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A B S T R A C T

Freshwater biodiversity is increasingly threatened by dams and many other anthropogenic stressors, yet our 
understanding of the complex responses of different biotas and their multiple facets remains limited. Here, we 
present a multi-faceted and integrated-indices approach to assess the differential responses of freshwater 
biodiversity to multiple stressors in the Yangtze River, the third longest and most dam-densely river in the world. 
By combining individual biodiversity indices of phytoplankton, zooplankton, periphyton, macroinvertebrates, 
and fish with a novel integrated aquatic biodiversity index (IABI), we disentangled the effects of hydrology, 
water quality, land use, and natural factors on both α and β diversity facets in taxonomic, functional, and 
phylogenetic dimensions. Our results revealed that phytoplankton and fish species and functional richness 
increased longitudinally, while fish taxonomic and phylogenetic β diversity increased but phytoplankton and 
macroinvertebrate β diversity remained unchanged. Hydrology and water quality emerged as the key drivers of 
all individual biodiversity indices, followed by land use and natural factors, with fish and phytoplankton showed 
the strongest responses. Importantly, we found that natural, land use, and hydrological factors indirectly affected 
biodiversity by altering water quality, which in turn directly influenced taxonomic and phylogenetic IABIs. Our 
findings highlight the complex interplay of multiple stressors in shaping freshwater biodiversity and underscore 
the importance of considering both individual and integrated indices for effective conservation and management. 
We propose that our multi-faceted and integrated-indices approach can be applied to other large, dam-modified 
river basins globally.

1. Introduction

Earth’s biodiversity in the Anthropocene is undergoing severe 
changes, at least when compared to those recorded before (Pimm et al., 
2014; Ceballos et al., 2020). The fluctuating presence, frequency, and 

intensity of various stressors across different dimensions lead to a wide 
spectrum of responses, from individuals to ecosystems (Jackson et al., 
2021). The decline in freshwater biodiversity, for instance, is signifi-
cantly correlated with the dramatic increase in dams and many other 
human activities (Chen et al., 2020). However, studies on patterns of 
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aquatic organisms based on large-scale multi-biota groups under mul-
tiple stressors are relatively uncommon, even in global biodiversity 
hotspots and key ecosystems (Cincotta et al., 2000). These studies are 
urgently needed to accurately identify those species groups at high risk 
and to determine priority conservation actions (Di Marco et al., 2018).

Accurate mapping and analysis of biodiversity variation under 
anthropogenic stressors is a prerequisite to halt global biodiversity 
decline (Kraft et al., 2008). Analysis of species diversity patterns and 
responses to stressors can predict changes in ecosystem dynamics 
(Wilson et al., 2004). Such assessment based on mapping, analysis and 
prediction allows for the identification of single species or biotic com-
munities currently at high risk in the ecosystem and provide the basis for 
forecasting the potential impacts of influential environmental stressors 
on organisms (Urban et al., 2016). However, multi-trophic biodiversity 
(i.e., plant, animal, or microbial) and their multiple dimensions (i.e., 
taxonomic, functional, and phylogenetic diversity) may differ in their 
responses to environmental stressors (Heino, 2015). Such varied re-
sponses make it difficult to estimate the overall biodiversity response to 
multiple stressors, which is the main challenge in the research on 
biodiversity change (Su et al., 2021). It is therefore necessary to develop 
a research framework that includes both individual and integrated 
biological indices. Individual indices can reveal the sensitivity and 
adaptation of a specific taxa to environmental changes while the inte-
grated index can inform the overall biological response to stressors.

In addition, simultaneously considering taxonomic diversity (TD), 
functional diversity (FD), and phylogenetic diversity (PD) could provide 
a more comprehensive perspective when studying biodiversity varia-
tions (Meynard et al., 2011; Teichert et al., 2018). Moreover, aquatic 
organisms at different trophic levels could respond differently to the 
same set of anthropogenic stressors (Qu et al., 2023), which also showed 
advantages over individual indices (Allan et al., 2014; Moi et al., 2022). 
Therefore, it is necessary to integrate different levels and dimensions of 
diversity across multiple trophic levels to reflect the effects of dams and 
many other stressors on freshwater biodiversity accurately.

