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Han Liu a,b, Sébastien Brosse c, Xiao Qu a,b,e, Wentong Xia a,b,d, Xiuqi Li f, Yushun Chen a,b,e,* 

a State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, Hubei 430072, China 
b University of Chinese Academy of Sciences, Beijing 100049, China 
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A B S T R A C T   

Understanding patterns and driving factors of freshwater fish biodiversity in metacommunities is essential for 
biological conservation but rarely studied in regions experiencing rapid land use changes. We examined changes 
of both alpha and beta fish diversities in taxonomic, functional, and phylogenetic facets during the 1980 s to 
2010 s, and quantified contributions from natural and human drivers in lakes located in China’s fastest economic 
development region. Results showed that almost all indices of alpha and beta diversity decreased through time. 
For alpha diversity, taxonomic and functional richness declined by 13 to 15%. Rheophilic and piscivorous fish 
species declined by 50 and 36%, respectively. For beta diversity, the decline of overall functional (-31%) di
versity was greater than taxonomic (-17%) and phylogenetic (-19%) diversity. The decline of multiple facets of 
beta diversity indicated that fish communities in these lakes have homogenized through time. Land use (i.e., 
increased urban land and aquaculture ponds), hydrology (i.e., increased water level), climate (i.e., increased air 
temperature), and fishing (i.e., increased lake fishery catch) factors all made significant contributions to both 
alpha and beta fish diversity decline in multiple facets. The overall contribution from land use to the decline of 
multidimensional fish diversity was greater than those of other stressors. While attention should be given to both 
local human disturbance and regional climate factors, in regions experiencing rapid economic development and 
land use changes, local disturbances should be considered as a priority in biodiversity management plans.   

1. Introduction 

Global climate change and local human disturbances have led to a 
massive loss of global biodiversity, and the worldwide biota is now in 
the midst of the sixth mass extinction (Dirzo and Raven, 2003; Wake and 
Vredenburg, 2008; Cardinale et al., 2012; Su et al., 2021). As the most 
diverse ecosystems, per unit area, freshwaters occupy only 3% of the 
earth’s surface yet support 9.5% of animal species (Balian et al., 2008). 
However, they are also among the most vulnerable ecosystems in the 
world, as the biodiversity decline in freshwater ecosystem is much faster 
than terrestrial and marine ecosystems (WWF, 2020; Albert et al., 2021). 
Many environmental stresses, such as fragmentation, land use change, 
overfishing, invasions, infectious diseases, flow alteration, nutrient 
enrichment, climate change and other threats, have already led to sharp 

declines in freshwater biodiversity (Reid et al., 2019; Chen et al., 2020; 
Liu et al., 2022a). 

Biodiversity can be viewed through multiple facets, including taxo
nomic, functional and phylogenetic diversities that can be measured 
locally (alpha) or between localities (beta) (Su et al., 2021). Taxonomic 
diversity (e.g., species richness, Shannon-Weiner index) is widely used 
in describing biodiversity in broad-scale studies (Cai et al., 2019; Guo 
et al., 2020). However, it does not reflect functional traits and evolu
tionary relatedness among species, which are important in revealing 
mechanisms of ecosystem function and biodiversity maintenance 
(Villéger et al., 2008; Pavoine and Bonsall, 2011). 

Species responses to environmental changes or interactions with 
other species depend not only on species identity, but also on the 
functional characteristics of the species (McGill et al., 2006), while 
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phylogenetic diversity reflects the evolutionary history of species as
semblages (Mouquet et al., 2012). Therefore, a combination of taxo
nomic diversity (TD), functional diversity (FD) and phylogenetic 
diversity (PD), could help reveal different patterns of biodiversity and 
ecological processes underpinning species assembly (Gianuca et al., 
2017; Teichert et al., 2018; Xie et al., 2018). In addition to investigating 
different facets of community diversity within sites (i.e., alpha di
versity), it is also necessary to characterize species composition varia
tions across communities (i.e., beta diversity, Anderson et al., 2011; 
Villéger et al., 2013). Beta diversity includes two separate components: 
species turnover or replacement and nestedness or species gain/loss 
(Baselga, 2010). The species turnover pattern is mainly caused by the 
replacement of species between different communities (Leprieur et al., 
2011), while the nestedness pattern is often caused by differences in 
species richness among communities (Gaston and Blackburn, 2008). 

