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ABSTRACT

Understanding the impact mechanism of inter-basin water transfer projects (IBWTs) on fish assemblages is critical for con-
serving aquatic ecosystems and managing water transfer. However, direct evidence of the impact mechanism of IBWTs on fish
assemblages is absent. Fish assemblages in newly built terminal reservoirs originate and assemble with diverted individuals
through water transfer in IBWTs, providing a valuable model for mechanistic research. This study sampled fish quarterly using a
combination net in three terminal reservoirs along the Eastern Route of the South-to-North Water Transfer Project (ER-SNWTP)
from July 2021 to May 2022. We investigated assemblage composition and structure, calculated alpha and beta diversity indices,
and analyzed the effects of environmental factors on fish assemblages. A total of 35 species were collected and indicated which
species could be diverted accompanying water transfers along the ER-SNWTP. Fish assemblages were dominated by eurytopic
species, but showed clear seasonal differences. The distance from Dongping Lake, operation time of the reservoirs, and water
quality affected diversity indices, composition and structure of the fish assemblages in the reservoirs. Fish assemblages in the
terminal reservoirs were unstable and periodically disturbed by the water transfers of the ER-SNWTP. Our results indicate that
fish diverted by water transfer are likely to be the main cause of the impact of IBWTs on fish assemblages, and the distance and
number of water transfers, and nutrient loading of diverted water are crucial factors affecting the impact of IBWTs. Our study
provides a theoretical understanding of the ecological impacts of IBWTs by introducing fish and periodically disturbing fish
assemblage through water transfer and highlights the necessity of scheming transfer programs to avoid overlapping with the
spawning peaks of some fish with special guilds, such as small-sized fish. In terminal reservoirs, the fish assemblages are not
and may have no possibility to reach a stability like a natural one, and then their management should be oriented toward water
quality regulation, such as rational harvesting and replenishment of biomanipulation fish to enhance their capacity for water
quality regulation.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Inter-basin water transfer projects (IBWTs) have been used
globally to regulate and alleviate the regional scarcity of water
resources (Ghassemi and White 2007; Vitule et al. 2015; Daga
et al. 2020). Worldwide, over 170 IBWTs are operated, with ap-
proximately 25% of global freshwater resources being diverted
(Schmidt et al. 2020). In China, more than 50 billion m? of water
from the Yangtze River had been diverted through the South-
to-North Water Transfer Project (SNWTP) from 2014 to 2021,
which was beneficial to 150 million people in water-scarce re-
gions (The State Council of the People's Republic of China 2022).
IBWTs have made substantial achievements in improving civil-
ian living quality and optimizing economic development pat-
terns and more projects are underway to achieve sustainable
development in water-scarce regions with rising populations
(Vitule et al. 2015; Purvis and Dinar 2020; Sun et al. 2021).
However, IBWTs may trigger some ecological risks in water bod-
ies along diversion paths and recipient regions (Feng et al. 2018;
Daga et al. 2020; Schmidt et al. 2020).

The negative ecological impacts associated with IBWTs have
been extensively recorded, especially in fish (Swift et al. 2014;
Silveira et al. 2017; Ramos et al. 2021). Numerous fish inva-
sions accompanied by water diversions have been reported
globally over the past 20years (Grant et al. 2012; Gallardo and
Aldridge 2018; Qin et al. 2023). IBWTs facilitate the dispersal
of fish with specific traits, and thus alter the composition of
local fish assemblages (Grant et al. 2012; Yan et al. 2025). After
fish have entered the water bodies of IBWTs, some studies
have concluded that biotic homogenization of fish assemblages
has increased among waters in an IBWT (Guo et al. 2020; Liu
et al. 2022). Biotic homogenization is a process of changes in the
species composition, characterized by increasing similarity and
simplified structure of fish assemblages across different water
bodies (McKinney and Lockwood 1999). However, information
on the homogenization process, such as characteristics and im-
pact factors, is scarce for fish assemblages in the water bodies
of IBWTs.

Only fish with specific traits are likely to be diverted eas-
ily and to be assembled into the local assemblage, which
can result in the fish homogenization of the water bodies of
IBWTs (Schmidt et al. 2020). First, these species should have
a higher chance of dispersal through water transfer. Schmidt
et al. (2020) reviewed the potential factors promoting fish
movement in IBWTs and scored a higher likelihood of disper-
sal to groups/species with specific traits such as small-sized
body, migratory, generalist, and pelagic habitat preferences.
Second, these fishes should have higher colonization poten-
tial to adapt to abiotic conditions and achieve interspecific re-
source differentiation (Qin et al. 2020). Because these diverted
species will be filtered by abiotic conditions and interact with
biotic factors in a new habitat after their introduction (Burgad
et al. 2023; Qin et al. 2023). Eurytopic and omnivorous fish
have wider niche breadth and may be more successful in the
dispersal and establishment of populations in water bodies of
IBWTs (Gallardo and Aldridge 2018; van Treeck et al. 2020).
Distinct changes in local fish assemblages were observed
among water bodies of IBWTs (Daga et al. 2020; Schmidt
et al. 2020; Liu, Brosse, et al. 2023). These differences in the

homogenizing process may be influenced by the fauna and
trait composition of local fish assemblages, the modes and lo-
cations of IBWTs, and the local water environment, suggesting
that further mechanistic research is needed (Cheimonopoulou
et al. 2011; Guo et al. 2020).