In this study, we used comprehensive datasets of five biological 
groups in the Yangtze River basin (YRB) to detect basin-wide freshwater 
biodiversity patterns and test how multiple natural factors and anthro-
pogenic stressors affect individual biodiversity indices and the inte-
grated aquatic biodiversity index (IABI). Our research questions include: 
(1) what are the overall biodiversity patterns across multiple biological 
groups in multiple facets in the YRB? (2) How do dams and many other 
stressors affect individual and integrated biodiversity indices? Our re-
sults highlight multi-trophic biodiversity patterns and anthropogenic 
stressors affecting freshwater biodiversity, which have implications on 
management, conservation and restoration priorities in dam-modified 
river basins.

2. Results

2.1. Patterns in α diversity

Phytoplankton and fish species richness increased from the higher 
elevation plateau region HYZ to lower elevation floodplain region LYZ. 
Periphyton species richness varied consistently in the mainstem but was 
significantly higher in MTYZ and TTGD. Macroinvertebrate species 
richness was significantly higher in MYZ than in other mainstem reaches 
and tributaries (Fig. 1). Similar patterns were observed for Shannon 
diversity (Fig. S1). However, fish evenness showed a decreasing trend 
from HYZ to LYZ (Fig. S2).

Phytoplankton and fish functional richness increased from the higher 
elevation plateau region HYZ to lower elevation floodplain region LYZ. 
Periphyton functional richness did not vary appreciably in the mainstem 
but increased slightly in the direction of MTYZ and TTGD (Fig. S3). 
Phytoplankton and fish functional evenness decreased from HYZ to LYZ 
(Fig. S4). Functional divergence of phytoplankton increased, while 
functional divergence of fish decreased from HYZ to LYZ (Fig. S5).

Fish average taxonomic distinctness (Delta+) increased from the 
higher elevation plateau region HYZ to lower elevation floodplain re-
gion MYZ, while other biological groups showed a consistent pattern 
among locations (Fig. S6).Variation in fish taxonomic distinctness 
(Lambda+) increased from HYZ to MYZ, while other biological groups 
did not show considerable variation among locations (Fig. S7).

2.2. Patterns in β diversity

Total taxonomic β diversity of phytoplankton and its components 
were relatively consistent among locations, and it was mainly contrib-
uted by turnover (Fig. S8a-c). Total taxonomic β diversity of 
zooplankton decreased from MYZ to LYZ (Fig. S9). Total taxonomic β 
diversity of periphyton and its components showed significant decreases 
from the mainstem JSR to tributaries (Fig. S10). Total taxonomic β di-
versity of macroinvertebrates and its components were consistent 
among locations, and it was mainly contributed by turnover (Fig. S11). 
Total taxonomic β diversity of fish and its turnover increased from HYZ 
to LYZ (Fig. S12a,b).

Total functional β diversity of phytoplankton and its components 
decreased from HYZ to LYZ, and it was mainly contributed by nestedness 
(Fig. S8d-f). Zooplankton functional total β diversity decreased from the 
MYZ to LYZ (Fig. S9). Periphyton functional total β diversity and its 
components had significant decreases from the mainstem JSR to the 
tributaries (Fig. S10). Total functional β diversity of macroinvertebrates 
and its components were consistent among locations, and it was mainly 
contributed by turnover (Fig. S11). Total functional β diversity of fish 
and its major contributing component, turnover, decreased from HYZ to 
LYZ (Fig. S12d, e).

Total phylogenetic β diversity of phytoplankton and its components 
were relatively consistent among locations, and total β diversity was 
mainly contributed by turnover (Fig. S8g-i). Total phylogenetic β di-
versity of zooplankton decreased from MYZ to LYZ (Fig. S9). Total 
phylogenetic β diversity of periphyton and its components exhibited 
significant decreases from the mainstem JSR to the tributaries (Fig. S10). 
Total phylogenetic β diversity of macroinvertebrates and its components 
were consistent among locations, and total β diversity was mainly 
contributed by turnover (Fig. S11). Total phylogenetic β diversity of fish 
and its major contributing component, turnover, increased from HYZ to 
LYZ (Fig. S12g, h).