Changes in multiple dimensions of biodiversity could vary consid
erably in response to the same human disturbance. For instance, the 
introduction of non-native species caused the overall increase in all 
three aspects of alpha diversity of fish assemblages in river basins, but it 
reduced beta diversity between river basins, with larger decreases of 
functional than that of taxonomic and phylogenetic beta diversity (Jia 
et al., 2020; Su et al., 2021). Therefore, evaluation of multiple facets of 
diversity may provide further insights into how local communities react 
to human-induced environmental changes (Socolar et al., 2016). In 
rapid developing regions with intensive land use changes, the response 
of fish biodiversity to stressors could differ among facets, but such 
multifaceted approaches are still rarely achieved (Chen et al., 2020; 
Xiong et al., 2021). 

Although impacts from individual drivers are fairly well understood, 
ecological responses to multiple stressors and their relative contribu
tions may differ across regions or river basins (Collen et al., 2014; Guo 
et al., 2016; Kuczynski et al., 2017; Henriques et al., 2017; Chen et al., 
2020). Climate drivers are considered key factors in structuring fish 
diversity patterns, for example, warmer temperatures may favor the 
establishment of species with warmer heat preferences, thereby 
reducing the abundance of many high-value species that depend on 
cooler waters for survival (Heino et al., 2009; Collen et al, 2014; Guo et 
al, 2016; Henriques et al, 2017). Assemblage shifts also depend on 
human related components of global change, such as land use changes 
(e.g., Laliberté et al, 2010; Budnick et al, 2019) or introductions of non- 
native species (Chapin et al, 2000). However, in rapid developed regions 
where usually experienced heavily land use changes and complex 
human disturbances, it is still unclear how human and natural factors 
contributed to biodiversity patterns over long-term and large spatial 
scales (Devictor et al., 2008; Budnick et al., 2019), especially when 
considering responses of multiple dimensions and facets of biodiversity 
to these stressors together (Guo et al., 2019; Su et al. 2021). 

China has experienced fast economic growth during the past several 
decades. Since its reform and opening up in the 1980 s, its Gross Do
mestic Product (GDP) has increased nearly 100 times (National Bureau 
of Statistics of China, 2021), especially in the Eastern China where 
Shanghai and other mega-cities are located (Chen et al., 2017). In 
Eastern China, major human stressors include urban development, 
aquaculture expansions around lakes, water diversion, overfishing, and 
others (Chen et al., 2017; Chen et al., 2020; Qu et al., 2020). This region 
has also experienced climate change effects with temperature changes 
and increasing frequency of extreme climatic events such as droughts 
and floods (Guo et al., 2016; Xia et al., 2022). Thus, this region can be 
viewed as a natural experimental unit for us to detect long-term and 
large-scale changes of fish biodiversity. 

Here, we quantified how local and global environmental descriptors 
explain taxonomic, functional and phylogenetic diversities, by specif
ically testing the role of climate and geography, while have been re
ported as important in the literature (Walther et al., 2002; Schleuter 
et al., 2012; Zhou et al., 2020; Lento et al., 2020). We also tested the role 
of human related components of global change, including land use 

changes or introductions of non-native species, that are also recognized 
as drivers of biodiversity changes (e.g., Chapin et al., 2000; Laliberté 
et al., 2010; Budnick et al., 2019). 

Thus, we measured taxonomic, functional, and phylogenetic aspects 
of fish alpha and beta diversity in five large Eastern China lakes as well 
as associated human and natural factors over the past 40 years (1980 s- 
2010 s). We aimed to: 1) quantify temporal trends in alpha and beta fish 
diversity in multiple facets; and 2) quantify contributions of different 
environmental drivers (e.g. land use, hydrology, climate and fishing) to 
these multifaceted components of diversity in lakes experiencing rapid 
land use changes. We hypothesized that 1) all three facets of alpha and 
beta diversity declined during the1980s-2010 s; 2) local human distur
bances (e.g. land use, hydrology, and fishing) and climate factors 
contributed differently to explaining variations in fish diversity. More
over, local human disturbances might have greater impacts because of 
intensive anthropogenic disturbance in the study region ( Qu et al, 2020; 
Xia et al., 2022). 

