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Abstract

Coal-mining subsidence lakes are an expanding artificial wetland type in China, yet the
relationships between waterbird diversity components and water-quality and landscape
gradients remain unclear. We conducted monthly point-count surveys from January to De-
cember 2025 at 28 subsidence lakes in Huaibei, Anhui, China (lake area: 0.01–1.05 km2), and
used generalized linear mixed models (GLMMs) to test relationships between waterbird
diversity and water quality, lake morphology, landscape composition, and anthropogenic
disturbance. Associations differed among diversity components. Species richness was
positively associated with surrounding cropland and built-up area, whereas total abun-
dance was positively associated with total nitrogen but negatively associated with total
phosphorus, indicating that nutrient-related associations were not uniform across water-
quality variables. Both Shannon and Margalef diversity were positively associated with
surrounding cropland and also showed positive, context-dependent associations with
built-up area. These findings suggest that different components of waterbird diversity were
associated with different environmental gradients, with landscape context more strongly
associated with richness and diversity indices, whereas water-quality gradients were more
strongly associated with abundance. Conserving waterbird diversity in subsidence lakes
therefore requires attention not only to nutrient conditions within lakes, but also to the
surrounding wetland–farmland landscape context.

Keywords: artificial wetlands; built-up area; cropland; generalized linear mixed models;
nutrient gradients

1. Introduction
Natural wetlands have undergone widespread degradation and loss worldwide. Over

the past century, more than half of their global extent has disappeared, and from 1970
to 2015, wetland extent declined by about 35% relative to 1970 levels [1,2]. In China,
rapid development and land-use change have contributed to substantial wetland loss and
degradation over the past 50 years, including reported losses of 23.0% of freshwater swamps
and 51.2% of coastal wetlands [3]. Such degradation undermines key ecosystem services
and places increasing pressure on wetland-dependent fauna, including waterbirds [4].
Because waterbirds are highly sensitive to water levels, food availability, and disturbance,
waterbird assemblages are widely used as indicators of wetland ecological condition [5].

Coal-mining subsidence lakes are one of the rapidly expanding artificial wetland types
in China and are receiving increasing attention as potential complementary habitats for
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waterbirds. More broadly, human-made waterbodies such as rice paddies, ponds, and
reservoirs can provide breeding, stopover, and wintering habitats and are increasingly
embedded within migratory networks [6–10]. Studies from different regions indicate that
some artificial wetland types can provide complementary habitat and foraging opportu-
nities for waterbirds under appropriate management conditions, although their capacity
to offset natural wetland loss remains partial and context-dependent [6,7,10,11]. Among
these systems, coal-mining subsidence lakes are distinctive because they are formed by
underground mining followed by persistent inundation, creating permanent aquatic habi-
tats within formerly terrestrial landscapes [12,13]. In Huaibei, on the North China Plain,
long-term mining has produced numerous water-filled subsidence basins whose cumu-
lative surface area exceeds 69 km2 [14]. These newly formed lakes may provide habitat
opportunities for waterbirds in a region where natural wetlands are scarce, but they are
also characterized by hydrological alteration, variable water chemistry, and continuing
human disturbance [15,16].

Despite growing interest in waterbird use of subsidence lakes, previous studies have
mostly focused on particular environmental correlates, such as lake area, spatial isolation,
landscape context, or direct disturbance, rather than evaluating whether environmental
domains operating at different ecological scales are associated with different components of
waterbird diversity [12,17]. More importantly, these variables have rarely been considered
within a unified multi-scale framework. In subsidence lakes, in-lake conditions characterize
habitat conditions at the waterbody scale, whereas surrounding landscape context and
anthropogenic disturbance may shape habitat accessibility, resource complementarity, and
redistribution processes at broader spatial scales. Because species richness, total abundance,
and community evenness represent different dimensions of assemblage structure, they
may not respond uniformly to these environmental domains. Although some studies
have adopted multi-metric or multi-dimensional approaches to waterbird assemblages,
such frameworks remain uncommon in subsidence-lake systems and are rarely used
to ask whether different environmental domains are associated with different diversity
components [10,12,17]. A clearer conceptual framework is therefore needed to evaluate
how environmental domains operating at different ecological scales are associated with
different components of waterbird diversity in subsidence lakes.

At the in-lake scale, water quality may be associated with waterbird assemblages
because it reflects local habitat conditions relevant to foraging, resting, and site use [9,10].
Nutrient-related variation may be associated with broader changes in productivity, turbid-
ity, oxygen conditions, prey resources, and habitat structure within lakes [18,19], whereas
pH may covary with wider in-lake chemical conditions and eutrophication dynamics, with
potential implications for aquatic prey communities [20,21]. In this study, however, we do
not attempt to resolve these mechanistic pathways directly; instead, we treat total nitrogen
(TN), total phosphorus (TP), dissolved oxygen (DO), and pH primarily as integrative indica-
tors of in-lake habitat conditions. At the surrounding landscape scale, cropland and built-up
land may also be associated with waterbird assemblages through differences in habitat
accessibility, resource complementarity, and local disturbance context [6,7,22]. Considering
these predictors together may therefore clarify whether different components of waterbird
diversity are associated with different environmental domains in subsidence lakes.