2.3. Driving factors

2.3.1. Individual biodiversity index responses
For α diversity, phytoplankton diversity was mainly driven by hy-

drology (14.25 %), water quality (13.88 %), and natural factors (12.32 
%), followed by land use (6.68 %) (Fig. 2a). Zooplankton diversity was 
mainly driven by water quality and hydrology (Fig. 2a). Periphyton 
diversity was mainly driven by hydrology, followed by water quality, 
land use, and natural factors (Fig. 2a). Macroinvertebrate diversity was 
mainly driven by hydrology, followed by water quality, land use, and 
natural factors (Fig. 2a). Fish diversity was mainly driven by hydrology 
and water quality, followed by land use and natural factors (Fig. 2a).

For β diversity, phytoplankton assemblage variation was mainly 
driven by water quality (12.47 %) and hydrology (11.33 %), followed by 
natural factors (7.12 %), and land use(6.00 %) (Fig. 2b). Zooplankton 
assemblage variation was mainly driven by hydrology, followed by 
natural factors, water quality, and land use (Fig. 2b). Periphyton 
assemblage variation was mainly driven by water quality, followed by 
natural factors, hydrology, and land use (Fig. 2b). Macroinvertebrate 
assemblage variation was mainly driven by water quality and hydrolo-
gy, followed by land use and natural factors (Fig. 2b). Fish assemblage 
variation was mainly driven by hydrology and natural factors, followed 
by land use and water quality (Fig. 2b).
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Fig. 1. Maps of species richness of five biological groups in the Yangtze River basin. Note: Different lowercase letters indicate significant differences among different 
parts of the YRB. M1=HYZ, M2=JSR, M3= UYZ, M4=MYZ, M5=LYZ; T1=MTYZ, T2= TTGD; L1=DCL, L2=DTL, L3=PYL, L4=CHL, L5=THL.
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2.3.2. Integrated biodiversity index (IABI) responses
Water quality had the highest contribution to species richness-IABI 

(coefficient = 0.40), followed by land use (0.24), nature (0.14), and 
hydrology (0.08) (Fig. 3a). Natural factors had significant direct effects 
on both water quality and hydrology. Hydrology had a significant direct 
effect on water quality (Fig. 3a).

Functional richness-IABI was most strongly contributed by land use 
(coefficient = 0.29) and natural factors (0.24), followed by hydrology 
(0.20) and water quality (0.12) (Fig. 3b). Natural factors had significant 
direct effects on water quality and hydrology. Hydrology and land use 
had significant direct effects on water quality (Fig. 3b).

IABI based on combined taxonomic distinctness (delta+) was mostly 
strongly related to water quality (coefficient = 0.35) and land use 
(0.26), followed by natural factors (0.18) and hydrology (0.12) (Fig. 3c). 
Natural factors had significant direct effects on water quality and hy-
drology. Hydrology had a significant direct effect on water quality 
(Fig. 3c).

3. Discussion

At the alpha level, phytoplankton and fish species and functional 
richness increased from HYZ to LYZ. Such pattern in the relationship 
between river biodiversity and longitudinal gradient has been detected 
elsewhere (Green et al., 2022), which is consistent with previously re-
ported fish patterns in the YRB (Kang et al., 2018). Spatial differences in 
ecological community structure at the watershed scale are mostly sha-
ped by a combination of abiotic factors, biotic interactions, and dispersal 
processes (Heino et al., 2015). For instance, habitat topography and 
channel geomorphology determine the distribution pattern of species at 
the watershed scale (Birk et al., 2020). Different habitat characteristics 
dictate that distributions of aquatic organisms match to a considerable 
degree with the natural features and geography in the YRB (Kang et al., 
2018). In the upper reaches of the Yangtze River, alpine environments 
determine which species are filtered by the natural environmental 