Furthermore, research on the impact mechanism of IBWTs
needs to highlight periodic characteristics of water transfers.
The water transfer is usually periodic and implemented annu-
ally in IBWTS, such as the Eastern Route of SNWTP, China (ER-
SNWTP), Potter Valley Project, America (Ma et al. 2020; Yan
et al. 2025). Fish may be periodically diverted by water trans-
fers, which can disturb local fish assemblages along IBWTs and
substantially hinder the stability of the established assemblages
(Yang et al. 2008; Yan et al. 2025). Unpredictable and highly
influential events may lead to stochastic assembly processes in
fish assemblages, which indicate unstable states and random-
ness of fish assemblage development (Bernardo et al. 2003). For
instance, research in Brazilian reservoirs confirmed that per-
sistent disturbances caused by dam operation patterns and water
level fluctuations substantially inhibit the development of fish
assemblages toward stable states (Agostinho et al. 2016). Subject
to periodical disturbance of water transfer, fish species with
wider niche breadth, such as eurytopic and omnivorous spe-
cies, may have better competitive advantages and thus become
dominant in assemblages. Thereby, fish periodically diverted by
water transfer may be a key factor shaping fish assemblages in
water bodies of IBWTs. For the conservation and utilization of
fish in the waters of IBWTs, their management should also con-
sider the instability of fish assemblages caused by the periodic
effects of water transfer.

Overall, existing studies have recorded impacts of IBWTs on
fish. However, the impact mechanisms need to be disentangled
for designing mitigation strategies for IBWTs. Knowledge of the
impacts of IBWTSs on fish and their mechanisms is vital for for-
mulating ecological transfer schemes of IBWTs, which are ur-
gently needed. An optimization of the transfer scheme has been
proposed to decrease impacts and increase suitable spawning
and nursery habitats for Atlantic salmon (Salmo salar L.), based
on research in a terminal reservoir of the Kielder water transfer
system, England (Gibbins et al. 2002).

However, the impacts of IBWTs are difficult to determine
through spatial comparison of alterations in fish assemblages,
because the assemblage compositions and structures are set
through direct or indirect natural conditions (biotic and abiotic
factors), multilayered ecological processes, and anthropogenic
disturbances from multiple sources (e.g., water pollution, fish-
ing, and land use) (Brucet et al. 2013; Guo et al. 2019). Moreover,
due to the lack of historical data in some water bodies along
IBWTs, the impacts of IBWTs are difficult to determine through
the temporal comparisons of fish assemblage variations (Liu,
Brosse, et al. 2023). A suitable research model is urgently needed
to reveal the impacts of IBWTs on fish assemblages and their
underlying mechanisms.

Terminal reservoirs, particularly some newly built reservoirs,
are allocated to recipient regions, providing a valuable model for
revealing the impact of IBWTs on fish. These newly built ter-
minal reservoirs usually are constructions with no connectivity
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with surrounding water bodies (Yan, Chen, et al. 2023). Detailed
information on the water transfer is available for these terminal
reservoirs (Devi¢ 2015; Dobbs et al. 2023). The fish assemblage
in a newly built reservoir of IBWTs is directly related to fish di-
verted via the water transfer, which can be inferred from the or-
igin and diverted route of water transfer (Guo et al. 2012; Dobbs
et al. 2023; Yan, Chen, et al. 2023). Generally, fish can actively
and/or passively enter through water transfer and then assemble
in a new terminal reservoir, that is reconfigured by fish of the
same origin and delivered via annual water transfer (Agostinho
et al. 2008; Yan, Chen, et al. 2023). Small-sized, migratory,
generalist, and pelagic fish species are more likely to disperse
through water transfers, and these species tend to be pioneers
in fish assemblages in the new terminal reservoirs (Schmidt
et al. 2020). Additionally, the terminal reservoirs of IBWTs
have standardized management and documented all regulatory
events, such as fish release for biomanipulation, during their
operating processes, which provides an opportunity to compre-
hensively understand the effects of anthropogenic disturbances
on fish assemblages.

In this study, we used three terminal reservoirs of the ER-
SNWTP with gradient controls in distance and periodicity of
the water transfers as a test model. We investigated assemblage
compositions and structures, calculated alpha and beta diver-
sity indices, and analyzed the effects of multiple environmental
factors on fish assemblages. This study aimed to determine the
fundamental information on fish assemblages in the three res-
ervoirs and to reveal the impacts of IBWTs on fish assemblages
and their crucial factors. We focused on the effects of diverted
fish and periodic disturbance by water transfers on fish assem-
blages, which have been rarely addressed in previous studies.
We hypothesized that: (1) fish in the three terminal reservoirs
are diverted from Dongping Lake; assemblage compositions
and structures may be characterized by fish with high dispersal
potential, such as a small-sized body, and migratory, generalist;
and the distance from the lake may have important effects on
the fish composition. (2) With the diversion of diverse guilds of
fish by periodic water transfers, the composition and structure
of fish assemblages may be extremely unstable, and omnivorous
and eurytopic fish are likely to dominate the assemblages. Our
results provide a theoretical understanding of the ecological im-
pacts of IBWTs, and shed light on the assembly processes of fish
assemblages in new water bodies.

2 | Materials and Methods
2.1 | Site Selection and Data Collection

The ER-SNWTP, which includes many newly built terminal
reservoirs, is part of the largest IBWT worldwide and has been
in operation since 2013 (Xia et al. 2022). Three new terminal
reservoirs were constructed as part of the ER-SNWTP. These
reservoirs are not connected to surrounding water bodies and
annually impound diverted water, mainly from Dongping Lake.
Reservoirs store and supply diverted water directly to meet the
domestic, agricultural, and industrial demands of neighbor-
ing regions. Therefore, the fish assemblages in these terminal

reservoirs are important for regulating the water quality to
achieve the goals of water transfer.