In this study, we conducted monthly surveys at 28 coal-mining subsidence lakes in
Huaibei, Anhui, China, from January to December 2025. This study aimed to evaluate how
environmental domains operating at different ecological scales are associated with multiple
components of waterbird diversity in subsidence lakes. Specifically, we examined how
water quality, lake morphology, landscape context, and anthropogenic disturbance were
associated with species richness, total abundance, and α-diversity indices, and whether the
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dominant associations differed among diversity components, particularly between species
richness and total abundance. Our study provides baseline evidence for understanding
how subsidence lakes function as waterbird habitats in human-dominated landscapes
and may inform conservation planning and management of these rapidly expanding
artificial wetlands.

2. Materials and Methods
2.1. Study Area

This study was conducted in Huaibei City, Anhui Province, China (116◦23′–117◦23′ E,
33◦16′–34◦14′ N), on the Huaibei Plain north of the Huai River (Figure 1). The landscape
is dominated by fluvial–alluvial plains interspersed with low hills and depressions. The
region has a warm-temperate, semi-humid monsoonal climate, with a mean annual temper-
ature of 14.5 ◦C and mean annual precipitation of 870 mm, most of which falls in summer.
Surface hydrology is relatively well developed, and shallow groundwater typically occurs
at depths of 2–3 m [23].

Figure 1. Location of the study area and the 28 surveyed coal-mining subsidence lakes in Huaibei,
Anhui, China. (a) Location of Anhui Province within China; Beijing, the national capital, is indicated
by a red star. (b) Location of Huaibei within Anhui Province; Hefei, the provincial capital, is indicated
by a red dot, and Huaibei is highlighted. (c) Location of Suixi County within Huaibei. (d) Land-
cover map of Suixi showing the 28 survey lakes (green triangles; numbers indicate lake IDs), major
roads (solid lines), and railways (dashed lines). Land-cover types are classified as cropland, forest,
grassland, water, barren land, and impervious surfaces. The map also includes a scale bar, north
arrow, and geographic coordinates.

Prolonged underground coal mining has caused extensive land subsidence in the re-
gion. By the end of 2022, the cumulative subsidence area in Huaibei had reached 279.54 km2,
and more than half had become persistently inundated because of high groundwater tables,
forming newly created subsidence lakes [24,25]. These waterbodies exhibit key wetland
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characteristics and now constitute an important component of the regional artificial-wetland
network. Because Huaibei lies along the mid-section of the East Asian–Australasian Flyway
(EAAF), subsidence lakes may provide alternative habitats for migratory waterbirds amid
the ongoing loss of natural wetlands [26,27].

The surveyed lakes were embedded in a heterogeneous human-modified landscape
dominated by cropland, with smaller areas of built-up land and open water in the sur-
rounding matrix. Shoreline habitats varied among lakes and typically included open-water
margins, exposed muddy banks, herbaceous edges, and adjacent farmland or built-up land.

2.2. Bird Surveys

We conducted monthly waterbird surveys from January to December 2025 at 28 coal-
mining subsidence lakes in Huaibei, Anhui, China, using the point-count method. At each
lake, we established one to three fixed vantage points to cover open-water and shoreline
habitats according to lake area, shoreline accessibility, and shape complexity. Vantage
points were selected to maximize visibility across the focal lake and its accessible shoreline
zones, and additional points were used where a single location was insufficient because
of lake size or irregular shape. Observers conducted 15 min visual counts at each point
using binoculars (USCAMEL UW077, Guangzhou Wenmai Trading Co., Ltd., Guangzhou,
China; 8 × 42) and a spotting scope (Celestron C100B, Celestron, Torrance, CA, USA;
22–66 × 100 mm). For all lakes, the selected vantage points were intended to provide
broad visual coverage of the observable water surface and shoreline habitat during each
survey, so as to record as completely as possible the waterbirds present within view. The
effective observation radius at each point was ≤1 km. Vantage points were spaced to
avoid overlapping fields of view, and movements of visible flocks were tracked and cross-
checked to minimize double counting. When flocks moved between adjacent vantage points
during the same lake survey, cross-checking was based on flock size, species composition,
movement direction, and timing; in uncertain cases, birds were counted conservatively
only once. We acknowledge that detection probability may still vary among lakes and
survey conditions, particularly for abundance estimates. To improve comparability, surveys
were conducted once per month (12 rounds in total) under fair weather and low-wind
conditions (Beaufort scale ≤ 3). When weather conditions were unsuitable on the planned
survey date, the survey was rescheduled to the nearest suitable day within the same
month, and no monthly survey rounds were missed during the study period. All surveys
were conducted by the same observer throughout the study, following a consistent field
protocol. Direct individual counts were used for flocks of fewer than 100 individuals. For
aggregations of 100 individuals or more, abundance was estimated by dividing the flock
into visually distinguishable subgroups, typically in units of about 10 individuals, and
summing subgroup counts across repeated scans. The same visual point-count protocol
was applied across all recorded waterbird species, but the observer adjusted the pace and
scan sequence according to flock dispersion, body size, and whether birds occurred mainly
as dispersed individuals, mixed-species groups, or dense aggregations. Large-bodied and
widely spaced birds were usually counted individually, whereas small-bodied or tightly
aggregated birds were counted using repeated subgroup scans. Taxonomy followed the
IOC World Bird List (version 15.1) [28], and “waterbirds” were defined according to the
Ramsar Convention.