factors, resulting in lower species diversity at high elevations. As 
elevation decreases in the middle and lower parts of the Yangtze River, 
warmer climate favors an increase in species diversity (Peters et al., 
2016). Under the dominant influence of environmental filters, FD 
increased significantly as suitable functional traits facilitated species to 
cope with specific local environmental conditions (Liu et al., 2023). For 
periphyton, tributaries have less water volume and flow than the 
mainstem, which facilitates survival and reproduction of many taxa. 
This has been detected in tributaries entering the Three Gorges Reser-
voir (TGR) (Li et al., 2021). Fish usually have strong migratory and 
dispersal capabilities, being able to migrate and reproduce freely within 
a river basin, provided there are no barriers for their movements along 
the watercourses. The middle and lower reaches of the Yangtze River 
possess a high degree of riverine connectivity that allow for relatively 
unrestricted migration and dispersal of fish (Xiong et al., 2023). These 
migratory and dispersal possibilities in turn facilitate gene flow and 
exchange of individuals between fish assemblages in different regions, 
which may lead to increased phylogenetic diversity in fish communities. 
Other aquatic taxa showed a more uniform variation across sites, 
possibly due to their relatively lower migratory and dispersal capacities 
(Qu et al., 2023). The importance of both phytoplankton and fish in 
response to stressors could be partially related to our sampling focus (i. 
e., large river, main stem and major tributaries), which is consistent with 
previous studies (Gao et al., 2023; Xiong et al., 2023).

The main novelty of this study is that it revealed that the multidi-
mensional diversity of aquatic taxa comprising multiple trophic levels 
does not always vary consistently across sites and regions, increasing 
understanding of spatial β-diversity patterns of aquatic communities and 
different organism groups at the river basin scale. Total taxonomic and 
functional β-diversity of phytoplankton and macroinvertebrates were 
not significantly different between the regions of YRB, which may 
indicate that environmental stress in the YRB has homogenized phyto-
plankton and macroinvertebrates to a certain extent. Previous studies 
have demonstrated that eutrophication could promote taxonomic 

Fig. 2. Individual freshwater biodiversity (a. α level, b. β level) responses to multiple stressors in the Yangtze River basi.
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homogenization of diatom and macroinvertebrate assemblages (Zhang 
et al., 2019; Zorzal-Almeida et al., 2021). In general, biotic homogeni-
zation is a worldwide phenomenon resulting from various anthropo-
genic factors, yet the degree of biotic change depends on many factors 
(Rolls et al., 2023).

Total taxonomic and phylogenetic beta diversity of fish and their 
turnover components increased from HYZ to LYZ, suggesting that 
turnover, or the presence or absence of species contributed more than 
nestedness to beta diversity at the watershed scale (Araujo et al., 2019). 
Metacommunity theory suggests that ecological community structure is 
determined not only by local abiotic environmental conditions, but also 
by biotic interactions and dispersal-related effects (Leibold et al., 2004), 
which results in substitution of species between sites and may be asso-
ciated with both natural and anthropogenic factors (Heino, 2013). 
Aquatic organisms in the upper reaches of YRB are strongly isolated by 
mountain ranges, elevation, and human-made engineering structures (e. 
g., dams), which contributes to dispersal limitation among aquatic 
species. In turn, fish total functional β-diversity showed a decreasing 
trend from HYZ to LYZ and was mainly contributed by nestedness. This 
is consistent with previous studies, as the diversity of fish traits suitable 
to unique environments in the Qinghai-Tibet Plateau Region is different 
from those in other parts of YRB (Kang et al., 2018). A possible expla-
nation for the dominance of nestedness in functional β-diversity is se-
lective extinction or environmental selection in general; whereby some 
species traits are more common while others are rare due to environ-
mental filtering (Heino and Tolonen, 2017). The relatively high 
geographical isolation of the headwater reaches of the YRB, coupled 
with the unidirectional flow of water and limited dispersal of organisms, 
may also have resulted in aquatic communities that are more strongly 
reflecting high nestedness (Heino et al., 2015). Variation in environ-
mental heterogeneity among sites within the watershed may also 
contribute to high nestedness and low turnover in the functional beta 
diversity index (Liu et al., 2023). However, distinguishing whether 
environmental heterogeneity results in high nestedness or high turnover 
of biotic communities would require simultaneous analysis of nested-
ness and turnover of environmental conditions among sites (Heino and 
Tolonen, 2017).