Three terminal reservoirs of the ER-SNWTP were selected,
Donghu Reservoir (DH, 36°51'54”-36°53'15" N, 117°18'46"-
117°20'28” E), Datun Reservoir (DT, 37°1542"-37°17'27" N,
116°11'13”-116°12’42" E), and Shuangwangcheng Reservoir
(SWC, 37°7'16"-37°8'42" N, 118°41'41"-118°43'38” E). These
terminal reservoirs were constructed by artificial excavation
with geomembranes for horizontal anti-seepage, reinforced em-
bankments, simple physical structures, and forming basins on
the plain. The three terminal reservoirs were similar in terms of
regional climate, local environment, and water transfer schemes
(Table S1; Figure S1). DH received its first impoundment in
December 2020 following its reconstruction, whereas DT and
SWC received their first impoundment in November and June
2013, respectively. DH and SWC share a transfer route, whereas
DT has its own route. DH and DT are at similar distances from
Dongping Lake, whereas the distance of SWC is approximately
twice that of the other reservoirs (Table S2; Figure 1). The three
reservoirs typically receive water from Dongping Lake from
November to May of the following year. Collectively, DH, DT,
and SWC formed gradient controls along the ER-SNWTP based
on their distance from Dongping Lake and first impoundment
time. Fish assemblages in the reservoirs shared the same origin
(Dongping Lake) and mode of introduction. Although there are
no specific fish conservation measures at all three reservoirs,
unauthorized access and fishing activities have been effectively
prevented through perimeter fencing and strict oversight by the
management authorities. Therefore, these terminal reservoirs
provide an ideal model to establish a direct relationship between
variations in fish assemblages and the water transfers of the
ER-SNWTP, which favors revealing the impact mechanism of
IBWTs on fish assemblages.

The surveys were conducted in July and October 2021 and
January and May 2022 according to the transfer scheme of the
ER-SNWTP from 2021 to 2022. Fish were sampled using a com-
bination net, including multi-mesh gillnet and trap nets (Guo
et al. 2020).

The multi-mesh gillnet comprised 12 panels with mesh sizes
of 5, 6.25, 8, 10, 12.5, 15.5, 19.5, 24, 30, 35, 43, and 55mm,
and then the panels were randomly assembled and main-
tained in the same order for all multi-mesh gillnets. Each gill-
net was 90m in length, 2m in height, and 7.5m in length for
each panel. The trap net with a mesh size of 4mm, was 18m
in length, 0.45m in width, and 0.33m in height, and the mouth
openings of the trap were 0.15m. The trap nets were used with-
out bait.

In each reservoir, we set three sampling sites; each combination
net was placed in the littoral zone and exposed for 12h, from
dusk to the following morning (Prchalova et al. 2011; Figure 1).
The multi-mesh gillnet was deployed in a straight line approxi-
mately parallel to the shoreline, and the water depth of the sam-
pling sites was approximately 7m in all reservoirs. Trap nets
were dispersed and placed perpendicular to and from the shore-
line (Figure 1).
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FIGURE1 | Sketch map of the Eastern Route of the South-to-North
Water Transfer Project and the distribution of sampling sites in the
three terminal reservoirs. Reservoir outline sketches are shown at dif-
ferent scales from those in the remainder of the map.

All fish were collected from the combination net, and were
identified according to their morphological characteristics,
sorted, and counted (Cheng and Zhou 1997; Chen 1998; Ni and
‘Wu 2006). To quantify the variations in fish assemblages among
sampling months and reservoirs, the catch number per unit
effort (NPUE) and biomass per unit effort (BPUE) were calcu-
lated based on each sample using a combination net, following
Hinton and Maunder (2004).

Five ecological guilds, including habitat preference, body size,
feeding habits, inhabiting water layers, and spawning type, were
selected to reflect the different effects of water transfer on fish
species with different life history strategies (Feng et al. 2023).
Detailed information on the ecological guilds was shown in
Table S3, and these guilds were determined for each species
based on previous studies (Cheng and Zhou 1997; Chen 1998;
Ni and Wu 2006).

The environmental factors included 12 water quality param-
eters, water transfer distances, and the reservoir operation
times (reflecting the periodicity of the water transfer). Water
quality parameters were measured before each sampling event
(Table S1). The distance of water transfer (DIS), namely, the
length of the water diversion canals between the reservoirs
and Dongping Lake, was measured using the Bigemap GIS
Office (v25.5.0.1) software (Table S2). Because the reservoirs
received water diverted from Dongping Lake every year after
their first impoundment, the operation times of the reservoirs

(ST) represented the water transfer times of each reservoir
(Table S2).

