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Long-term wetland biomonitoring highlights
the differential impact of land use on
macroinvertebrate diversity in Dongting Lake

in China
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Freshwater wetlands have experienced disproportionate biodiversity loss due to environmental
change. The lack of long-term biological data limits our understanding of wetland biodiversity
dynamics and principal drivers. Here, we combine aquatic biomonitoring with satellite-derived
imagery and spatial-explicit analysis to assess the changes in macroinvertebrate diversity and
driving factors from 1988 to 2017 in Dongting Lake, China. The results revealed declining
macroinvertebrate alpha diversity (species richness and functional redundancy) but increased
beta diversity (taxonomic and functional dissimilarity). An increase in nutrients due to changes
in land-use intensity in the surrounding terrestrial ecosystem was the primary mechanism for
the losses of species and functional groups. Alpha diversity changes were most influenced by
land-use changes in adjacent land areas 1.5 kilometers from the sampling sites, while beta
diversity was affected within 50 meters. Our results highlight a need for attenuating land-use
effects by establishing protected buffer areas to protect biodiversity in the future.
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etlands provide essential ecological functions and ser-
W vices for human, animal, and plant life, including carbon

storage, water supplies, fisheries, biodiversity, and
recreation, but are under increased threat from human activities and
climate change!. Since 1990, at least 64-71% of wetlands worldwide
have suffered degradation, which includes changes to their physical
statesZ, and these changes may result in losses of biodiversity and
jeopardize the functions and stability of their ecosystems>. In fact,
the past 30 years represent a critical time period of global change,
especially in developing regions where wetland ecosystems have
undergone drastic changes®*. Numerous studies have verified
the species loss of terrestrial and aquatic vertebrates in the
Anthropocene®~8 (but see Su et al.%). However, there is still a rela-
tively limited understanding of the multidecadal patterns of changes
in freshwater macroinvertebrate communities. In response to those
substantial changes, the Ramsar Convention on wetlands, an
intergovernmental treaty with 172 contracting parties, encourages
ongoing ecological monitoring and the formulation of wetland
management plans to promote their sustainable use and halt future
biodiversity declinel0. Therefore, in order to develop effective
management schemes consistent with these goals, we must under-
stand the drivers of wetland ecosystem deteriorations.

Climate change, land-use changes, and hydrological alteration,
as well as pollution, eutrophication, increasing water temperature,
and decreasing lake area, are known to threaten the health and
sustainability of wetland ecosystems®!1. These environmental
changes often occur concurrently over a long timescale and result
in habitat degradation and biodiversity losses!2. Evidence has
shown that warmer climates can alter the physical state of lakes,
such as lake surface temperature, water levels, mixing patterns, etc.,
thus increasing nutrient cycling and enhancing production primary
productivity!314. Furthermore, intensive agriculture has funda-
mentally altered the hydrologic cycle at the Earth’s surface by
changing the availability of active nitrogen at large scales!®. Aquatic
and terrestrial ecosystems have frequent nutrient exchanges!®,
where land-use changes, especially the increase in agricultural land,
exacerbate the eutrophication of wetland ecosystems!”. The see-
page of nitrogen from agricultural land has been proven to reduce
water quality at local, regional, and continental scales!$, and these
changes can modify freshwater community composition, species
diversity, and biological integrity at multiple trophic levels (dia-
toms, invertebrates, and fish)!2. Moreover, artificial modifications
of the river-lake connections may provoke habitat degradation of
lakes. For instance, it is mainly believed that the Three Gorges Dam
has caused the loss of lake wetland area in the middle and lower
reaches of the Yangtze River!?, leading to accelerated vegetation
area expansion and the response of algal blooms to hydrology?0-21.

The lack of long-term biological indicators (e.g, macro-
invertebrates) in China limits the understanding of historical
changes in biodiversity in response to environmental factors, com-
plicating the identification of major drivers of wetland declines?2. In
wetland ecosystems, macroinvertebrates play essential roles in reg-
ulating primary productivity, decomposition, and nutrient cycling,
and macroinvertebrate communities are undergoing substantial
changes due to multiple environmental stressors; thus, these
organisms represent critical indicators of the state of the entire
ecosystem?3. A long-term record of macroinvertebrate diversity is
essential to explore the key drivers affecting ecosystem health. The
lack of established freshwater biomonitoring systems in China prior
to 2010 has made it challenging to capture longer-term freshwater
community dynamics?4.