Diversity indices of individual taxonomic groups responded similarly 
to environmental stressors at α and β diversity levels. Hydrology and 
water quality were key stressors driving all individual biodiversity 
indices examined, followed by land use and natural factors. With rapidly 
developing landscape change under the Anthropocene (Ellis, 2021), 
anthropogenic pressures may drive changes in diversity more than other 
factors (Soliveres et al., 2016). In general, local and regional factors 
affect biotic communities directly via changes in habitat conditions (e. 
g., changes in water quality and flow) or indirectly through biotic (e.g., 
invasion, predation) factors (Qu et al., 2023). Variations in water quality 
across landscapes may have promoted opportunities for environmental 
filtering to form novel assemblages that are largely a product of envi-
ronmental alteration (Chen et al., 2020). Water quality (e.g., measured 
as TN or TP) is not only directly involved in aquatic organismal and 
ecosystem processes, such as development and reproduction of algae, 
but can also ‘reshape’ habitat complexity and heterogeneity (e.g., SD, 
NTU), which in turn affects aquatic community structures (Coffey et al., 
2019).

Hydrological factors (Up_Dis, WL, and Do_Dis) had influential effects 
on multiple aquatic biodiversity indices in the YRB. Dams affect the 
integrity of freshwater ecosystems through inundation of terrestrial 
habitats, unexpected hydrological events, and increased fragmentation 

(Barbarossa et al., 2020). With the continuous development of water 
conservancy and engineering projects, the YRB has formed the world’s 
top ten dams (Lehner et al., 2011). Natural factors, such as air temper-
ature, elevation, and precipitation, could be expected to be major factors 
shaping diversity patterns of riverine aquatic organisms (Eros et al., 
2020). With global climate change, local extinctions and distributional 
changes of aquatic species are expected in the future with decreasing 
number and area of suitable habitats (Barbarossa et al., 2021). Although 
land use explained less change in aquatic biodiversity than other pre-
dictors, these factors can influence indirectly the structure of aquatic 
communities via effects on water quality, habitat complexity and envi-
ronmental heterogeneity (Yang et al., 2024). We found that fish and 
phytoplankton were more sensitive to stressors than the other taxa we 
examined in the YRB. This finding is consistent with previous studies 
that both fish and phytoplankton were good indicators of the ecological 
health of the Yangtze River (Gao et al., 2023; Xiong et al., 2023).

SEM results suggested that natural factors, land use, and hydrologi-
cal factors affected biodiversity indirectly by altering water quality, 
which in turn had significant direct effects on taxonomic and phyloge-
netic IABIs. This finding further indicates that water quality is the most 
influential factor that directly contributes to variation in aquatic 
biodiversity in the YRB, adding to the role of geographic characteristics 
detected in previous studies (Chen et al., 2020). This finding suggests 
that we need to pay special attention on water quality improvements in 
future conservation and management actions in the YRB. Effects and 
interactions of multiple stressors on water quality and subsequently on 
aquatic biodiversity further proved previous findings that multiple 
anthropogenic stressors influence water quality in the Yangtze River 
(Xiong et al., 2022). As an integrated diversity index, the IABI may blur 
the response of a particular aquatic organism to environmental stress, 
but it generates a general picture of the overall biological response to 
multiple stressors. IABI may also have advantages over individual 
taxa-based indices in assessment and management of river ecosystem 
health.

Although we have invested significant resources and efforts in the 
YRB, limitations still exist in the current study. For instance, our sam-
pling locations were primarily concentrated on the main stem and major 
tributaries of the Yangtze River, which lacks data on smaller tributaries 
where human activities are usually more intensive. Additionally, due to 
the relatively short duration of basin-scale aquatic organism monitoring 
in China, longer term and more continuous biological monitoring is 
required. Furthermore, relationships between human stressors and na-
ture factors and their effects on both individual and IABI indices should 
be more thoroughly investigated as more data become available in near 
future.