2.2 | Analysis of Assemblage Structure

The dominant species were determined using the relative im-
portance index (IRI) (Pinkas et al. 1971). Non-metric multidi-
mensional scaling analysis (NMDS) was performed to identify
visual differences in the assemblage structure among reservoirs
based on Bray-Curtis similarity matrices. Prior to NMDS, raw
data were square-root transformed to reduce the influence of
dominant and rare species. The stress coefficients were used to
evaluate the reliability of NMDS. The coefficient below 0.1 indi-
cates a good ordination fit with minimal risk of misinterpreta-
tion (Clarke 1993). A 3-dimensional NMDS was finally chosen
based on the interpretability of axes, R? of linear fit, stability of
solution, and stress value. Permutational multivariate analysis
of variance (PERMANOVA) and pairwise tests were conducted
to detect differences in the assemblage structure among the res-
ervoirs. NMDS and PERMANOVA were performed using the
“vegan” package in R 4.2.2 (Oksanen et al. 2020; R Development
Core Team 2020). Similarity percentage analysis (SIMPER) was
performed to determine the contribution of each species to the
differences in the assemblage structure based on Bray-Curtis
dissimilarity indices using Primer 6 (Clarke 1993; Clarke and
Gorley 2006).

2.3 | Analysis of Diversity Indices

A combination of taxonomic, functional, and phylogenetic
diversity was used in this study. The alpha taxonomic diver-
sity (TD) of the fish assemblages was assessed using the total
number of species (Richness), Shannon-Wiener diversity
index (Shannon), Margalef diversity index (Margalef), and
Pielou evenness index (Pielou) (Jurasinski et al. 2009). The
alpha functional diversity (FD) was quantified using func-
tional richness (FRic), functional evenness (FEve), functional
divergence (FDiv), functional dispersion (FDis), and func-
tional redundancy (FRed) indices (Villéger et al. 2008; Ricotta
et al. 2016). The functional traits used for FD were selected
following Villéger et al. (2017) and are shown in Table S4.
They were selected from five categories including food ac-
quisition, mobility, defense against predation, nutrient bud-
get, and reproduction, which are considered to be the main
functions that affect ecological roles and services of fish (Liu,
Brosse, et al. 2023). Since the true phylogeny comprising all
the collected fishes was unavailable, a taxonomic difference
index based on classification distance was used as a proxy
of the alpha phylogenetic diversity (PD; Liu, Qu, et al. 2023).
PD included taxonomic diversity (A), taxonomic distinctness
(A*), average taxonomic distinctness (A%), and variation in
taxonomic distinctness (A*) (Clarke and Warwick 1998, 2001;
Schweiger et al. 2008).

The beta diversity of fish assemblages included beta taxo-
nomic (TDf), beta functional (FDf), and beta phylogenetic
(PDp) diversity. The overall dissimilarity (sor), turnover com-
ponent (sim), and nestedness component (sne) for each beta di-
versity were assessed using the Sorensen dissimilarity matrix
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(Baselga 2010). Detailed calculations of the beta diversity are
available in Liu, Qu, et al. (2023). To calculate the PDg, a phy-
logenetic classification tree based on the classification dis-
tance was generated as a proxy of the phylogenetic distance,
using the phylogeny of Actinopterygian fishes including
31,526 species developed by Rabosky et al. (2018) and Chang
et al. (2019).

The “vegan” package and the “FD” package were used to cal-
culate TD and FD, respectively; while the calculation of PD
was performed in Primer 6 software (Clarke and Gorley 2006;
Laliberté et al. 2015). The “betapart” package was used for TDf,
FD@, and PDg analyses (Baselga and Orme 2012). The “fish-
tree” package was used for the phylogenetic classification tree
in PDf (Chang et al. 2019). All of the aforementioned packages
were performed using R version 4.2.2 (R Development Core
Team 2020).

2.4 | Data Analysis

Redundancy analysis (RDA) was conducted to identify the ef-
fects of environmental factors on fish assemblages, because
the prior result of detrended correspondence analysis showed
a first-axis gradient length of 3.37 (<4 SD; Legendre and
Legendre 2012). Prior to RDA, all environmental factors except
pH were log-transformed to ensure normality and homogene-
ity. Spearman’s correlation coefficients and variance inflation
factors were calculated to test for multicollinearity among the
environmental factors (Jia et al. 2021). Factors with correla-
tion coefficients > 0.7 (or <—0.7) and variance inflation factors
>10 were eliminated to avoid high collinearity (Figure S2; Jia
et al. 2021). Forward selection methods were used to identify key
factors in the RDA (p <0.05). The Monte Carlo permutation test
was used to test the significance of the environmental factors.
The significance level was set at p <0.05.

Analysis of variance (ANOVA) and multiple comparisons were
conducted to examine differences in diversity indices among
the reservoirs. The Kruskal-Wallis test was used when the nor-
mality and homogeneity assumptions of variance were violated.
For alpha diversity, multiple linear regressions were performed
to analyze the effects of environmental factors, and a forward
selection method was used to identify the key explanatory vari-
ables in each model. Principal coordinates Analysis (PcoA) was
performed on Sorensen dissimilarity matrices derived from
overall dissimilarity, turnover, and nestedness components of
each beta diversity (TD, FD@, and PDf) to extract their charac-
teristic vectors as response variables (Liu, Qu, et al. 2023). RDA
and variation partitioning analysis were conducted to disentan-
gle drivers of TD, FD@, and PDf patterns. The predictor vari-
ables were first selected from each set of driving factors using
the forward selection method in the RDA models. Variation
partitioning analysis was performed when two or more com-
plementary sets of predictor variables could be used to explain
the variation in the response variables (Peres-Neto et al. 2006;
Blanchet et al. 2008).

All of the aforementioned analyses were carried out using the
package “vegan,” “ape,” “corrplot,” and “adespatial” in R 4.2.2

(R Development Core Team 2020).