2. Materials and methods 

2.1. Study area and lakes 

Our study area is located on the Eastern Plain of China, across from 
Jiangsu to Shandong provinces, one of the most rapidly developing re
gions in China (Fig. 1, Table S1). During the past 40 years, the gross 
regional product (GRP) of this region has increased by about 30,056%, 
and its average industrial production value has increased by about 
26,740% (National Bureau of Statistics of China, 2021). As one of the 
most densely populated areas in China, the average population density 
has increased from 457 to 569 people/km2 in 1978 to 637–788 people/ 
km2 in 2019 (Jiangsu Provincial Bureaus of Statistics, 2021; Shandong 
Provincial Bureau of Statistics, 2021). This urban development was 
surrounding the lakes and settled in drainages that flow to the lakes. 
Thus, this region has experienced rapid and intensive human 
development. 

We considered the five largest lakes (i.e., Gaoyou, Hongze, Luoma, 
Nansi and Dongping Lakes) in northern Yangtze River of the East Plain 
of China. All five lakes are set in a similar geological and altitudinal 
context (Fig. 1). These lakes range from 209 to 2,125 km2 in area, and 
from 2.0 to 4.0 m in average water depth. The background environ
mental conditions such as nutrients of these lakes were relatively 
similar. The Huai River divides them into subtropical monsoon lakes 
(Gaoyou and Hongze Lakes) in the south and temperate monsoon lakes 
(Luoma, Nansi, and Dongping Lakes) in the north (Fig. 1; Guo et al., 
2020; Qu et al., 2020). These lakes have been disturbed by human ac
tivities over the past several decades, and major human stressors include 
land use changes, fishing, hydrological modifications, and others (Qu 
et al., 2020; Xia et al., 2022). 

2.2. Fish data 

We collected the available fish occurrence data from the five lakes in 
two periods: historical (1980 s: 1978–1987) and current (2010 s: 
2010–2020). For the historical period, we collected data from journal 
articles and associated appendices, monographs, scientific and survey 
reports, books, online materials and grey literature databases during the 
1980 s (Guo et al., 2019). For the current period, we obtained data from 
the above-mentioned literature collections as well as field investigations 
and commercial fishing surveys during the 2010 s. To form a list of fish 
as complete as possible, yearly data for each lake were averaged over 
each of the two considered periods. In field investigations, a total of 70 
sampling sites were set up in these lakes using a combination of multi- 
mesh gillnets and ground trap nets during 2017–2020. More details 
about the sampling gears and procedures are available in Guo et al. 
(2020). At the same time, commercial fishing landing catches of 
different fishing gears from these lakes were collected during the fishing 
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seasons. For literature related data in both periods, we have followed a 
strict data screening and quality control approach, including removals of 
uncertain species, corrections of fish scientific names by referring to the 
Catalog of Fishes of the California Academy of Sciences (Fricke et al., 
2023), and other quality control measures (Guo et al., 2019). Thus, we 
generated a list of historical and current fish occurrence (i.e., presence- 
absence) data, with a total of 113 fish species, for the studied lakes. In 
the current study, we did not use the fish abundance data because of 
differences in fish sampling protocols between time periods could affect 
our results (Guo et al., 2019). 

For fish functional diversity calculations, a total of 10 functional 
traits were selected. They are from five categories of main functions 
performed by fish species, including food acquisition, mobility, defense 
against predation, nutrient budget, and reproduction (Villéger et al., 
2017; Table S2). Potential intraspecific variations (differences in indi
vidual traits of the same species) were not considered as most functional 
traits were discrete variables, and thus not influenced by intraspecific 
variations. Life history, age at sexual maturity, adult total length, and 
food habits were obtained from published monographs and literature, 
including Fishes of Jiangsu Province (Ni and Wu, 2006) and Fauna 
Sinica Osteichthyes (Chen, 1998). The remaining traits data were ob
tained from FishBase (Froese and Pauly, 2021; https://www.fishbase. 
org/). For species without recorded traits (a total of 31 species missing 
one or more traits data, out of the 113 species considered), we referred 
to fishes of the same genus with similar morphologies (Liu et al., 2022b). 