However, among the lakes in China, Dongting Lake, which is the
second largest lake (lake area: 2820 km% max depth: 31 m) con-
nected to the Yangtze River (Supplementary Fig. 1), and is listed
as a typically altered wetland in the Ramsar Convention on
Wetlands?>-27, has the longest and most complete continuous

biological monitoring data in the country, with a record spanning
30 years (since 1988), since it was the first freshwater ecosystem to
be the subject of routine biomonitoring. The region around
Dongting Lake is one of the most important agricultural produc-
tion areas in China and has a history of reclaiming farmland from
wetlands associated with the lake?8. The declines in biodiversity
and aquatic community integrity over the past three decades in
Dongting Lake have been accompanied by changes in land-use,
climate change, and local hydrology!?2°. Nevertheless, the relative
importance of these drivers has not yet been quantified.

Here, we combined a continuous 30-year-long biomonitoring
dataset from Dongting Lake with satellite imagery to investigate
the drivers of local ecosystem change (Supplementary Fig. 1 and
Supplementary Table 1). We hypothesize that human-induced
changes, including changes in land-use, climate, and hydrology,
led to a decline in the integrity of the aquatic community in
Dongting Lake (Fig. la). We further hypothesize that these
changes occurred along three paths:

1. The “land-water connection” path: Increases in the land-
use intensity of the terrestrial ecosystem around the lake by
human populations lead to an increase in dissolved
nutrients in the water, which subsequently alters macro-
invertebrate communities.

2. The “climate change” path: Global warming leads to an
increase in lake water temperature3?, which directly affects
the macroinvertebrate community or indirectly leads to the
decline of the community by promoting nutrient increases
and algal blooms.

3. The “river-lake connection” path: The weakening of the
connectivity with the Yangtze River leads to the shrinkage
of Dongting Lake, which directly leads to a reduction in
macroinvertebrate habitat.

To explore these paths, we aimed to (A) analyze the temporal
trends of land-use, climate change, river-lake connectivity, and the
taxonomic and functional diversity of macroinvertebrates at the
scale of Dongting Lake; (B) test and identify how the major
mechanisms associated with these three human-related factors
impact the diversity of macroinvertebrates; and (C) further evaluate
the spatial extent of the impact that land-use changes have on
biodiversity shifts, that is, identify the distance at which land-use
change has a significant impact on lake biodiversity. By analyzing
the longest aquatic biomonitoring data series in China, we revealed
the 30-year dynamics of the ecological status of Dongting Lake and
identified the main drivers impacting that change from among
multiple stressors.

Results

Decadal fluctuation in the ecological status of Dongting Lake.
To determine changes in the ecological status of Dongting Lake
over the 30-year period relative to anthropogenically driven fac-
tors, we integrated continuous global satellite imaging and bio-
monitoring over the past 30 years.

Environmental parameters. From 1988 to 2017, the region
around the Dongting Lake wetland experienced comprehensive
environmental changes, such as an increase in land-use inten-
sity, warming of the climate, fluctuations in its connectivity
with the Yangtze River, and increasing frequency of algal
blooms (Fig. 1b-e). Significant tipping points of ecological
change were identified in approximately 2000 and 2010 (Sup-
plementary Fig. 2 and Supplementary Table 2). The land-use
intensity did not change significantly before 1996 or after 2009
but increased significantly from 1996 to 2009 (p <0.001). The
overall annual average temperature increased by approximately
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Fig. 1 Three possible pathways controlling macroinvertebrate biodiversity in Dongting Lake and temporal dynamics of the ecological status of
Dongting Lake. a Three possible pathways. Solid and dashed lines represent direct and indirect effects, respectively. b Six major environmental
parameters: human land-use intensity, mean annual temperature, input charge from the Yangtze River, total nitrogen, total phosphorus, and algal
bloom intensity. The arrows to the left of the panel represent the important events that might have influenced the ecological status of Dongting Lake.
¢ Annual variation in the species richness of macroinvertebrates. d Annual variation in the functional redundancy. e Annual variation in the taxonomic
dissimilarity. f Annual variation in the functional dissimilarity. The dashed lines in (¢) and (d) show the gamma diversity for each year. Taxonomic and
functional dissimilarity was represented by Bray—Curtis distances between different sampling sites. The colored envelope surrounding each line

represents 95% of generalized additive models.