3 | Results
3.1 | Species Composition

A total of 2715 fish were collected from the three reservoirs,
which were classified into 35 species, belonging to 4 orders,
8 families, and 30 genera (Table S3). Seasonal variations in
species numbers were similar in DH and DT; assemblages of
both reservoirs had the lowest species numbers in January,
and the highest species numbers occurred in July at DH and
in May at DT. Species numbers were lower in SWC with a dif-
ferent pattern of seasonal variation compared with the other
two reservoirs.

Fish assemblages in the three reservoirs were extremely unsta-
ble in terms of abundance and biomass before and after water
transfer. Mean NPUE (£SE) was 18.85+4.74ind./net/h, rang-
ing from 3.92 to 57.08ind./net/h, and mean BPUE (+SE) was
1342.25+337.39g/net/h, ranging from 172.96 to 3840.49g/
net/h. NPUE and BPUE varied dramatically between the
sampling months in all reservoirs, except for NPUE in SWC
(Figure 2). Fewer small-sized fishes in the assemblages were
detected in SWC, which had lower NPUE values and roughly
similar BPUE values compared to DH and DT (Figure 2).

The dominant guilds of the assemblages in the reservoirs were
eurytopic and omnivorous fish, which were evident in species
number and abundance; small-sized fish were comparable in
species number, and were dominant in abundance. Both euryto-
pic and small-sized fish species accounted for more than 50% of
the total species in each reservoir. The proportions of eurytopic
fish in terms of species number, abundance, and biomass were
highestin SWC, ranging from 57.14% to 80.28%, whereas the pro-
portions of small-sized fish in terms of abundance were 74.22%
and 85.52% in DH and DT, respectively (Figure 3). Among the
reservoirs, proportions (+SE) in species number and abundance
of omnivorous fish were 49.53%+3.36% and 58.07% =+ 5.49%
(Figure 3).

Except for two species of Gobiidae in DT and SWC, and one
species of Bagridae in SWC, all dominant species in the three
reservoirs belonged to Cyprinidae (Table S3). The compositions
of the dominant species varied greatly among sampling sites
and months (Table S3). No dominant species was shared among
the three reservoirs. However, shared dominant species were
observed between the two reservoirs: Hemiculter leucisculus
and Pseudorasbora parva, two small-sized fish in DH and DT,
Aristichthys nobilis in SWC and DH, and Hemibarbus maculatus
in SWC and DT (Table S3). During all sampling months, only
Carassius auratus in DT and H. maculatus in SWC maintained
consistent dominance, whereas no species was consistently
dominant in DH (Table S3).

3.2 | Assemblage Structures

The assemblage structures differed significantly between the
three reservoirs (PERMANOVA, F=1.79, p<0.05). Pairwise
tests showed that the assemblage structures were significantly
different between SWC and DT (F=1.92, p<0.05), roughly
different between SWC and DH (F=1.91, p=0.08), and did
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FIGURE 2 | Number per unit effort (NPUE) and biomass per unit effort (BPUE) of fish assemblages in the Donghu (DH), Datun (DT), and
Shuangwangcheng (SWC) reservoirs of the Eastern Route of the South-to-North Water Transfer Project.

not differ between DH and DT (F=1.53, p>0.05) (Figure 4,
Table S5). Six small-sized fish were the main contributors to the
differences in the assemblage structure between SWC and DT,
contributing 50.42% of the dissimilarity (Table S6).

The first two axes explained 28.41% and 22.32% of the
total variation in the RDA model, respectively (adjusted R-
squared =0.15). Results of RDA showed that DIS (F=1.743,
p<0.05) and NO,-N (F=1.767, p <0.05) were the key environ-
mental factors affecting the differences in the fish assemblages
among the reservoirs. Environmental factors significantly af-
fected the distribution of small-sized fish, which resulted in
most of the differences among the assemblage structures in
the three reservoirs. Low abundance of small-sized fish such
as Sarcocheilichthys nigripinnis, Acheilognathus chankaensis,
and H. leucisculus was closely linked to long DIS, and high
abundance of fish spawning adhesive eggs such as Culter al-
burnus, Cyprinus carpio, and Megalobrama amblycephala was
closely linked to high NO,-N (Figure 5). No significant effects
were found between other environmental factors, and differ-
ences in fish assemblages among the reservoirs, such as ST
(F=1.27, p>0.05), TP (F=1.13, p>0.05), and Chl.a (F=1.34,
p>0.05).

See Tables S1 and S3 for codes of environmental factors and fish
species.

3.3 | Diversity Patterns

None of the alpha diversity indices of the fish assemblages
were found to be significantly different among the reservoirs
(p>0.05). Values of TDs of the assemblages in the reservoirs
were low (Figure 6). Multiple linear regression showed that
environmental factors had significant effects on FDs and
PDs, but did not affect TDs. Effects of environmental factors
on FDs were shown by ST on FDiv (F=6.92, p<0.05), TP on
FEve (F=38.89, p<0.05), and pH on FRic (F=5.97, p<0.05),
and effects on PDs were found from DIS on A and A* (F=9.59,

p<0.05; F=5.00, p<0.05), NO,-N on A and A* (F=12.20,
p<0.05; F=9.44, p<0.05), and DIS, ST, and NO,-N on A*
(DIS: F=6.97, p<0.05; ST: F=6.72, p<0.05; NO,-N: F=5.89,
p<0.05).