2.3. Measurement of Environmental Variables

We compiled 11 environmental variables for 28 subsidence lakes (Table 1). These
variables included morphometric variables, namely lake area (AL, km2), shoreline length
(PL, km), and shape index (SI, unitless), which describes the relationship between shoreline
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length and lake area; water-quality variables, including dissolved oxygen (DO, mg/L), pH,
total nitrogen (TN, mg/L), and total phosphorus (TP, mg/L); landscape variables within
a 1 km buffer, including total cropland (TF, km2), total built-up area (TB, km2), and total
water area (TW, km2); and an anthropogenic disturbance variable, namely distance to the
nearest major urban road (DR, km), measured as the shortest Euclidean distance from the
lake shoreline.

Table 1. Summary statistics (range and mean ± standard deviation (SD)) for the environmental
variables used in analyses of waterbird diversity across 28 coal-mining subsidence lakes in Huaibei,
China, surveyed from January to December 2025, including morphometric variables (AL, PL, SI),
water-quality variables (TN, TP, pH, DO), surrounding land-cover variables within 1 km (TF, TB,
TW), and road proximity (DR).

Variable Description Range Mean ± SD

Morphometric
AL (km2) Area of each lake 0.01–1.05 0.18 ± 0.26
PL (km) Shoreline length of each lake 0.16–7.43 2.07 ± 1.80

SI (—) Shape index of each lake. SI = L/(2
√

(π × A))
(L = shoreline length; A = lake area) 1.16–2.35 1.63 ± 0.29

Water Quality
TN (mg/L) Sum of all nitrogen-containing compounds in water 0.18–5.10 1.82 ± 1.01

TP (mg/L) Sum of all phosphorus-containing compounds
in water 0.02–0.84 0.15 ± 0.13

pH (—) Value of acidity/alkalinity in water 7.71–9.21 8.38 ± 0.23
DO (mg/L) Dissolved molecular oxygen in water 2.09–13.65 7.30 ± 1.94
Landscape

TF (km2)
Total area of cropland within a 1 km buffer zone

surrounding each lake 2.40–6.40 3.60 ± 0.95

TB (km2)
Total area of built-up area within a 1 km buffer zone

surrounding each lake 0.04–1.57 0.35 ± 0.32

TW (km2)
Total area of water within a 1 km buffer zone

surrounding each lake 0.01–1.24 0.34 ± 0.24

Anthropogenic

DR (km) Shortest Euclidean distance from the lake shoreline
to the nearest major urban road 0.01–3.66 1.03 ± 0.95

Immediately after completing the bird counts at each lake, we conducted water-quality
measurements and sampling. At a single suitable shoreline sampling location at each lake,
observers measured DO and pH in situ using a portable multiparameter meter (WTW Multi
3630 Xylem Analytics Germany Sales GmbH & Co. KG, Weilheim, Germany). At the same
location, a 500 mL surface-water sample was collected from 0.5 m below the water surface
for laboratory analysis within 24 h. Sampling locations were selected to avoid obvious
local disturbance sources and atypical microhabitats, such as shoreline pollution inputs,
dense emergent vegetation, or areas immediately adjacent to inflow or outflow zones
where present. Most subsidence lakes in the study area are relatively enclosed waterbodies
without strong through-flow; accordingly, these measurements were used as standardized
indicators of local nearshore conditions at the time of survey. TN was determined using
alkaline persulfate digestion followed by ultraviolet spectrophotometry [29], and TP was
determined using persulfate digestion followed by ammonium molybdate spectrophotom-
etry with ascorbic acid reduction [30]. Nevertheless, we treated these measurements as
point-based indicators of local nearshore conditions rather than complete representations
of whole-lake water quality. Because only one shoreline sampling point was used per lake
per survey, within-lake spatial heterogeneity was not quantified, and this limitation should
be considered when interpreting the observed associations with waterbird diversity.
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Morphometric and buffer-zone landscape variables were derived from the Esri/Impact
Observatory Sentinel-2 10 m Land Use/Land Cover Time Series product [31]. In the present
study, these landscape variables were treated as annual indicators of the surrounding
habitat context rather than month-specific predictors, to match the annual-scale analysis
framework used here. Land-cover data were classified to extract cropland, built-up, and
water areas within a 1 km buffer around each lake polygon constructed in the Universal
Transverse Mercator (UTM) projection. In the land-cover classification, “barren land”
denotes sparsely vegetated or unvegetated surfaces (e.g., exposed soil or bare substrate),
whereas “impervious surfaces” denote artificial sealed surfaces associated with roads,
buildings, and other constructed infrastructure. We selected a 1 km buffer to characterize
the immediate landscape context surrounding each focal lake because this scale broadly
corresponded to the local observation extent of our field surveys and captured adjacent
land-cover features most likely to influence observed waterbird use. This buffer was
not intended to represent the full movement range of all waterbird species, but rather to
provide a standardized local-scale measure of surrounding habitat context. Road vectors
were obtained from OpenStreetMap and filtered by highway class (primary, primary_link,
secondary, and secondary_link) to derive road-related metrics [32]. Area and distance
calculations were performed in WGS 84/UTM Zone 50N (EPSG:32650). All geographic
information system (GIS) processing was conducted in ArcGIS Pro 3.0 (Esri, Redlands,
CA, USA).