4. Conclusions

We have reached the following conclusions.
First, at the alpha level, phytoplankton and fish species and func-

tional richness exhibited a longitudinal increase from the headwaters to 
the lower reaches of the Yangtze River, while their functional evenness 
decreased. Fish phylogenetic diversity also increased downstream, while 
other biological groups showed consistent patterns among locations.

Second, at the beta level, fish taxonomic and phylogenetic diversity 
increased, while their functional diversity decreased from the headwa-
ters to the lower parts of the Yangtze River.

Third, hydrology and water quality were the primary drivers of all 
individual biodiversity indices, followed by land use and natural factors. 

Fig. 3. Integrated freshwater biodiversity (a. taxonomic diversity based IABI, b. functional diversity based IABI, c. phylogenetic diversity based IABI) responses to 
multiple anthropogenic stressors (Land use, Water quality, and Hydrology) and natural factors (Nature) in the Yangtze River basin. Note: IABI refers to Integrated 
Aquatic Biodiversity Index. The numbers adjacent to the arrows are path coefficients, which indicate the direct standardized effect size of the relationship. Significant 
paths and their corresponding coefficients were highlighted in red. The sign of * indicates the degree of significance where * refers to p < 0.05, ** refers to p < 0.01, 
and *** refers to p < 0.001, respectively.
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Among the biological groups examined, fish and phytoplankton 
exhibited greater responses to these stressors compared to other groups.

Fourth, natural factors, land use, and hydrological factors indirectly 
affected biodiversity by altering water quality, which in turn had sig-
nificant direct impacts on taxonomic and phylogenetic IABIs.

Finally, based on our findings, we recommend that fish and phyto-
plankton be used as priority indicators to detect multiple stressors in the 
Yangtze River Basin. We urge policy makers and environmental regu-
lators to consider both individual and integrated indices when devel-
oping freshwater biodiversity conservation and management plans.

5. Materials and methods

5.1. Study area and biological data collection

The Yangtze River is the third longest river in the world and the first 
longest in Asia, and its special geomorphology with higher west and 
lower east contains rich water energy resources (Chen et al., 2016). The 
Yangtze River Basin (YRB) is not only a global biodiversity hotspot with 
over 400 species of fish, but it also supports >40 % of China’s population 
and economy. Spanning three of China’s major urban centers (i.e., 
Shanghai, Wuhan, and Chengdu-Chongqing), it drains 19 of China’s 
provinces, municipalities, and autonomous regions, which makes it one 
of the largest and most densely populated river basins in the world. The 
YRB is primarily influenced by the East Asian subtropical monsoon 
climate with a mean annual temperature of 15 ◦C and precipitation of 
1127 mm/year. The geographical characteristics of the YRB make the 
river ecosystem subject to different natural conditions (e.g., elevation, 
riparian landscapes), which leads to natural spatial variation in distri-
butions of aquatic organisms from west to east, with many endemic 
species present in the upper YRB (Liu et al., 2021). Over the past several 
decades, however, aquatic habitats and biodiversity of the Yangtze River 
basin have been heavily affected by multiple anthropogenic stressors, 
including dams, urbanization, industry, mining, navigation, overfishing, 

shoreline modification, agriculture, and others (Chen et al., 2017).
In the present study, we examined freshwater biodiversity in the 

Yangtze River mainstem, major tributaries, and key large lakes. We 
divided the Yangtze River mainstem into five reaches: the headwaters of 
the Yangtze River (HYZ), the Jinsha River (JSR), the upper reaches of 
the Yangtze River (UYZ), the middle reaches of the Yangtze River (MYZ), 
and the lower reaches of the Yangtze River (LYZ) (Chen et al., 2016). 
Major tributaries studied include major tributaries of the Yangtze River 
(MTYZ) and tributaries of the Three Gorges Reservoir (TTGD). Key lakes 
included were Dianchi Lake (DCL), Dongting Lake (DTL), Poyang Lake 
(PYL), Chaohu Lake (CHL), and Taihu Lake (THL) (Fig. 4; Tab. S1).