Regarding beta diversity, the variations of fish assemblages in
the three reservoirs were manifested by species substitutions
and nestedness in terms of functional traits and phylogeny.
TDsim was significantly higher than TDsne (Kruskal-Wallis
test, p <0.05), whereas FDsne and PDsne accounted for more
than 50% and were higher than FDsim and PDsim, respec-
tively (Figure 7, Tables S7-S15). The variation partitioning
analysis showed that environmental factors explained 46%,
32%, and 45% of the variation in TDsor, TDsim, and FDsim,
respectively (Figure S3). It also revealed the significant effects
of ST and water quality on TDsor and TDsim and of DIS and
water quality on FDsim. The RDA results showed that NO,-N
and TP were the main contributors to the effects of water
quality.

4 | Discussion

In our sampling system, the distance from Dongping Lake and
the first impoundment time among DH, DT, and SWC formed
gradient controls along the ER-SNWTP. Fish assemblages in the
reservoirs had the same origin and entry approach; that is, from
Dongping Lake. Our results showed that the composition and
structure of fish assemblages varied dramatically among the res-
ervoirs and sampling months, and no fish species were collected
beyond those known to inhabit Dongping Lake. Fish assem-
blages were dominated by eurytopic fish in all reservoirs, and
omnivorous and small-sized fish also had dominance in species
number and abundance. Distances of the water transfer, reser-
voir operation times, and water quality are crucial factors affect-
ing the fish assemblages in terminal reservoirs. These results
supported our hypothesis and revealed an impact mechanism
of IBWTs on fish assemblages. Further research on the impact
mechanisms of IBWTSs on the different life history stages of fish
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and their relationships with ecological parameters is urgently
needed. We further highlighted that the periodic disturbances of
the water transfer should receive broader attention, given their
substantial management implications for fish assemblage and
water quality in the water bodies of IBWTs.

Our study indicates that diverted fish accompanying water trans-
fer is likely the main cause of the impact of IBWTs on fish assem-
blages. Thirty-five species, all introduced from Dongping Lake,
were detected in our study, providing direct evidence of diverted
fish accompanying water transfer. Although there is a consensus

that IBWTs facilitate fish dispersal by breaking down natural
biogeographic barriers, few studies have directly related the num-
ber of diverted fish species to water transfer (Rahel 2007; Guo
et al. 2020; Liu et al. 2022). A total of 44 species were collected
from five lakes, including Dongping Lake, along the ER-SNWTP
during 2017-2019, and 47 species were collected in Dongping
Lake during 2010-2020 (Liu et al. 2022; Liu, Brosse, et al. 2023).
Compared to the species collected in those studies, our results sug-
gest that most of the fish species distributed along the ER-SNWTP
can be dispersed via water transfer and establish populations in
recipient water bodies, which may be surprising in the dispersal
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Water Transfer Project.

scales of species using IBWTs. Previous studies have stressed the
impact of IBWTs through the introduction of non-native species,
changes in water quality and hydrological regimes, and habitat
modifications (Bunn and Arthington 2002; Guo et al. 2020; Yan,
Chen, et al. 2023). Our results suggest that fish diverted directly by

water transfer are likely to be undervalued in regard to the impact
of IBWTs on fish assemblages.

Our results revealed that all dominant species have a higher
dispersal chance of being diverted by the water transfer. Fish
assemblages were dominated by eurytopic fish; omnivorous,
small-sized, and spawning adhesive eggs species were also well
represented in the terminal reservoirs. Schmidt et al. (2020) pro-
posed that species with specific ecological characteristics (i.e.,
smaller body size, high adult or larval abundance, and migra-
tory, generalist, and pelagic habitat preferences) have higher
dispersal potential, which supports our findings. Eurytopic and
omnivorous species with a wider niche breadth may be more
successful in the dispersal and establishment of populations in
habitats with high dissimilarity among basins (Gallardo and
Aldridge 2018; van Treeck et al. 2020). Small-sized fishes can ac-
tively and/or passively enter terminal reservoirs accompanied by
water transfer, owing to their easy carrying (Verhille et al. 2014;
Grabowska and Przybylski 2015). Fish with spawning adhesive
eggs usually have a long spawning period and a partial over-
lap between their peak larval abundances and periods of water
transfer, which implies a high abundance of eggs and/or larvae,
facilitating passive dispersal during the transfer period (Lechner
et al. 2016). These species with high colonization potential and
strong dispersal abilities are also pioneer species in other IBWTs
worldwide. For example, Anchoviella vaillanti (small-sized)
and Moenkhausia costae (small-sized, spawning adhesive eggs)
were among the first to establish populations in the 12 recipi-
ent reservoirs along the Eastern Axis of the Sdo Francisco River
Integration Project, Brazil (Silva et al. 2023). In our study, some
species with migratory behavior and pelagic habitat preferences,
were not dominant in the reservoirs, which is inconsistent with
the predictions of Schmidt et al. (2020). This inconsistency can
be explained by different chances during the entry process due
to the impact of transfer distances on different guilds of fish,
and/or during the assembly process due to adapting to abiotic
conditions and achieving interspecific resource differentiation
(Gallardo and Aldridge 2018; Harrison et al. 2019).