0.91 °C over the 30 years studied (p = 0.021), but no significant
changes were identified at different time segments (p>0.05).
Input charge from the Yangtze River was chosen as the proxy of
the connectivity with the Yangtze River, and this parameter was
found to be significantly correlated with the other three
hydrological parameters (TISD, FTSD, and NSD, Supplemen-
tary Fig. 3). Input charge from the Yangtze River significantly
decreased 267.68 x 108 m3 from 1997 to 2009 (p=0.021) and
was jointly affected by the Three Gorges Dam and precipitation
conditions (Supplementary Fig. 4). Total nitrogen and total
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phosphorus increased by 0.87mgL~! and 0.05mgL~! from
1988 to 2017, respectively (TN p<0.001, TP p=0.031), but
their temporal dynamics were different (Fig. 1b): total nitrogen
increased significantly from 2006 to 2010 (p =0.042), while
total phosphorus decreased substantially from 2001 to 2017
(p =0.003). The density of planktonic algae increased by 10,000
to 40,000 cellsL~! per year (Supplementary Fig. 5). Overall,
during the study period, the algal density increased before 2013,
and the algal bloom frequency remained stable after 2013
(Fig. 1b and Supplementary Table 2).
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Alpha diversity. The three-decade time series analysis showed how
the taxonomic (species richness) and functional (functional
redundancy) alpha diversity of macroinvertebrates decreased
considerably between 1988 and 2017 (Fig. 1c, d). The species
richness from 8 sites within Dongting Lake exhibited significant
tipping points in 2001 and 2012 (Supplementary Fig. 2), between
which the trend of the species richness decline was more pro-
nounced (Supplementary Table 2). The functional redundancy of
macroinvertebrate communities, described by multiple traits rela-
ted to body shape, feeding type, life cycle, and other life history
traits (Supplementary Table 3), changed significantly in 1994 and
2001 (Supplementary Table 2). The species richness and functional
redundancy of macroinvertebrates decreased significantly at six
and three sites, respectively (Supplementary Fig. 5).

Beta diversity. The taxonomic and functional composition of
macroinvertebrate communities were altered in approximately
2000 and 2010, with the spatial beta diversity significantly
increasing in the last 30 years (Fig. le, f).

The taxonomic composition of macroinvertebrate communities
changed significantly in 2000, 2009, and 2013 (Supplementary
Fig. 6). Initially, the composition was characterized by a wide
diversity of taxonomic groups, including Insecta and Bivalvia,
which significantly shifted toward Oligochaeta over the last three
decades (Supplementary Fig. 7 and Supplementary Table 4). The
taxonomic spatial dissimilarity (hereafter, taxonomic dissimilarity)
exhibited significant tipping points in 2001 and 2012, increasing
significantly from 1988 to 2001 and decreasing significantly
from 2001 to 2012, with a more pronounced decline after 2012
(Supplementary Table 2).

The functional composition was altered considerably in
approximately 2010 (Supplementary Fig. 6). More specifically,
the behavior of organisms strongly corresponded to the annual
alteration of the functional composition of macroinvertebrates
(LME p=0.031), with the abundance and species richness of
Burrowers declining annually (Supplementary Fig. 7 and Supple-
mentary Table 4). Additionally, the functional spatial dissimilarity
(hereafter, the functional dissimilarity) increased significantly over
the study period, with tipping points in 1999 and 2009. The annual
taxonomic and functional dissimilarity patterns mainly reflected
species turnover rather than the nesting of subsets of species
(Supplementary Fig. 8).

Identification of major drivers and paths. We applied path
analysis based on piecewise fitting of component hierarchical
linear-mixed-effects models to test the three hypotheses in Fig. 1
for the dynamic changes of the macroinvertebrate communities
in Dongting Lake.

Alpha diversity. In the investigation of alpha diversity, the non-
significant p value (p = 0.188) obtained for the confirmatory path
analysis indicated that the model fully supported the hypothetical
causal network (Fig. 2a). The effect of increased nutrients in the
lake caused by increasing human land-use intensity on the shifts in
macroinvertebrate communities exceeded those of other mechan-
isms. The GLS regression results showed that total nitrogen was the
factor that most strongly resulted in the reductions in species
richness and functional redundancy (Supplementary Fig. 9).
Therefore, among the three hypotheses tested, the land-water
connection was identified as the dominant path by which the
invertebrate community changed. In contrast, the impacts of cli-
mate change and the river-lake connection were relatively weak
(Fig. 2a). The increased intensity of human land-use in the sur-
rounding terrestrial ecosystem significantly increased the total
nitrogen concentration in the water body (Fig. 2b, LME p = 0.007).

The reduction in species richness and functional redundancy of
macroinvertebrates was directly related to total nitrogen con-
centrations (Fig. 2¢c, LME p < 0.001) and was indirectly related to
exacerbated algal bloom occurrence (Fig. 2d, e, LME p < 0.001).

Beta diversity. The beta diversity path analysis further verified the
important role of human land-use in the temporal alteration of
macroinvertebrates (Fig. 3). The results of the GLS model
revealed that taxonomic and functional dissimilarities were
jointly controlled by human land-use intensity, total phosphor-
ous, and algal bloom intensity (Supplementary Fig. 9). The direct
impact of human land-use differences on taxonomic dissimilarity
was the main path that led to the increase in macroinvertebrate
beta diversity (Fig. 3, p < 0.001). Meanwhile, the total phosphorus
differences between sites, accelerated by land-use alteration, sig-
nificantly increased community dissimilarity (Fig. 3, p <0.001).