There were 162, 47, 119, 157 and 46 sites sampled for phyto-
plankton, zooplankton, periphyton, macroinvertebrates, and fish, 
respectively (Fig. 4). The zooplankton data were only available for the 
Yangtze River mainstem sites and key lakes. The fish data were only 
available in the Yangtze River mainstem (Fig. 4). Field surveys were 
conducted between August and November in 2020. Field collection and 
laboratory identification methods for each taxon followed standard 
protocols in China and were consistent across all geographic areas 
(Zhang et al., 2018; Divya et al., 2021; Liu et al., 2022; Xiong et al., 
2022). More detailed field sampling and laboratory processing of sam-
ples were presented in the N materials.

5.2. Quantification of stressors

We collected 48 environmental factors on a number of human- 
induced stressors and other factors, and grouped them into four cate-
gories, i.e., land use, water quality, natural factors (nature), and hy-
drology (Tab.S2). Land use within a 5 km buffer zone surrounding each 
sampling site was collected to represent the land use stressor (Xiong 
et al., 2021). The land use types including included cropland, urban, 
forest, shrub, grassland, water, snow/ice, barren, and wetland (Yang 
and Huang, 2021). Water quality samples were collected at the same 
sites where the above-mentioned biological samples were taken. 

Fig. 4. Study area and sampling sites in the Yangtze River basin, China. Note: The Yangtze River mainstem is divided into five reaches: the headwaters of the Yangtze 
River (HYZ), the Jinsha River (JSR), the upper reaches of the Yangtze River (UYZ), the middle reaches of the Yangtze River (MYZ), and the lower reaches of the 
Yangtze River (LYZ).
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Standard protocols were followed in the field and laboratory for 
analyzing water quality samples (GB3838-2002). A total of 25 water 
quality parameters, including conductivity, pH, dissolved oxygen, 
turbidity, total nitrogen, total phosphorus, ammonia, chemical oxygen 
demand, lead, zinc, selenium, arsenic, cadmium, and others, were 
analyzed (Tab. S2). Natural variables (Tab. S2) including elevation, air 
and water temperature (◦C), and precipitation (mm) were obtained from 
the National Earth System Science Data Center of China (http://www. 
geodata.cn).

Hydrology factors were water level, flow, and eight dam-related 
factors associated with each sampling site (Tab. S2). The eight dam- 
related factors included water storage level of the closest upstream hy-
dropower plant, installed capacity of upstream hydropower plants, 
distance to the closest upstream hydropower plant, generation capacity 
of the closest upstream hydropower plant, water storage level of the 
closest downstream hydropower plant, installed capacity of downstream 
hydropower plants, distance to the closest downstream hydropower 
plant, and generation capacity of the closest downstream hydropower 
plant. These data were collected from China Institute of Water Resource 
and Hydropower Research, Google satellite maps, and other sources 
(http://www.hydropower.org.cn).

5.3. Biodiversity indices

For α diversity, we calculated taxonomic, functional, and phyloge-
netic diversity indices. The “Vegan” package of R software was used to 
calculate species richness (Richness), Shannon-Weiner index (Shannon), 
and Pielou evenness index (Pielou) as indices of taxonomic diversity. To 
calculate functional diversity, we focused on traits known to be associ-
ated with spatial distribution patterns and individual adaptations of 
freshwater organisms, which may also be considered proxies of 
ecosystem processes (Moi et al., 2022). These traits fall into four broad 
categories: (1) body form (e.g., body length, body shape), (2) resource 
acquisition (e.g., habitat use, trophic roles), (3) mobility (e.g., vertical 
position, flow preferences), and (4) life strategy (e.g., reproductive 
strategy, life history strategy) (Tab. S3). The FD package of R software 
was used to calculate functional richness index (FRic), functional 
divergence index (FDiv), and functional evenness index (FEve) as 
indices of functional diversity (Villéger et al., 2013). The statistical 
software PRIMER was used to calculate average taxonomic distinctness 
(Delta+) and variation in taxonomic distinctness (Lambda+) as indices 
of phylogenetic diversity (Heino et al., 2007).