2.4. Statistical Analyses

We evaluated the effects of environmental predictors on waterbird diversity using gen-
eralized linear mixed models (GLMMs) with random intercepts for lake identity and month
to account for repeated surveys, broad temporal variation across the annual cycle, and the
hierarchical design. This specification was intended to account statistically for repeated
temporal structure across months, but it was not designed to replace an explicit ecological
analysis of seasonal dynamics. Continuous predictors were Z-standardized to facilitate
effect-size comparison. Multicollinearity was assessed using a stepwise variance inflation
factor (VIF) procedure, and shoreline length (PL) was sequentially removed because its
VIF exceeded 10. Extreme response values were removed based on the 1.5 × interquartile
range (IQR) criterion to reduce the undue influence of outliers [33]. In addition, as a sensi-
tivity check, we examined whether the number of vantage points per lake was associated
with sample-level richness and abundance using Spearman rank correlations. The sensi-
tivity check indicated no significant association of point number with either richness or
abundance. As an exploratory sensitivity check, we calculated Moran’s I for spatial auto-
correlation diagnostics under a k-nearest-neighbor spatial weighting scheme (k = 4), and
checked robustness across alternative neighbor definitions (k = 3–6; Table S8). These analy-
ses were used as supplementary diagnostics and did not alter the main model structure.

Species richness was modeled using a Poisson GLMM, and total abundance was mod-
eled using a negative binomial type 2 (NB2) GLMM. Alternative count models, including
nbinom1 and zero-inflated Poisson and NB2 models, were also assessed for robustness.
Shannon and Margalef indices were modeled using Gaussian GLMMs, whereas Pielou’s
evenness was modeled using a beta GLMM with a logit link after nudging 0 and 1 values to
the open interval (0.01, 0.99). Fixed effects were consistent across all models and comprised
10 predictors: AL, SI, DO, pH, TN, TP, TF, TB, TW, and DR.

https://doi.org/10.3390/d18040218

https://doi.org/10.3390/d18040218


Diversity 2026, 18, 218 7 of 17

Model diagnostics followed the DHARMa framework and included randomized quan-
tile residual tests for uniformity, dispersion tests, and, for count models only, zero-inflation
tests. Diagnostic plots of Pearson residuals versus fitted values were also inspected. Model
fit was summarized using marginal and conditional R2 following previous recommenda-
tions [34,35]. Fixed-effect significance was evaluated primarily using likelihood-ratio tests
(LRTs), with Wald statistics reported as supplementary evidence. Significant predictors
(two-sided tests, α = 0.05) were visualized using forest plots of fixed-effect estimates and
marginal-effect plots with 95% confidence bands. For visualization of significant predictors,
95% confidence bands for fixed-effect predictions were calculated on the link scale and then
back-transformed to the response scale. The resulting fitted curves and confidence bands
were plotted against the observed values in the original measurement units.

Full model outputs and diagnostic checks are provided in the Supplementary Mate-
rial. Fixed-effect estimates for all GLMMs are reported in Tables S1–S4, model-fit metrics
(marginal and conditional R2) are summarized in Table S5, and a complete species check-
list with International Union for Conservation of Nature (IUCN) categories is provided
in Table S6, lake-level occurrence of globally threatened and Near-Threatened species is
summarized in Table S7, spatial autocorrelation sensitivity results are provided in Table
S8, and representative landscape photographs are shown in Figure S1. All analyses were
conducted in R 4.5.2 using the packages glmmTMB, DHARMa, performance, car, ggeffects,
and ggplot2 [36–38].