The spatial extent of the effects of land-use on macroinvertebrate
diversity. To explore the best spatial extent of the associations
between human land-use intensity at the surrounding terrestrial
ecosystem and parameters in the lake, we tested the associations
with increasing terrestrial extent from the sample locations.

Human land-use intensity across multiple spatial extents. We
extracted human land-use intensity (the total proportion of crop-
land and urban area) within buffer zones ranging from 50 m to
20km around each site, over a time span ranging from 1988 to
2017. Linear fittings between human land-use intensity and the lake
trophic status, and the macroinvertebrate diversity for each site and
spatial extent were performed. The human land-use intensity sig-
nificantly decreased (p < 0.001) between buffer distances of 50 m to
1 km but increased from 1km to 20 km (Supplementary Fig. 10,
p <0.001). Differences in human land-use intensity between sites
decreased remarkably with increasing spatial extent (Supplemen-
tary Fig. 10, p <0.001).

Alpha diversity. The acceleration of human land-use intensity in
the terrestrial ecosystems surrounding Dongting Lake over time
significantly affected macroinvertebrate alpha diversity within
20km of each sampling site, with the largest effect occurring at
distances of approximately 1.5km (Fig. 4b-e). The temporal
changes in human land-use intensity were correlated with elevated
total nitrogen in water and larger algal blooms within a spatial
range of 7 km and 3 km, respectively (Fig. 4b, c). The intensity of
the impact on macroinvertebrate alpha diversity had a unimodal
relationship with the increase in buffer radius. The response of
species diversity to human land-use intensity peaked at 0.9 km,
while that of functional redundancy peaked at 1.5 km (Fig. 4d, e).

Beta diversity. The human land-use intensity differences (AHLU)
increased taxonomic and functional dissimilarities between sites,
and the effects peaked within 50 m of the sites (Fig. 4f-i). Dif-
ferences in lake water total phosphorus were significantly asso-
ciated with human land-use alteration only in the 0.5km to
0.8 km buffer zones (Fig. 4f). Human land-use in all the buffer
zones significantly accelerated the spatial differences in algal
blooms, with a maximum difference occurring at 15 km (Fig. 4g).
The explained variances between human land-use and the taxo-
nomic and functional dissimilarities were highest in the 50 m
buffer zone (Fig. 4h, i).

Discussion

Understanding the drivers of wetland ecosystem decline is
essential for effective management, given the numerous factors
jeopardizing their health and sustainability?33l. Our results
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Fig. 2 Summary of mechanisms affecting the alpha diversity of macroinvertebrates in Dongting Lake. a Hypotheses about the influences of various
factors were checked by a structural equation model. Positive and negative paths are shown as blue and red lines, respectively, and nonsignificant paths are
shown in gray. b-e Mixed linear models were fitted for vital paths. The site was used as the random factor to address nonindependence between samples.
The colored envelope surrounding each line represents 95% of linear mixed models.

suggest that the impact of land-use changes has exceeded that of
climate change and hydrological alteration over the past 30 years,
leading to the loss of macroinvertebrate diversity in Dongting
Lake. We found that the acceleration of land-use intensity in the
terrestrial ecosystem surrounding Dongting Lake, which caused
an increase in nutrient loading, was the main mechanism driving
the continuous changes in the macroinvertebrate communities.
Therefore, managing the interface between wetlands and adjacent
terrestrial ecosystems will be essential to preserving the biodi-
versity of these ecosystems in the future.

Biodiversity losses of macroinvertebrates. The alpha diversity of
macroinvertebrates in Dongting Lake, although fluctuating,
declined over the study period, and the spatial beta diversity
increased, indicating a dramatic loss and shift of taxa and func-
tional groups in macroinvertebrates. These results were in
line with shifts observed in freshwater macroinvertebrate
diversity over time in other countries. A study conducted in
diverse rivers in England detected increases in the abundance of
carnivores and herbivores, while decomposers declined from 2002