The transfer distance is an important factor in shaping the di-
versity patterns and assemblage structures of fish in these termi-
nal reservoirs. Significant effects of the transfer distance were
detected for diversity patterns by phylogenetic alpha diversity
(A, A*, AY) and functional beta diversity (FDsim), partly be-
cause phylogenetic diversity could be more sensitive to changes
in the environment even at lower disturbance levels (Hall and
Greenstreet 1998; Srivastava et al. 2012; Liu, Qu, et al. 2023).
Furthermore, the transfer distance from Dongping Lake was
the main controlling factor between SWC and DT in our re-
search model. Our study found significant differences in assem-
blage structures between SWC and DT, which were identified
by variations in the composition and abundance of small-sized
fish. Small-sized fishes were detected to a lesser extent from the
assemblage in SWC with the longest distance of water transfer,
and the six small-sized fishes contributed to half of the differ-
ences in assemblage structures between SWC and DT. Among
the six species, four were not collected or were not dominant
in SWC, and the other two species (Rhinogobius giurinus and T.
bifasciatus) had a higher dominance in DT. These results indi-
cate that the transfer distance likely affected the entry process
of small-sized fish, thereby shaping the diversity patterns and
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resulting in distinct fish assemblage structures in these terminal
reservoirs along the ER-SNWTP.

The water transfer distance may affect cumulative mortality of
small-sized fish (including eggs and larvae) during the transport
process, which may result in substantial differences in the im-
pacts of IBWTs on fish assemblages in the three terminal res-
ervoirs. The six small-sized fishes, mainly contributors to the
differences in assemblage structures between SWC and DT,
have spawning peaks from March to July, which overlaps sig-
nificantly with the periods of ER-SNWTP water transfer, that
is, from November to May (Wang et al. 2014; Dong et al. 2019;
Qin et al. 2023). These overlaps imply that high abundances

of small-sized fish eggs and larvae were diverted and entered
the terminal reservoirs via water transfer. During the early life
history of fish, individuals generally experience high mortal-
ity rates because of their vulnerability to environmental fac-
tors (Hale 1999; Hitt et al. 2020). Therefore, it is reasonable to
infer that the cumulative mortality of eggs and larvae during
the transport process dramatically increases with increasing
transfer distance. In addition, individual injuries during pas-
sage through pumping stations may be a crucial factor in the
effects of transfer distance, which can lead to varied mortality
rates during the transfer process for small fish, including eggs
and larvae (Pracheil et al. 2016; Harrison et al. 2019; Navarro
et al. 2019).
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Our results support the second hypothesis that the fish periodi-
cally diverted by the water transfer may serve as a key factor in
shaping fish assemblages in the water bodies of IBWTs. The op-
eration time of the reservoirs was the main controlling factor for
the periodic water transfer between DH and DT in our research
model. Dramatic variations in fish composition, NPUE, and
BPUE were detected among the sampling months in all reser-
voirs, especially for the different compositions of the dominant
species. These results indicate that the fish assemblages in all of
the terminal reservoirs are extremely unstable and are affected by
annually diverted fish accompanied by periodic water transfer.
Predictable fish assemblage succession has been demonstrated
in natural lakes and artificial ecosystems (such as gravel-pit lakes
and impounded reservoirs) by many studies (Mehner et al. 2005;
Agostinho et al. 2016; Martinsen et al. 2023). Fish composition
may rapidly develop into a relatively stable period ranging from
weeks to a few years in new lakes (Degani et al. 1998; Baber
et al. 2002; Kristensen et al. 2020). Fish assemblages undergo di-
rectional development from unstable to stable phases, dominated
by different fish species during reservoir aging (Kubecka 1993;
Riha et al. 2009; Burgad et al. 2023). However, no significant
difference in fish assemblages was found in DH compared to
the other two reservoirs, though we detected the effects of reser-
voir operation times on assemblage succession indicated by the
significant correlations with alpha diversity (FDiv, A*) and beta
diversity (TDsor, TDsim). Constant pulse interferences such as
annual water transfer of IBWTs can result in abrupt changes in
fish assemblage and cause assemblages to directionally change
over time (Er6s et al. 2015; Burgad et al. 2023). Diverted fish enter
reservoirs annually accompanied by the water transfers of the ER-
SN'WTP, which may result in unstable fish assemblages in termi-
nal reservoirs (Dong et al. 2019; Liu et al. 2022; Zhang et al. 2022).

Our results suggest that large volumes of eurytopic and
omnivorous fishes diverted by water transfers enter the

reservoirs, and they have a stronger competitive advantage,
allowing them to dominate the assemblages under the peri-
odic disturbance of water transfers. When diverted fish enter
an area, their ability to assemble into assemblages depends
on both abiotic variables and biotic interactions between and
within the species (Leibold et al. 2004; Lucas and Baras 2008;
Martinsen et al. 2023). The reservoirs in this study were built
through artificial excavation and have limited primary pro-
ductivity, and may only support species with specific func-
tional traits (Nekola and White 1999; Luo et al. 2021; Li
et al. 2023). Water quality, especially low nutrient loadings
NO;-N and TP, showed significant effects on the alpha diver-
sity (FEve, A, A*, A%) and beta diversity (TDsor, TDsim, and
FDsim), which also indicated poorly available resources in the
reservoirs and competitive advantages of fishes with a wider
niche breadth (Lemmens et al. 2018; Martinsen et al. 2023).
The higher nestedness component of the functional and phy-
logenetic beta diversity indices in our results indicates the loss
of closely related species with similar functional traits (Liu,
Qu, et al. 2023). Eurytopic and omnivorous fish are typical
species with a wider niche breadth, and have a higher poten-
tial to adapt to abiotic conditions and to achieve interspecific
resource differentiation in these infertile reservoirs (Gallardo
and Aldridge 2018; van Treeck et al. 2020).