3. Results
3.1. Waterbird Community Composition

From January to December 2025, we recorded more than 40,000 waterbird individuals,
representing 49 species, 10 families, and 6 orders. The most species-rich families were
Anatidae (17 species) and Scolopacidae (9 species). Two numerically dominant species,
Falcated Duck (Mareca falcata (Georgi, 1775), 59%) and Eurasian Coot (Fulica atra, Linnaeus,
1758, 14%), together accounted for 73% of all individuals, whereas no other single species
exceeded 10%.

Across the 12 monthly censuses pooled over all lakes, mean ± standard deviation (SD)
totals were 3359 ± 4288 individuals per census (range 328–11,703) and 23.3 ± 2.93 species
(range 19–28), indicating marked seasonality. Total abundance peaked in January
(11,703 individuals) and December (11,435 individuals), declined through spring and sum-
mer to a minimum in August (328 individuals), and then increased in autumn. Species
richness remained relatively high from January to April, decreased in summer, and showed
minor fluctuations in late autumn and early winter (Figure 2). This pattern likely reflects
pronounced seasonal turnover in lake use across the annual cycle, with greater use during
winter and migratory periods and reduced use during summer.

Six recorded species were classified as globally threatened or Near-Threatened on
the IUCN Red List of Threatened Species (version 2025-2) [39]: Ferruginous Duck (Aythya
nyroca, (Güldenstädt, 1770), NT, 2 individuals), Baer’s Pochard (Aythya baeri, Radde, 1863,
CR, 2), Swan Goose (Anser cygnoides, (Linnaeus, 1758), EN, 3), Common Pochard (Aythya
ferina, (Linnaeus, 1758), VU, 1), Northern Lapwing (Vanellus vanellus, (Linnaeus, 1758),
NT, 8) and Dunlin (Calidris alpina, (Linnaeus, 1758), NT, 2). These records highlight the
conservation value of coal-mining subsidence lakes in Huaibei.
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Figure 2. Monthly variation in total abundance (bars; left y-axis) and species richness (line; right
y-axis) of waterbirds across the 28 surveyed coal-mining subsidence lakes in Huaibei, China, from
January to December 2025.

3.2. Environmental Variables

Basin morphology varied considerably among study lakes, although most were rela-
tively small in area (AL: 0.01–1.05 km2; mean ± SD = 0.18 ± 0.26) and irregular in shape
(SI: 1.16–2.35; 1.63 ± 0.29). Water chemistry also showed clear variation, with pH ranging
from 7.71 to 9.21 (8.38 ± 0.23), TN from 0.18 to 5.10 mg/L (1.82 ± 1.01), and TP from 0.02 to
0.84 mg/L (0.15 ± 0.13). Within 1 km buffers, cropland was the dominant land-cover type
(TF: 2.40–6.40 km2; 3.60 ± 0.95), whereas built-up area (TB: 0.04–1.57 km2; 0.35 ± 0.32),
open-water cover (TW: 0.01–1.24 km2; 0.34 ± 0.24), and distance to major roads (DR:
0.01–3.66 km; 1.03 ± 0.95) also varied markedly among lakes (Table 1).

3.3. Effects of Environmental Factors on Waterbird Diversity

Significant predictors differed between species richness and abundance (Figures 3 and 4;
Table S1). Species richness increased with TF (p = 0.002) and TB (p = 0.010), and these two
landscape variables were the only significant predictors retained in the richness model,
whereas the remaining predictors were not significant (Figure 3a; Table S1). The fitted
partial-effect curves showed monotonic increases in expected richness with both TB and TF
across the observed ranges (Figure 4a,b).

Abundance showed a different pattern, increasing with TN (p = 0.003) and decreasing
with TP (p = 0.018), whereas the remaining predictors were not significant (Figure 3b;
Table S1). Within the same annual abundance model, TN and TP were retained as indepen-
dent predictors and showed opposite associations with total abundance. The fitted curves
were consistent with these effects, with abundance increasing along the TN gradient and
decreasing along the TP gradient (Figure 4c,d). Model fit was marginal R2 (R2

m) = 0.202
and conditional R2 (R2

c) = 0.320 for richness, and R2
m = 0.269 and R2

c = 0.612 for abundance
(Table S5).
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Figure 3. Forest plots of fixed-effect estimates from generalized linear mixed models (GLMMs),
shown as points with 95% confidence intervals (horizontal lines). (a) Species richness modeled
with a Poisson distribution. (b) Total abundance modeled with a negative binomial type 2 (NB2)
distribution. The red dashed line indicates the null effect (β = 0). Black symbols indicate significant
effects (p < 0.05), whereas light gray symbols indicate non-significant effects.