to 201932, Between 1994 and 2007, a significant decline was
observed in many macroinvertebrate families that favor colder
waters and faster-flowing habitats in Australia’3. Meanwhile, the
diversities of freshwater macroinvertebrates in the US and Europe
have been gradually recovering’$3>. Our results suggest that
macroinvertebrate communities in Dongting Lake deteriorated at
both the taxonomic and functional levels over the study period.
The species richness of four macroinvertebrate classes (the other
two showed no significant trend) and all functional groups
decreased significantly (Supplementary Table 4). The increased
beta diversity was attributed to the loss of local species, which
resulted from the overall decrease in gamma diversity (Supple-
mentary Fig. 7). In the initial stage of environmental change, the
loss of local species can buffer gamma diversity and lead to
unchanged or increased beta diversity>®. Moreover, changes in
spatial beta diversity may also depend on the relative trends of
generalist and specialist species’”. In summary, over the past 30
years, the macroinvertebrate community of Dongting Lake has
undergone both biodiversity loss and community shift, and this
declining trend has yet to be halted.
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Fig. 3 Summary of mechanisms affecting the beta diversity of macroinvertebrates in Dongting Lake. a Hypotheses about the influences of various
factors were checked by a structural equation model. Positive and negative paths are shown as blue and red lines, respectively, and nonsignificant paths are
shown in gray. b-e Mixed linear models were fitted for vital paths. Taxonomic and functional dissimilarity were standardized by geographical distance to
minimize the effect of distance between sites. The colored envelope surrounding each line represents 95% of linear models.

Dominate role of human land-use. We found that the increased
human land-use intensity, including expanding agricultural and
urban areas, was the dominant factor affecting the integrity of
Dongting Lake. Multiple expectations of possible mechanisms,
which could be categorized as direct effects, such as the toxicity of
excessive nutrients, and indirect effects, such as anoxia caused by
cyanobacteria blooms, have been proposed and thoroughly dis-
cussed in the field and mesocosm studies. Previous studies
showed that excess nutrients lead to changes in the element
stoichiometry of macroinvertebrates38, even causing the death of
some species®® or indirectly reducing the diversity of macro-
invertebrates through anoxia caused by cyanobacteria blooms*’.
As the global population continues to expand, the expansion and
intensification of agriculture will further exacerbate the ecological
degradation of wetland habitats*!. In wetland research, most

alleviation and restoration measures focus on the water, such as
removing nutrients*243, while land-based restoration has been
studied only sporadically*4. Our analyses indicate that land-use
change has caused substantial degradation of a Ramsar-protected
wetland ecosystem. Our analyses indicate that land-use change
has caused the substantial biodiversity loss of macroinvertebrates,
highlighting the importance of considering land-water relation-
ships in wetland conservation and restoration.

Impacts of climate change. The impact of climate change on
macroinvertebrates was not the dominant path in Dongting Lake,
although climate change is considered one of the most serious
threats to lake ecosystems globally?. Nevertheless, the effects of
climate change may not be as pronounced as the effects of other
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Fig. 4 The relationship between human land-use in the terrestrial ecosystem surrounding Dongting Lake and parameters in the lake water across
increasing spatial extents. a The spatial distribution map of human land-use, taking buffers of multiple sizes at site “ED"” as an example. b-e The explained
variances in human land-use intensity across distance to trophic parameters in the water and alpha diversity of macroinvertebrates. The R2 of the null
model is shown as a gray dashed line. f-i The explained variances in A human land-use intensity across distance to differences in trophic parameters in
water and beta diversity of macroinvertebrates. The colored envelope surrounding each line represents 95% of the models. The dotted vertical lines are
imported points where the fitted line reaches a plateau or hill or intersects with the null model.

concurrent environmental changes, such as those from shifting
land-use practices'2. For example, in eastern China, the lake area
is less affected by climate than by human activities*. To date,
anthropogenic pressures via land-use change have surpassed the
influence that climatic factors have on the temporal variability in
algal blooms*> and on biodiversity in lakes and reservoirs in
China. In this study, we found that climate warming was corre-
lated with increased nitrogen but increased phosphorus loading
in Dongting Lake, although these effects were weaker than the
effects induced by human land-use changes (Fig. 2). However,
some studies have shown that lake warming intensifies the sea-
sonal pattern of internal nutrient cycling and creates conditions
beneficial for longer cyanobacteria blooms*®. This study did not
focus on this issue due to the lack of seasonal data. Further
research should focus on finer time scales (e.g., quarterly,
monthly) to better understand the effects of climate change from
a multi-stressor perspective.

Impacts of river-lake connection. We found that the weakening
of the river-lake connections had a limited impact compared to
human land-use on the macroinvertebrate diversity of Dongting
Lake. As the first large lake downstream of the Three Gorges
Dam, Dongting Lake experienced serious changes in hydrology
and sediment conditions after the dam was built, and the inun-
dation time of Dongting Lake decreased by 3.6% from 2000 to
201019, The relative humidity and surface runoff have declined
sharply since the Three Gorges impoundment in 2003!° (but see
Huang et al.#”). However, human activities such as water intake
and land reclamation around the lake also intensified dramati-
cally during this period?’, and these factors may be additional
drivers causing the shrinking lake area and changing hydrological
conditions. A recent study on the dynamics of algal blooms in
Dongting Lake found that climatic-related parameters changed
significantly before and after the completion of the Three Gorges