As no complete fish phylogeny is available for all the fish species 
considered, we used taxonomic hierarchies based on path lengths in the 
Linnean taxonomic trees as a proxy (Clarke and Warwick, 1998). This 
approach has been often used in literature dealing with lack of true 
phylogeny (Schweiger et al., 2008; Cai et al., 2019; Ji et al., 2020). We 
thus built a taxonomic evolutionary tree based on the taxonomic 
composition of studied fishes (Fig. S1). A total of 8 taxonomic levels 
were used: species, genera, subfamilies, families, suborders, orders, 
subclasses, and classes (Cai et al., 2019; Liu et al., 2022b). 

2.3. Environmental drivers 

We used land use, fishing, hydrology, and climate factors as major 
drivers of fish diversity patterns. We matched the available data as 
closely as possible with fish data for the two periods, the 1980 s and 
2010 s, using a multi-year average for each period. 

The land use data were provided by the Resource and Environmental 
Science and Data Center of the Chinese Academy of Sciences (htt 
ps://www.resdc.cn/). The 1-km resolution images in the 1980 and 
2018 were used to represent historical and current land use conditions, 
respectively. ArcGis10.2 software was used to build buffer zones and 
extract land use around each lake. The land use types were divided into 
seven categories: urban, agriculture, forest, grass, surface water, aqua
culture pond, and bare land. We built four buffer zones (i.e., terrestrial 
areas around each lake): 1 km, 5 km, 15 km and 30 km, and correlation 
analysis were carried out between land use and fish diversity indices 
(Table S3). Those analyses showed that the 15 km buffer zone had 
overall the best correlation. Thus, we used the 15 km buffer zone data for 
further analyses. 

Annual fishery catch in each lake was used as a proxy of fishing 
disturbance. The data were extracted from the statistical yearbooks and 
fishery reports of various regions over the two study periods (City Sta
tistical Bureaus and Lake Fishery Management Commissions). The daily 
average water level (WL) data of each lake during 1978–2018 were used 
to represent the hydrological changes. These hydrological data were 
from the hydrological monitoring network provided by the hydrological 
monitoring departments over the years and the hydrological yearbooks 
of the studied lakes (Lake Water Conservancy Authorities). 

For climate variables, average precipitation (AP, mm), mean pre
cipitation in the wettest month (MPW, mm), mean precipitation in the 
driest month (MPD, mm), average maximum air temperature (ATmax, 
◦C), average minimum air temperature (ATmin, ◦C), average tempera
ture of the warmest month (AWM, ◦C), and average temperature of the 
coldest month (ACM, ◦C) were used. These 7 variables were extracted 
from the Worldclim database (https://www.worldclim.org). The 30 s 
spatial interpolation data of historical (1978–1987) and current 

Fig. 1. Location of studied lakes in the Eastern Plain of China.  
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(2010–2019) climate were used. The average value for each lake was 
extracted using ArcGis 10.2. 

Pearson correlation analysis was used to test the correlation among 
the above factors, and those with correlation coefficients > 0.7 were 
eliminated to avoid high collinearity. The resulting set of independent 
human and climate factors were included in the final analysis: land use 
(including urban, agriculture, grass, and aquaculture pond), fishing 
(fishing), hydrology (water level), and climate (ATmax). 

2.4. Taxonomic, functional, and phylogenetic alpha diversity 

The alpha taxonomic diversity (TD) of each lake was assessed as 
species richness, the total number of species collected in each lake 
during each study period. Functional diversity (FD) was quantified as 
functional richness, FRic, the amount of functional space occupied by 
the community (Mason et al., 2003; Villéger et al., 2008). Functional 
diversity was computed using the package “FD” in R software. A taxo
nomic difference index based on classification distance was used as a 
proxy of phylogenetic distance (PD): average taxonomic distinctness 
(Delta + ) and variation in taxonomic distinctness (Lambda + ) (Clarke 
and Warwick, 2001; Heino et al., 2007). Average taxonomic distinctness 
(Delta + ) represents the average path length of any two species in a 
community, and variation in taxonomic distinctness (Lambda + ) was 
used to characterize the variance of the path length between these 
species, reflecting the evenness of the phylogenetic tree (Clarke and 
Warwick, 2001; Heino et al., 2007). Fish species richness of two types of 
life history (i.e., Rheophilic, Limnophilic) and four types of feeding (i.e., 
Planktivore, Piscivore, Invertivore, Omnivore) groups were used as a 
representative of the diversity index of different fish functional groups. 