Figure 4. Predicted partial effects of significant environmental variables on waterbird diversity with
95% confidence bands (gray bands). (a,b) Species richness vs. total built-up area within a 1 km buffer
(TB; km2) and total cropland within a 1 km buffer (TF; km2), respectively. (c,d) Total abundance vs.
total nitrogen (TN; mg/L) and total phosphorus (TP; mg/L), respectively. Axes are back-transformed
to the original units, and points represent observed values.
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For α-diversity, significant effects were detected only for the landscape variables TF
and TB, whereas no water-quality variable showed a significant association with Shannon
diversity, Margalef diversity, or Pielou’s evenness (Figures 5 and 6; Tables S2–S4). Shannon
diversity increased with total cropland within a 1 km buffer (TF; p = 0.003) and total built-
up area within a 1 km buffer (TB; p = 0.013), whereas the remaining predictors were not
significant (Figure 5a; Table S2). The fitted partial-effect curves likewise showed consistent
positive relationships of Shannon diversity with both TF and TB across the observed
gradients, with predicted values increasing progressively from lower to higher levels of
surrounding cropland and built-up area (Figure 6a,b). The Shannon model had marginal
R2 (R2

m) = 0.219 and conditional R2 (R2
c) = 0.468 (Table S5). Margalef diversity showed a

similar pattern, increasing with TF (p = 0.003) and TB (p = 0.014), whereas the remaining
predictors were not significant (Figure 5b; Table S3). The fitted curves also indicated
positive responses of Margalef diversity to both landscape variables (Figure 6c,d). The
Margalef model had R2

m = 0.176 and R2
c = 0.399 (Table S5). For Pielou’s evenness, none of

the predictors showed significant effects (all p > 0.05; Figure 5c; Table S4), indicating that
evenness did not vary systematically along the measured environmental gradients. The
Pielou model had R2

m = 0.204 and R2
c = 0.686 (Table S5).

Figure 5. Forest plots of fixed-effect estimates from generalized linear mixed models (GLMMs) for
α-diversity indices, shown as points with 95% confidence intervals (horizontal lines). (a) Shannon
diversity (Gaussian), (b) Margalef diversity (Gaussian), and (c) Pielou’s evenness (Beta-logit). The
vertical red dashed line indicates the null effect (β = 0). Black points denote significant effects
(p < 0.05), and light gray points denote non-significant effects.
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Figure 6. Predicted partial effects of significant landscape variables on α-diversity indices with
95% confidence bands (gray bands) across 28 coal-mining subsidence lakes in Huaibei, China.
(a,b) Shannon diversity in relation to total cropland within a 1 km buffer and total built-up area
within a 1 km buffer, respectively. (c,d) Margalef diversity in relation to total cropland within a 1 km
buffer and total built-up area within a 1 km buffer, respectively. Axes are back-transformed to the
original units, and points represent observed values.

Across all models, marginal R2 ranged from 0.176 to 0.269, whereas conditional R2

ranged from 0.320 to 0.686 (Table S5).

4. Discussion
A central finding of this study is the clear separation between the environmental

correlates of species richness and total abundance in newly formed coal-mining subsidence
lakes. Species richness was positively associated with total cropland within a 1 km buffer
(TF) and total built-up area within a 1 km buffer (TB), whereas total abundance was posi-
tively associated with total nitrogen (TN) and decreased with total phosphorus (TP). These
contrasting associations suggest that species richness may be more strongly associated
with landscape-scale habitat complementarity and heterogeneity, whereas the observed
abundance pattern—strongly shaped by the numerical dominance of Falcated Duck and
Eurasian Coot—may be more closely associated with local water-quality conditions. Ac-
cordingly, abundance in this study likely reflects variation in the aggregation of dominant
species more than a uniform response across the full waterbird community, and therefore
does not necessarily indicate higher ecological integrity [10]. Such associations between
waterbirds and nutrient-related conditions have been reported in other wetland systems,
yet eutrophication may also simplify communities and amplify dominance by a few taxa.
Therefore, management actions aimed solely at increasing abundance may conflict with
conservation goals focused on richness and community balance and should be evaluated
using multiple diversity metrics [10,40].

The positive relationship between TF and species richness is consistent with previous
studies suggesting that agricultural landscapes may provide complementary foraging
and roosting opportunities through irrigation networks, ephemeral flooded patches, and
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wetland–farmland ecotones, thereby expanding niche space at the landscape scale [6,7,41].
Similarly, the positive association between TB and richness is counterintuitive, because
urbanization is often associated with habitat loss, disturbance, and biotic homogenization.
In our study system, however, TB may not simply represent urban pressure per se. Instead,
it may partly reflect local landscape configurations in which built-up land co-occurs with
managed shorelines, retention ponds, drainage canals, and other forms of blue–green
infrastructure that may increase habitat heterogeneity, edge availability, and connectivity
around subsidence lakes [22,42]. In addition, lakes near built-up areas may differ in
shoreline accessibility, visibility, or management intensity, and TB may therefore covary
with unmeasured habitat attributes rather than directly benefiting waterbirds. We therefore
interpret this result cautiously as a context-dependent association, not as evidence that
urbanization generally promotes waterbird diversity. More generally, these findings are
consistent with the view that anthropogenically modified water bodies can have ecological
importance in human-dominated landscapes [43,44].