Dam?!. Here, with a random forest model, we found that the
connectivity between the Yangtze River and Dongting Lake
(represented as the YRQ) was jointly influenced by the Three
Gorges Dam and changes in precipitation (Supplementary Fig. 4).
Therefore, the co-analysis of multiple stressors helped us better
understand the role of the Three Gorges Dam in the ecological
fluctuation of Dongting Lake. In this study, both the alpha and
beta diversities of macroinvertebrates were much less affected by
the establishment of the Three Gorges Dam than by land-use
change (Figs. 2 and 3). Our results indicate that under the multi-
stressor scenario, the impact of dam construction on the lake
ecosystem should be analyzed together with other possible factors
to obtain more objective results.

The spatial extent of land-use effects. While land-use change has
been the main stressor affecting Dongting Lake in the last 30
years, its effect was geographically localized, which suggests that
the establishment of land buffer areas may provide substantial
benefits for preserving ecosystem integrity. Current restoration
and convention efforts considering the “land-water connection”
face challenges in implementation due to a lack of theoretical
frameworks, particularly in addressing the spatial extent of ter-
restrial disturbances on aquatic biodiversity84°. A previous study
on the Thur River in Switzerland found that the association
between aquatic biodiversity and plant functional diversity in
terrestrial ecosystems peaked in a smaller buffer area (about
400 m)*. Yet for large rivers such as the Amazon, the diversity of
fishes could be impacted by deforestation over a range of 30 km>’.
Here, we showed that changes in the human land-use intensity of
the surrounding terrestrial ecosystems significantly impact mac-
roinvertebrate diversity, with the greatest impact found within
1.5km of the lake (Fig. 4). Therefore, in formulating protection
and restoration measures for wetlands experiencing eutrophica-
tion, including the Dongting Lake wetland, attention should be
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given to the management and improvement of the surrounding
terrestrial ecosystems, especially the lakeside buffer zones.

Our analysis filled a gap in our understanding of the historical
dynamics of wetland ecosystems in China while also providing a
valuable case study for comparisons worldwide. Furthermore, our
work suggested that the impact that the construction of the Three
Gorges Dam had on the biodiversity loss of lakes in the middle
and lower reaches of the Yangtze River might be limited. Finally,
we revealed that the increase in local human land-use intensity
was the main factor altering macroinvertebrate taxonomic and
functional diversity. The results suggest that the land adjacent to
the lake is critical for maintaining wetlands and lake biodiversity.
Consequently, establishing protected land buffer areas around
these wetlands and lakes may be the most suitable strategy for
wetland/lake conservation, particularly in the developing world.

Methods

Macroinvertebrate community and nutrients. Data on macro-
invertebrates, nutrients, and algal blooms were collected during
routine monitoring by the Dongting Lake Eco-Environment
Monitoring Centre of Hunan Province from 1988 to 2017.
Routine monitoring of macroinvertebrates, phytoplankton, and
nutrients was carried out at eight transects in the main lake
(Supplementary Fig. 1). The eight transects in this study were
distributed in the key habitats of Dongting Lake (southern,
western, and eastern parts of Dongting Lake). In situ monitoring
was conducted each year from 1988 to 2018. However, no data
were collected in 2002, 2003, 2015, and 2016 due to objective
reasons such as water level changes. All transects were sampled
every January, May, and September to capture variability among
those seasons. Samples were collected from three locations along
each transect; two samples were collected at 100 m from either
bank, and two samples were collected from the middle of the
transect. These samples were then mixed for subsequent chemical
analysis and species identification (Supplementary Table 1).
Macroinvertebrate samples were sampled with a 1/16 m? mod-
ified Peterson dredger. The samples with animal specimens were
sieved, washed through a 40-mesh copper sieve, and placed in a
sealed pocket for storage. On the same day, after screening and
washing, the samples were put into the white porcelain dissecting
plate and sorted under cold light. Then, put the selected animal
sample into a 50 mL sample bottle and fix it with a 10% formalin
solution. The animals were identified and fixed in the laboratory.
Specimen identification mainly referred to relevant literature and
was identified at the genus level. Phytoplankton samples were
collected by filtering 20 L of water through a plankton net (20
mesh). The precipitates were fixed with Lugol’s solution for 48 h
and counted under the microscope. The algal bloom intensity was
defined as the annual average abundance of planktonic algae. For
Nutrients, the duplicated 1 L surface water samples were used to
measure nutrient variables, including total phosphorus (TP) and
total nitrogen (TN), following the Chinese national standard
“Environmental quality standards for surface water (GB 3838-
2002).” See Supplementary Note 1 for details.