2.5. Taxonomic, functional, and phylogenetic beta diversity 

To elucidate underlying patterns in community assembly between 
time periods, the relative contribution of turnover and nestedness 
components to dissimilarity was calculated following the methods 
described by Baselga (2010) and Baselga and Orme (2012). For the 
taxonomic beta diversity, we used the function “beta.pair” in the R 
package “betapart” to calculate the taxonomic Sorensen difference ma
trix between lakes, and used TDsor, TDsim and TDsne to represent the 
three aspects of taxonomic beta diversity. To calculate functional beta 
diversity, we used the method proposed by Villéger et al. (2013). We 
first calculated a trait distance matrix between species based on Gower 
distance using the function “gowdis” in the R package FD (Laliberté 
et al., 2015), and then generated Principal Coordinates Analysis (PCoA) 
trait vectors based on the distance matrix using the function “pcoa” in 
the R package ape. Mantel analysis was used to test correlations between 
the functional PCoA vectors and the original trait. The result showed 
that Euclidean distance matrix based on the first three functional PCoA 
vectors was highly correlated to the original trait Gower distance matrix 
(R = 0.897, P < 0.001); the first three PCoA vectors were used as 
functional traits for the next calculation. Then, functional Sorensen 
dissimilarity matrix was calculated based on site-by-species matrix and 
functional traits (PCoA vectors) using the function “functional.beta. 
pair” from the R package betapart. 

To calculate the phylogenetic diversity matrix, we generated a 
phylogenetic classification tree based on the classification distance as a 
proxy of the phylogenetic distance, and then used the function “phylo. 
beta.pair” in the R package “betapart” to calculate the three phyloge
netic Sorensen dissimilarity matrices. The dissimilarity matrices of 
different functional groups were directly measured by the Euclidean 
distance of functional groups among lakes. 

2.6. Statistical analyses 

An analysis of variance (ANOVA) was used to compare the driving 
factors, fish taxonomic, functional, and phylogenetic alpha and beta 

diversity between the 1980 s and 2010 s. Before analysis, the data were 
tested for normality and homogeneity of variance. The relationship 
between the three beta diversity indices and their respective two com
ponents was calculated using Mantel’s test with 9999 permutations to 
evaluate their significance (Nekola and White, 1999). 

Multiple linear regression (MLR) was performed to analyze re
lationships between alpha diversity indices and different driving factors. 
In MLR models, forward selection was used to select the key explanatory 
variables in each model, and the AlC (Akaike Information Criterion) was 
used to measure the effect of adding variables. We then used hierarchical 
partitioning to reveal the effects of driving factors on each alpha di
versity index (Chevan and Sutherland, 1991). 

To determine the relative importance of each driving factor on beta 
diversity and its two components of taxonomic, phylogenetic and 
functional diversity, principal coordinate analysis (PCoA) was used to 
extract the characteristic vectors of the paired beta diversity and its two 
components between lakes as response variables. A redundancy analysis 
(RDA) in combination with variation partitioning (Peres-Neto et al., 
2006) was conducted to disentangle the drivers of beta diversity pat
terns. For the final variation partitioning analysis, we first selected 
predictor variables in the RDA models of each set of driving factors using 
forward selection method (Blanchet et al., 2008), then we used variation 
partitioning to reveal the pure and shared effects of driving factor groups 
on each beta diversity facet (Peres-Neto et al., 2006). All the above 
analysis was carried under package “vegan”, “ape”, “hier.part” and 
“betapart” in R software. 