Furthermore, the fish assemblage in DH had a composition and
structure similar to that of DT, but differed roughly from that of
SWC, when DH first impounded and received diverting fish ac-
companied by water transfer. Fish assemblages can develop rap-
idly in new water bodies where fish have convenient conditions
for entry, which is consistent with our results in DH (Martinsen
et al. 2023). These results indicate that the impacts of water
transfer on fish assemblages may not linearly accumulate with
increasing transfer numbers and that the succession of fish as-
semblages may be periodically disrupted in terminal reservoirs
due to annual water transfer. Previous studies concerning eco-
logical impacts associated with IBWTs focused on facilitating
dispersal, changing environment, and reconfiguring processes
of IBWTs (Crook et al. 2015; Havel et al. 2015; Guo et al. 2020).
Our study highlights that the neglected periodic interference of
annual water transfer may be a crucial factor regulating the im-
pact of IBWTSs on fish assemblages.

The assemblage succession in the terminal reservoirs may dif-
fer entirely from that in natural ones. Our results suggest that
fish assemblages along the waters of IBWTs may remain in an
unstable state rather than reaching a natural equilibrium due
to the periodic diversion of fish by the water transfers. From an
ecological perspective, fish assemblages in the waters of IBWTs,
particularly in terminal reservoirs, should not be managed or
utilized based on paradigms derived from natural systems (e.g.,
attempting to restore the original diversity or regulating fish-
ing). Instead, management strategies should focus on maintain-
ing ecological functions that support the objectives of IBWTs.
In practice, this involves optimizing water quality regulation
through rational stocking and harvesting of biomanipula-
tion species (such as A. nobilis and Hypophthalmichthys moli-
trix), thereby enhancing their role in sustaining water quality
and ecosystem stability under artificial hydrological regimes.
Meanwhile, water transfer distance and reservoir operation
time were identified as key factors of IBWTs affecting fish
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assemblages in the three terminal reservoirs. Therefore, man-
agement strategies for fish assemblages should be tailored ac-
cording to these factors. For example, the newly impounded DH
does not require the removal of C. carpio and C. auratus (as their
feeding activities disturb sediment), while DT with a longer op-
eration time needs renewal of A. nobilis and H. molitrix popula-
tions. Additionally, SWC, characterized by both longer distance
and operation time, requires targeted removal of C. carpio and
C. auratus, coupled with increased stocking of A. nobilis and H.
molitrix.

Our study has some limitations, including the lack of spatial
extent and the use of only annual data from fish assemblage
surveys. The fish assemblages of the terminal reservoirs along
the ER-SNWTP were closely related to those of Dongping Lake.
However, we did not obtain permission to survey that lake. The
lack of a fish survey in Dongping Lake may have partially pre-
cluded our ability to fully evaluate the impact of the ER-SNWTP
caused by fish diverted through water transfer. Detailed data on
the fish assemblages in Dongping Lake were collected by Liu,
Brosse, et al. (2023), providing a robust basis for our key con-
clusions. We detected dramatic variations in fish assemblages
among the sampling months and related this instability to the
impact of the ER-SN'WTP. However, existing sampling methods
may miss pelagic or rare species, and our study was based on
data from only one year. Long-term data collected by a more
comprehensive sampling method are advantageous for exclud-
ing natural fluctuations in fish assemblages to fully clarify the
impacts of IBWTs. Our study did not differentiate among the
life history stages of fish in the terminal reservoirs, which is im-
portant for understanding the impact mechanisms of IBWTS on
different life stages of fish and their relationship with ecological
parameters. Furthermore, eurytopic and omnivorous species
dominate fish assemblages in terminal reservoirs. Research on
the interspecific relationships and resource competition between
eurytopic and omnivorous species in reservoirs would provide a
better understanding of the impact mechanisms of IBWTs on
fish assemblages. Simultaneously, examining the long-term
interactions among fish species in the terminal reservoirs re-
quires data from extended time series. Our study lacks spatial
replicates because the three terminal reservoirs we investigated
are relatively unique within the context of China's IBWTs which
may constrain a more accurate understanding of the ecological
impacts of periodic water transfer.

5 | Conclusion and Prospect

This study provides a theoretical basis for a deeper understand-
ing of the ecological impacts of IBWTs on waters along diver-
sion paths and in recipient regions. Our study revealed that the
water transfer constructed fish assemblages in terminal reser-
voirs and the distance, number of times, and nutrient loadings
of diverted water were crucial factors influencing the effects of
IBWTs, indicating an impact mechanism of IBWTs on fish as-
semblages. The periodic interference of annual water transfer
can partly explain the impact of IBWTs on fish assemblages and
assemblage succession in terminal reservoirs. In our results, the
dispersal scales of species utilizing IBWTs are surprising. Our
results suggest the need to mitigate the impact of IBWTs on fish

assemblages by avoiding overlap with the spawning peaks of
small-sized fishes when scheming transfer programs. Besides,
biomanipulation can be implemented to safeguard and improve
reservoir water quality based on timely fish assemblage surveys
conducted after each annual water transfer period.

Global climate change is bringing great uncertainty to water
resource distribution and aggravating regional imbalances,
which has promoted the implementation of more IBWTs for a
sustainable water supply (Yan, Lin, et al. 2023). Further efforts
are required to systematically evaluate and predict the ecologi-
cal impacts of IBWTs. For future work, regular fish assemblage
surveys should be conducted in the water-receiving area of the
ER-SNWTP, including Dongping Lake, with a focus on de-
tailed analyses of fish biology and ecological niche partitioning.
Meanwhile, similar water transfer systems worldwide should be
examined for comparative analysis, thereby strengthening the
conclusions of this study.
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