Land-use, climate, and hydrological data. Geospatial informa-
tion for the Lake Dongting basin was obtained from the Resource
and Environment Science and Data Center of the Chinese Acad-
emy of Sciences (https://www.resdc.cn/). One-kilometer-wide
buffer zones encompassing the sampling sites were generated
with ArcGIS 10.7. Land-use data from 1988 to 2017 were extracted
from the first Landsat-derived annual China land cover dataset
(CLCD)?!, which classified land cover into seven types (cropland,
forest, grass, pasture, urban, water, and unused). We defined
human land-use intensity (HLU) as the total proportion of

cropland and urban areas. Mean annual air temperature (MAT, °C)
and mean monthly precipitation (MAP, mm month~!) data for the
study area were obtained from the CRU TS monthly high-
resolution gridded multivariate climate dataset (version 4)2,

The mainstream of the Yangtze River inputs water and sediment
into Dongting Lake through three inlets (Supplementary Fig. 1 and
Supplementary Table 5). Total annual water discharge data from
five gauging sites, provided by the Dongting Lake Eco-Environment
Monitoring Centre of Hunan Province, were used to represent
the input from the Yangtze River (YRQ, 108 m3) into the lake.
Moreover, to validate the ability of these data to represent important
hydrological changes, sediment-related hydrological variables (i.e.,
sediment discharge at three inlets (TISD) and from four tributaries
(FTSD) and the net sediment deposition, NSD) were collected from
published literature?!, and Spearman correlation analysis showed
that the YRQ was significantly correlated with other hydrological
parameters (Supplementary Fig. 3). To study the climate-derived
and dam-derived effects on the YRQ, we extracted the number of
rainstorm days (R50mm), simple precipitation intensity index
(SDII), number of summer days (SU), warm spell duration
index (WSDI) and yearly anomalies of ENSO events (ENSOI)
from published literature?! via GetData Graph Digitizer. The
Three Gorges Dam (TGD) has been shown to weaken the
connectivity between the Yangtze River and Dongting Lakel®. We
used a categorical variable, with 0 (before 2003) and 1 (after 2003)
indicating the operation status of the TGD. A random forest model
with 1000 permutations and 500 trees for each iteration was fitted to
identify the main drivers of YRQ dynamics using the “rfPermute” R
package in R4.0.5.

Biodiversity indices. Taxonomic alpha diversity was calculated as
the annual average number of macroinvertebrate species. The
functional redundancy analysis process followed Toussaint et al.c.
We identified 29 categories belonging to six traits (Supplementary
Table 3 and Supplementary Note 2). These traits are closely
related to the resilience and resistance of benthic communities,
represent the biological and ecological characteristics of macro-
invertebrates, and are widely used in research on the functional
diversity of inland water bodies>3. Principal component analysis
(PCA) was used to determine the two main axes of functional
trait variation. The “TPD” R software package was used to esti-
mate the multivariate kernel density, and the probability dis-
tribution of each species in the functional space was estimated by
using all species with functional information®*. Finally, the
redundancy () function in the “TPD” R packages was used to
calculate each sample’s macroinvertebrate functional redundancy.
Spatial dissimilarity (beta diversity) was defined as the distance of
community composition between sites in the same year. The total
spatial dissimilarity was partitioned into turnover and nestedness
components with beta.pair.abund() in the “betapart” package.
Taxonomic dissimilarities were based on Bray-Curtis matrices.
Based on the Soerensen matrix, functional dissimilarities were
calculated and partitioned using the hypervolume algorithm>>.

Temporal trend analysis. Decadal trends of major environmental
parameters, namely bloom intensity, species richness, and func-
tional redundancy, were first analyzed using generalized additive
models (gam() function in the “mgcv” package) to capture their
overall temporal trends. To reveal significant changes in the
trends of these ecological parameters over time, we used Bayesian
change point (bcp) analysis to estimate the posterior probabilities
for the presence of tipping points at which the trends change
using the “bcp” package in R. To study the temporal trends
before and after the identified tipping points, we defined three
temporal segments for each parameter divided by years with the
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two most probable tipping points. Each time segment had to
include at least four years of data. Temporal trend analysis was
performed for the different time segments based on tipping
points in Supplementary Fig. 2 using linear model fitting. To
identify the significant tipping points in the taxonomic and
functional community structure, we performed a multivariate
regression tree (MRT) analysis using the “mvpart” package”’.