3. Results 

3.1. Patterns of fish alpha and beta diversity 

For alpha diversity, all three facets of fish diversity decreased over 
time except Delta+, the average taxonomic distinctness (Fig. 2). From 
the 1980 s to 2010 s, taxonomic richness decreased on average by 
15.34%. In the 1980 s, 104 fish species belonging to 10 orders, 18 
families, and 66 genera were documented in the studied lakes. In the 
2010 s, 81 fish species, 8 orders, 16 families, and 53 genera were 
documented. Of which, Gaoyou Lake fell from 56 to 53 species (-5.36%), 
Hongze Lake fell from 78 to 64 species (-17.95%), Luoma Lake fell from 
72 to 61 species (-15.28%), Nansi Lake fell from 67 to 51 species 
(− 23.88%), and Dongping Lake fell from 53 to 47 species (− 22.12%) 
(Table S4). Functional diversity indices FRic had change rates of 
− 13.15%. Phylogenetic diversity indices had opposite trends, with 
0.91% increase of Delta + but 0.68% decrease of Lambda+, the varia
tion in taxonomic distinctness (Fig. 2). Among the functional groups, 
rheophilic (-50.00%) and piscivorous (-35.82%) fish species had larger 
reductions than others (Fig. 3). 

For beta diversity, all three facets of fish diversity and their com
ponents (SIM and SNE) also decreased over time (Fig. 4). The overall 
beta diversity declined more for functional (-30.57%) than phylogenetic 
(-19.09%) and taxonomic (-17.24%) facets. The nestedness component 
of the functional beta diversity declined by − 54.66%. In both periods, 
turnover was the dominant component in both taxonomic and phylo
genetic diversity. Mantel tests showed that the changes of the three 
facets of beta diversity were significantly correlated with each other 
(Fig. S2). 

3.2. Factors driving fish alpha and beta diversity 

During the past 40 years, land use, fishing, hydrology, and climate 
have experienced great changes in the study region. Aquaculture pond 
(96.79%), urban (38.44%), and bare land (9.65%) surfaces increased, 
whereas grass land (-25.60%), agriculture (-8.91%), surface water 
(-4.22%), and forest (-4.12%) decreased (Table S5). Fishing has 
increased by 112.60%. Water level (WL) has increased by about 0.65 m 
or 2.86% on average. Both precipitation and air temperature variables 
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increased between the 1980 s and 2010 s, with change rates from 3.36 % 
to 11.66% (Table S5). 

For alpha diversity, the MLR and partitioning analyses showed that 
land use and hydrology drivers together explained 73.6% of the variance 
in species richness (Fig. 5, Table S6), which included 54.3% of variance 
from pure land use and 19.3% of variance from pure hydrology. The 
driving factors had no significant relationship with alpha FD and PD. 
Land use and hydrology together explained 60.8% of the variance of 
limnophilic fishes, which included 34.4% of variance from pure land use 
and 26.4% of variance from pure hydrology (Fig. 5, Table S6). 

Hydrology, climate, and land use together explained 78.1% of the 
variance of planktivorous fishes, which included 56.1% of variance from 
pure hydrology, 14.9% of variance from pure climate, and 7.1% of 
variance from pure land use. Land use, hydrology, and fishing together 
explained 85.5% of the variance of piscivorous fishes, which included 
72.6% of variance from pure land use, 7.6% of variance from pure hy
drology, and 5.3% from pure fishing. Land use, hydrology, and fishing 
together explained 66.5% of the variance of omnivorous fishes, which 
included 52.0% of variance from pure land use, followed by pure hy
drology (8.8%) and pure fishing (5.7%; Fig. 5, Table S6). 

Fig. 2. Comparisons of fish alpha diversity in taxonomic (TD), functional (FD) and phylogenetic (PD) facets between the historical (1980 s) and current (2010 s) 
periods. “NoS” refers to number of species. 

Fig. 3. Comparisons of fish functional groups between the historical (1980 s) and current (2010 s) periods. “NoS” refers to number of species.  
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For beta diversity, RDA and partitioning analyses indicated that 
environmental factors significantly drove temporal changes of five 
components of fish beta diversity, including TDsor, TDsim, FDsim, 
PDsor, and PDsim (Fig. 6, Table S7), accounting for 29.3%, 22.9%, 
15.9%, 40.5% and 36.4% of the total variation, respectively. Land use 
was the leading driving factor in explaining the observed variations 
(8.6% − 29.8%) for the five beta diversity components (Fig. 6, Table S7). 
Hydrology played an important role in explaining TDsor (6.6%), TDsim 
(1.9%), and PDsor (10.7%). Climate slightly contributed to variations of 

TDsor (0.0%), TDsim (3.2%), and PDsim (3.9%) (Fig. 6, Table S7). Land 
use and hydrology together explained 21.5% of the variance of limno
philic fishes, which included 14.5% of variance from pure land use and 
4.5% of variance from pure hydrology (Fig. 7, Table S7). Land use and 
climate together explained 16.6% of the variance of invertivorous fishes, 
which included 10.1% of variance from pure land use and 1.7% of 
variance from climate (Fig. 7, Table S7). 