Total abundance responded to water-quality variables rather than to landscape struc-
ture. However, this pattern should be interpreted in light of the strong dominance structure
of the assemblage: Falcated Duck and Eurasian Coot together accounted for 73% of all
recorded individuals. Accordingly, the associations of abundance with TN and TP likely
reflect, to a substantial extent, aggregation responses of these numerically dominant species
rather than a uniform response across the full waterbird community. The opposite associa-
tions of TN and TP with abundance indicate that the relationships between abundance and
nutrient conditions were more complex than a single directional effect. Because nitrogen
and phosphorus are often ecologically interrelated components of eutrophication processes,
their effects should not be interpreted as fully independent pathways. In the present model,
the coefficients for TN and TP represent conditional associations after accounting for each
other, rather than isolated nutrient effects. More broadly, waterbird responses may depend
not only on the absolute concentrations of TN and TP, but also on their joint balance and
covariation with other unmeasured limnological conditions. Given that mechanistic vari-
ables related to productivity, turbidity, prey availability, and habitat structure were not
directly measured, the following ecological interpretations should be regarded as possible
explanations rather than demonstrated mechanisms. TN may be associated with broader
local conditions potentially linked to productivity or organic inputs [40]. In contrast, higher
TP within the observed range was associated with lower abundance and may be consis-
tent with poorer habitat conditions, potentially including reduced water clarity or other
changes that could be unfavorable to foraging and habitat use [45,46]. At the same time,
these abundance–nutrient relationships may also partly reflect ecological feedbacks in the
opposite direction, because high-density waterbird aggregations can themselves contribute
nutrient inputs to local water conditions [40]. The observed associations should therefore be
interpreted as potentially bidirectional rather than as one-way environmental effects. These
nutrient-related associations should also be interpreted in light of the point-based nature of
the water-quality measurements, because a single shoreline sample may not fully represent
spatially heterogeneous conditions across the entire lake. Thus, higher total abundance in
this system should not be interpreted straightforwardly as greater community diversity
or conservation value, because it may primarily capture the numerical concentration of a
few common taxa. These interpretations should be treated as tentative hypotheses rather
than demonstrated mechanisms, because key variables such as prey availability, aquatic
vegetation, water transparency, and chlorophyll-a were not measured.

The α-diversity results generally paralleled the richness pattern, with Shannon and
Margalef diversity showing positive associations with TF and TB, whereas Pielou’s even-
ness showed no significant associations. These patterns suggest that surrounding landscape
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context may be associated not only with species numbers but also with broader taxonomic
diversity, although these relationships should be interpreted as context-dependent rather
than generally positive effects of cropland or built-up land [6,7,22,41,42]. In contrast,
Pielou’s evenness showed no significant relationships with the predictors considered, in-
dicating that although landscape context may be associated with the occurrence of more
species, it does not necessarily correspond to a more even distribution of individuals among
species [10].

The subsidence lakes examined here supported multiple threatened or near-threatened
waterbird species, underscoring their potential role within regional wetland networks [12,17].
This conservation significance is consistent with findings from other wetland systems in
China and elsewhere showing that artificial or human-modified wetlands can provide
important complementary habitat for waterbirds, although their community value may
differ from that of natural wetlands. For example, studies in the Yellow River Delta
found that migratory and wintering waterbirds made substantial use of artificial habitats,
including aquaculture ponds, paddy fields, irrigation canals, reservoirs, and saltpans, even
though natural wetlands generally supported higher bird-community indicators. Similar
patterns have also been reported from artificial wetlands in other countries, where some
human-made wetlands supported bird communities of considerable diversity despite
differing from nearby natural wetlands [43,47]. Given continuing losses of key staging
habitats along the East Asian–Australasian Flyway (EAAF), inland artificial wetlands may
become increasingly important for waterbird conservation [26]. At the same time, our
results also indicate that no single environmental dimension adequately captures habitat
quality across all components of waterbird diversity. Species richness and α-diversity
were more strongly associated with landscape context, whereas total abundance was more
closely related to nutrient conditions. Moreover, abundance alone may largely reflect the
concentration of a few dominant taxa. Conservation planning for subsidence lakes should
therefore avoid relying on single metrics or single-factor management targets, and may
benefit from jointly considering nutrient conditions, wetland–farmland heterogeneity, and
the context-dependent role of surrounding blue–green infrastructure.

