated by Zn and Cu; and cladoceran
communities were primarily driven by TN and NH3-N. This taxonomic group-specific
response highlights the importance of considering taxonomic differences when assessing
the ecological effects of urbanization on aquatic biota.
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Third, structural equation modeling revealed two distinct pathways through which
urbanization impacts zooplankton communities: a direct toxicity pathway, i.e., urban land
expansion leading to heavy metal accumulation and subsequent copepod community
degradation, and an indirect habitat alteration pathway, i.e., urbanization gradient driv-
ing nutrient enrichment and promoting rotifer dominance. Among taxonomic groups,
copepods exhibited high sensitivity to urbanization-related stressors such as heavy metal
pollution, whereas rotifers demonstrated stronger environmental adaptability, likely at-
tributable to their r-selected life-history strategies, including short generation time and
high fecundity, as well as broad ecological niches.

These findings provide a clear scientific basis and actionable recommendations for the
ecological management and restoration of karst urban rivers during the autumn season.
Specifically, we propose three key strategies: implement zoned management based on
urbanization gradients, adopting differentiated pollution control and ecological protection
measures for urban, suburban, and exurban areas, such as strengthening riparian buffer
zones in urban areas and promoting ecological agriculture in suburban areas to reduce
non-point source pollution; enforce strict source control focusing on reducing industrial
heavy metal emissions in urban areas and agricultural non-point source pollution, par-
ticularly nitrogen and phosphorus runoff, in suburban areas; and establish a biological
monitoring system integrating key indicator species, e.g., copepods as sensitive indica-
tors and Lecane cornuta as a candidate indicator species for low-disturbance river reaches,
along with taxonomic group characteristics such as rotifer dominance as a pollution indi-
cator, to support rapid and accurate water quality assessment. Further validation across
multiple river systems and temporal scales is required to verify the universality of these
candidate bioindicators.

Despite its contributions, this study has certain limitations. The space-for-time substi-
tution method, while effective for revealing spatial differentiation patterns, cannot fully
capture temporal dynamics. Second, this study was conducted only in October 2018, rep-
resenting a single season. Zooplankton communities exhibit strong seasonal variation,
so future studies should include sampling across multiple seasons to capture tempo-
ral dynamics. Third, this study did not explicitly consider the effects of river flow and
upstream–downstream connectivity on zooplankton communities. Future research should
incorporate long-term time series data, including seasonal and interannual variations, to
clarify the temporal stability of zooplankton community responses to urbanization. Addi-
tionally, expanding the scope of environmental factors to include emerging contaminants
such as microplastics and pharmaceuticals, hydrological conditions including flow velocity
and water depth, and riparian vegetation cover will enable a more comprehensive un-
derstanding of the complex mechanisms underlying the evolution of karst urban river
ecosystems. Such research will provide deeper scientific support for regional ecological
restoration, biodiversity conservation, and sustainable urban development in karst regions.

We acknowledge that the low species richness of cladocerans (3 species) and copepods
(1 species) limits the generalizability of our findings regarding these taxonomic groups.
This low diversity is likely a result of the severe pollution in the Nanming River, which
has eliminated more sensitive species. Future studies should include less polluted refer-
ence rivers to provide a more comprehensive understanding of zooplankton community
responses to urbanization.
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