Fig. 4. Comparisons of fish a) overall (SOR) beta diversity of taxonomic (TD), functional (FD) and phylogenetic (PD) dissimilarities, b) turnover (SIM) and c) 
nestedness (SNE) components, between the historical (1980 s) and current (2010 s) periods. 

Fig. 5. Relationships between driving fac
tors (land use, hydrology, climate, and 
fishing) and fish alpha taxonomic diversity 
(TD) and functional groups. Partitioning 
results: pure contributions of different 
kinds of drivers in rank and residuals were 
shown in the boxes above. In each box, the 
black, dark blue, yellow, and red text 
indicated land use, hydrology, climate, and 
fishing drivers, respectively. The Adj R2 

and P values are provided below the 
response variables. *P < 0.05, **P < 0.01, 
***P < 0.001. (For interpretation of the 
references to colour in this figure legend, 
the reader is referred to the web version of 

this article.)   
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4. Discussion 

4.1. Patterns of fish alpha and beta diversity 

Our results showed that both alpha and beta diversity in taxonomic, 
functional, and phylogenetic facets have decreased over the past 40 
years in the studied lakes, which supported our hypothesis one. Those 
biodiversity changes paired with rapid land use changes, supporting 
therefore the hypothesis that rapid land use changes deeply eroded 
biodiversity. This result markedly differs from the global trend toward 
an increase of local taxonomic, functional, and phylogenetic richness 
due to the accumulation of non-native species in most rivers of the globe 
(Toussaint et al., 2018; Su et al., 2021). 

In the five studied lakes, alpha diversity indices, species richness 
(richness) and FRic declined over the past 40 years, while phylogenetic 
diversity (Delta + and Lambda + ) changed slightly. This is explained by 
the replacement of the native fauna by functionally similar and closely 
related species (Purschke et al., 2013). The extinction of closely related 
species and introduction of distantly related species could lead to dra
matic changes in overall phylogenetic diversity (Winter et al., 2013). In 

the current study, however, the 32 species that were extirpated from 
their native lakes in the past 40 years belong to 6 orders and 7 families, 
while introduced species belong to 3 orders and 4 families. This led to 
the increase of Cypriniform dominance in the lakes, the representation 
of which increased from 68.75% to 77.78% of the species. In the current 
study, we used the taxonomic evolutionary tree as a proxy for the 
phylogenetic tree. It should be recognized that taxonomic distances are 
not true phylogenetic distances, and they could magnify or reduce the 
phylogenetic distances between some species to some extent, and 
equalize the distances between species in the tree, which might amplify 
the impact of the loss of some closely related species on the phylogenetic 
diversity (Schweiger et al., 2008). Species richness changed along with 
marked functional declines, which may put the fish functions at risk due 
to a loss of functional redundancy (Díaz and Cabido, 2001). For instance, 
non-native species were mainly the same limnophilic species established 
in the lakes after intentional introduction (e.g., silver carp Hypo
phthalmichthys molitrix, bighead carp Hypophthalmichthys nobilis, and 
common carp Cyprinus carpio) or unintentional spread through water 
diversions (e.g. Tridentiger bifasciatus, Taenioides cirratus, Qin et al., 
2019), which therefore reduced dispersal limitation processes that his
torically occurred among these lakes. 

The decline of native species, combined with introduction of the 
same non-native species, led to a steep decline of fish taxonomic, func
tional and phylogenetic beta diversity. For instance, Luciobrama micro
cephalus, a large-sized predator belonging to Cyprinidae has been 
extirpated from Lake Luoma, whereas Lakes Nansi and Dongping, 
experienced the extirpation of Gobiobotia filifer and Saurogobio gymno
cheilus, two small-sized invertivore belonging to Cyprinidae (Fu et al., 
2003; Chen et al., 2020). Such extirpation thus triggers taxonomic, 
functional and phylogenetic homogenization across the region, 
explaining why homogenization trends largely exceeded those reported 
across the world river fish faunas (Su et al., 2021). Empirical in
vestigations conducted by previous studies found that introductions 
rather than extinctions contribute more to homogenization (Olden and 
Poff, 2004; Spear and Chown, 2008; Toussaint et al., 2018). In our study, 
the number of extirpated species exceeded the number of non-native 
species, thus leading to a net loss of biodiversity at both local (alpha 
diversity) and regional (beta diversity) scales, and for all the considered 
facets of biodiversity. 