Several limitations should also be acknowledged. First, water-quality variables were
measured from a single nearshore sampling point at each lake during each survey and
therefore may not adequately represent whole-lake conditions. Because within-lake spatial
heterogeneity was not quantified, substantial measurement error is possible. Accordingly,
associations involving water-quality predictors should be interpreted cautiously as rela-
tionships with local nearshore conditions rather than as robust evidence of whole-lake
water-quality effects. This limitation weakens the strength of inference for conclusions
involving water-quality variables. Second, Figure 2 reveals pronounced seasonal varia-
tion in abundance and species richness across the annual cycle. We agree that including
month as a random effect accounts statistically for repeated temporal structure, but does
not by itself resolve the ecological role of seasonality. In our study system, the winter
peaks in abundance and the relatively high richness from winter to early spring likely
reflect the influx of migratory and wintering waterbirds, whereas the summer decline
likely reflects seasonal departure or redistribution of many taxa. Accordingly, the annual
GLMM coefficients reported here should be interpreted as average associations across
periods with different community composition and intensity of lake use, rather than as
season-invariant relationships. Environmental associations may therefore differ among
seasons, because migration, overwintering use, and seasonal changes in habitat condi-
tions may alter both species composition and habitat selection. Future analyses should
explicitly test season × environment interactions or apply stratified seasonal analyses.
Third, although lake identity and month were included as random intercepts to account
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for repeated observations and broad temporal variation, spatial autocorrelation among
lakes was not explicitly modeled. As an exploratory sensitivity check, Moran’s I did not
indicate significant spatial autocorrelation across alternative k-nearest-neighbor definitions
(Table S8). Nevertheless, because spatial structure was not incorporated directly into the
modeling framework, this issue should still be interpreted with caution, and future studies
could evaluate spatially explicit modeling approaches more formally. Fourth, although TN
and TP were included simultaneously as independent predictors in the annual models, we
did not explicitly test nutrient interaction terms or other formulations that capture their
ecological interdependence, such as nutrient balance or ratio effects. Therefore, the present
results should not be interpreted as evidence for a combined TN–TP effect or as proof
that TN and TP act through fully separate ecological pathways. Additional mechanistic
covariates, such as prey biomass, macrophyte cover, Secchi depth, chlorophyll-a, water
level, and quantified disturbance, are needed to better evaluate whether TN and TP may
operate primarily through productivity, turbidity, or habitat-structure pathways. Fifth,
the effects of TF and TB should be examined across multiple buffer sizes and land-use
intensity metrics to distinguish true habitat complementarity from disturbance-driven ho-
mogenization [6,42]. In addition, surrounding land-cover variables were treated as annual
rather than month-specific predictors. Therefore, finer temporal variation in landscape
context during the survey period was not incorporated and should be considered in future
time-matched analyses. Sixth, detection probability was not explicitly modeled. Although
surveys followed a standardized protocol, visual counts across lakes differing in area,
shoreline configuration, and visibility conditions may still have introduced heterogeneity
in detectability. In particular, larger or more structurally complex lakes, or lakes with less
uniform shoreline visibility, may have been more prone to undercounting than smaller or
more open lakes. Accordingly, the abundance-related relationships reported here should
be interpreted cautiously as associations in observed counts rather than precise effects
on absolute abundance. This issue may be more important for total abundance than for
species richness, because imperfect detection can influence the number of individuals
recorded even when conspicuous species are still detected. Future work should combine
standardized surveys with explicit approaches to account for detectability, such as distance
sampling, repeated-observer designs, or hierarchical models.

5. Conclusions
Coal-mining subsidence lakes in Huaibei supported substantial waterbird diversity,

including several globally threatened or near-threatened species, highlighting their con-
servation value as rapidly expanding artificial wetlands. Our results suggest that species
richness, Shannon diversity, and Margalef diversity may be more strongly associated with
landscape context, whereas the observed abundance pattern—largely shaped by the nu-
merical dominance of Falcated Duck and Eurasian Coot—may be more closely associated
with nutrient conditions. Specifically, species richness was positively associated with total
cropland within a 1 km buffer (TF; p = 0.002) and total built-up area within a 1 km buffer
(TB; p = 0.010), whereas total abundance was positively associated with total nitrogen
(TN; p = 0.003) but decreased with total phosphorus (TP; p = 0.018). Pielou’s evenness
showed no significant relationships with the predictors considered. These results suggest
that abundance alone may be insufficient for evaluating habitat quality in subsidence lakes,
because the observed abundance pattern was strongly shaped by the numerical dominance
of Falcated Duck and Eurasian Coot and may therefore reflect the concentration of a few
common taxa rather than a community-wide response. Accordingly, conservation planning
for multiple dimensions of waterbird diversity in subsidence lakes should consider both
nutrient conditions and landscape context rather than relying on abundance as a single
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indicator. Further research is needed to identify suitable nutrient conditions and landscape
configurations for supporting waterbird diversity while maintaining ecosystem integrity in
subsidence lakes.
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