For β diversity, overall taxonomic species beta diversity (TDsor) is 
decomposed into turnover (TDsim) and nestedness (TDsne) components 
(Baselga, 2010). The functional dissimilarity matrix was developed, and 
then the function "functional.beta.pair" from the R package “betapart” 
was used to calculate the three functional Sorensen dissimilarity 
matrices and to characterize the total functional beta diversity, func-
tional turnover components, and functional nested components as 
FDsor, FDsim, and FDsne, respectively (Baselga and Orme, 2012). The 
taxonomic level (e.g., kingdom, phylum, order, order, family, genus, 
etc.) of different groups of organisms was arranged in a phylogenetic 
matrix, and then we used the R package function "phylo.beta.pair" to 
calculate three phylogenetic Sorensen dissimilarity matrices and char-
acterize the total phylogenetic beta diversity, phylogenetic turnover 
components and phylogenetic nested components as PDsor, PDsim, and 
PDsne, respectively (Baselga et al., 2018).

Furthermore, we also developed an integrated biodiversity index, the 
Integrated Aquatic Biodiversity Index (IABI) to comprehensively 
represent the diversity of five biological groups in combination. The 
IABI index was devised by considering the individual taxonomic, func-
tional, and phylogenetic diversity indices from all the five aquatic bio-
logical groups (i.e., phytoplankton (Phyt), zooplankton (Zoop), 
periphyton (Peri), macroinvertebrate (Macr), and fish). The diversity 
index values of taxonomic (Tax), functional (Fun), and phylogenetic 
(Phy) α diversity from each biological group were standardized, scaled 

to the maximum observed value, and then these standardized diversity 
index values were averaged for each site. This process ensures that the 
diversity of each biological group contributes equally to the integrated 
diversity index (Allan et al., 2014; Moi et al., 2022). The formula to 
calculate the IABI is as follows: 
( (

S
(
DPhyt

)
+ S

(
DZoop

)
+ S(DPeri)+ S(DMacr)+ S(DFish)

)/
5,

Where D represents the diversity index. S represents standardization. 
Diversity indices species richness, FRic and Delta+ were used to calcu-
late Tax-IABI, Fun-IABI, and Phy-IABI, respectively. More details on 
development and calculation of the IABIs were presented in Fig. 5.

5.4. Data analysis

Analysis of variance (ANOVA), Permutational Multivariate ANOVA 
(PERMANOVA), and multiple comparisons (LSD) tests were used to 
examine differences in taxonomic, phylogenetic and functional diversity 
indices at both the α and β levels in each of the five biological groups 
among different aquatic ecosystem types in the YRB. Data were log(x +
1) transformed prior to analysis to improve chi-square and normality. 
For indices that did not meet normality, we used the non-parametric 
Kruskal-Wallis test.

The random forest decomposition analysis was used to screen the top 
10 stressor factors that influenced α diversity indices. Subsequently, we 
conducted Redundancy analysis (RDA) and Variance Partitioning 
Analysis (VPA) to assess the impact of various stressor factors on the α 
diversity indices. To analyze β diversity indices, dissimilarity matrices 
(pertaining to total beta diversity) and their turnover and nested com-
ponents were extracted as response variables, and significant stressor 
factors were screened using the distance-based RDA forward selection. 
The VPA was used to quantify contributions of different stressor factors 
in influencing β diversity indices. These analyses were performed using 
the "vegan", "ape", and "betapart" packages in R.

By utilizing the IABI index as the dependent variable and considering 
human stressor and natural factors as independent variables, we 
employed random forests to identify the top 10 factors that exerted the 
greatest influence on the IABI index. Then PiecewiseSEM were used to 
analyze direct and indirect influencing pathways from stressors to IABI 
indices (Tian et al., 2021). All model construction and statistical ana-
lyses in this study were done in R software, PRIMER6.0, and Excel 2021.
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