4.2. Determinants of fish alpha and beta diversity 

Our study showed that land use and hydrological factors strongly 
drove multifaceted components of fish alpha and beta diversity in re
gions with rapid land use changes. This supports the hypothesis that 
local human disturbances might have greater impacts because of the 
intensive anthropogenic disturbance in the study region. Land use was 

Fig. 6. Relationships between driving factors (land use, hydrology, climate, and fishing) and fish beta diversity (the overall diversity SOR and the turnover 
component SIM) in taxonomic (TD), functional (FD) and phylogenetic (PD) facets. Partitioning results: pure contributions of different kinds of drivers in rank and 
residuals were shown in the boxes above. In each box, the black, dark blue, and yellow, text indicated land use, hydrology, and climate drivers, respectively. The Adj 
R2 and P values are provided below the response variables. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 7. Relationships between driving factors (land use, hydrology, climate, 
and fishing) and the difference matrix of functional groups. Partition results: 
pure contributions of different kinds of drivers in rank and residuals were 
shown in the boxes above. In each box, the black, dark blue, and yellow text 
indicated land use, hydrology, and climate drivers, respectively. The Adj R2 and 
P values are provided below the response variables. *P < 0.05, **P < 0.01, 
***P < 0.001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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the main driving factor, confirming that in rapid developing regions the 
harsh local disturbances experienced by ecosystems overwhelmed nat
ural environmental determinants. Therefore, factors such as climate 
changes driving fish species richness, composition and functional 
structure at continental and global scales (Schleuter et al., 2012; Brucet 
et al., 2013; Guo et al., 2019; Su et al., 2022) are no longer considered as 
the major drivers of the considered lakes, where local human distur
bance (e.g. land use) mainly drove biodiversity. Moreover, among an
thropic driving forces, local disturbances, such as land use changes and 
hydrological alteration had a higher influence on fish biodiversity than 
climate change, one of the leading global determinants of the current 
extinction crisis (Urban, 2015). 

Land use was the leading factor in driving fish biodiversity change in 
five considered lakes. Changes of land use types were closely related to 
aquatic habitats and water quality (Heitke et al., 2006; Xiong et al., 
2022), which in turn drive the structure of aquatic communities (Xiong 
et al., 2021). Among land use changes, urbanization contributed 
significantly to the decline of fish diversity, as urban areas generate 
diverse pervasive effects on ecosystems, ranging from the habitat loss to 
fish uptake for protein supply, and to the release of pollutants (Chen 
et al., 2017; Chen and Olden, 2020), it is therefore not surprising it 
constitutes a significant component of the land use effects on fish faunas. 

In summary, we have detected decreasing patterns of all the facets of 
fish diversity in lakes of the Chinese Eastern Plain that experiencing 
rapid land use changes over the past 40 years. Our study revealed that 
land use played a more important role than other stressors in driving the 
fish diversity. Limitations still exist in the current study. For instance, we 
speculate that the decline of rheophilic species may be related to the 
disconnection of lakes from rivers, which was confirmed in many lakes 
of the middle and lower reaches of the Yangtze River (Liu and Wang, 
2010; Jiang et al., 2020), but data limitations in this study (i.e., we did 
not have the data before and after the construction of controlled locks 
and gates between lakes and rivers) make it difficult to test this. In 
addition, due to the lack of complete historical data in the 1990 s and 
2000 s in the studied lakes, it prevented us from providing a compre
hensive and continuous pattern of fish diversity changes over time. 

In a global conservation perspective, attention should be given to 
both local human disturbance and climate changes, but in the regions 
experiencing rapid economic development and land use changes, local 
disturbances such as urban development, reclamation of lake shores to 
aquaculture ponds, hydrological modification, and fishing in the current 
study should be considered as a priority in biodiversity management 
plans to change the step biodiversity decline that are currently 
experiencing. 
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