Identification of major drivers. To identify the major drivers and
mechanisms causing the decline in diversity and the compositional
shifts of the macroinvertebrate community, we selected six expla-
natory variables, including human land-use intensity (HLU), mean
annual temperature (MAT), input charge from the Yangtze River
(YRQ), total nitrogen (TN), total phosphorus (TP) and algal bloom
intensity (Bloom), based on the stated hypotheses. We assessed the
potential multicollinearity among the variables by conducting
pairwise Pearson correlation and variance inflation factor (VIF)
analyses prior to any calculations. The results showed that all
absolute correlation values (|r]) < 0.70, and VIF < 10, indicating no
multicollinearity among the variables.

For alpha diversity, all explanatory and response parameters
were z-score transformed prior to analysis to standardize the data.
First, we applied the generalized least squares (GLS) model to
investigate the relationships between biodiversity parameters and
explanatory variables. The adjusted R? of the model was computed
with the function r2() from the package “performance.” The
standardized effect sizes of each variable on species richness and
functional redundancy were extracted with the function effectsize()
from the “effectsize” package. Second, we conducted confirmatory
path analysis based on piecewise fitting of component hierarchical
linear mixed-effects models to explore the major mechanisms
affecting biodiversity>8. Path analysis is a widely accepted method
for exploring complex causal relationships and assessing direct and
indirect effects in a structured and systematic way>®. The “NLME”
package was used to fit the observed variables into the general
linear mixed effect model, with sites as the random factor, to
address the issue of nonindependence between samples®?. The
overall path model was evaluated using Shipley’s directional
separation test®!, which concluded that Fisher's C could be
compared with y? statistics for distribution comparison. If the
obtained p value is >0.05, we assumed that the model fully
reproduced the hypothetical causal network. Third, major paths
were visualized by general linear mixed-effect models with the site
as the random factor.

For beta diversity, the spatial differences in human land-use
(AHLU), total nitrogen (ATN), total phosphorus (ATP), and algal
bloom (ABloom) were characterized as the absolute value of the
difference between sites. To eliminate differences in beta diversity
between sites due to dispersal limitations®2, taxonomic and
functional spatial dissimilarity were standardized as the quotient
of community composition distances and geographic distances.
The identification of major factors affecting beta diversities
followed the same method as that of alpha diversity, except fitted
linear models replaced linear mixed models in path analysis.

Linear regression and null models across multiple spatial
extents. Human land-use intensity was measured over multiple
spatial extents. Specifically, 18 buffers around each sampling site
were created at intervals of 0.05km between 0.05 and 0.1 km,
0.1 km between 0.1 and 0.9 km, 1 km between 1 and 5 km, and
5km between 10 and 20 km with ArcGIS 10.7. Human land-use
intensities within the buffer zones were extracted, and sites with
>80% water in the buffer area were removed. The absolute human
land-use area depends on the surface area measured within each
spatial extent, making the absolute value of human land-use

dependent on the spatial extent under consideration. Similarly,
within each spatial extent, a buffer from a higher spatial extent
covers all points from a site from a smaller spatial extent, once
again making the human land-use area dependent on the area
under consideration. Therefore, the human land-use intensity was
calculated as a percentage the absolute human land-use area
divided by the surface area.

For each sampling site and spatial extent, linear regression models
were fitted between human land-use and ecological responses (total
nitrogen, bloom intensity, species richness, and functional redun-
dancy) over time. The significance and the variance explained by
each model were calculated using p values and the R? coefficient of
determination, respectively. Null models were developed to ensure
that the spatial association between aquatic parameters and
terrestrial land-use was not a measurement artifact. Specifically,
the spatial location of pixels within the Dongting Lake basin was
randomly shuffled 1000 times, and the human land-use proportion
for each sampling site was extracted according to the distance
buffers presented above. Then, the process applied to the “true”
dataset was applied to the randomized data. To explore the spatial
extent to which human land-use most affected the biodiversity of
macroinvertebrates, we identified the spatial extent where R2
peaked, reached a plateau, or intersected with the null models.

This procedure was also carried out to assess beta diversity. In
short, the difference in human land-use between sites (AHLU)
was fitted to the spatial differences in total phosphorus (ATP),
algal bloom (ABloom), and taxonomic and functional dissim-
ilarities of macroinvertebrates. No null model was generated, as
there was only one point for each buffer size. The best spatial
extent was identified as that with the largest R? value.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability

The data of China’s annual land cover product (CLDD) can be accessed at https://
zenodo.org/record/5210928#.YcZ_nWBByUk. CRU TS climate data can be downloaded
from the Centre for Environmental Data Analysis (CEDA: http://data.ceda.ac.uk//badc/
cru/data/cru_ts/) and the CRU website: https://crudata.uea.ac.uk/cru/data/hrg/. All data
that support the findings of this study are available in figshare at https://doi.org/10.6084/
m9.figshare.24499699.

Code availability
Scripts for generating the figures are available on GitHub at https://github.com/
Laura61616/DongtingLake.
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