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1 | INTRODUCTION

Habitat alterations driven by humans are major causes of changes
in species biodiversity and community composition (Burlakova
et al., 2011; Forister et al., 2010; Tilman, May, Lehman, &
Nowak, 1994). Aquatic ecosystems are particularly vulnerable to
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Abstract

Habitat alterations that result from anthropogenic disturbance impact both the abi-
otic and biotic conditions of ecosystems, causing changes in biodiversity in many
parts of the world. Recently, the use of functional diversity has been suggested as an
approach to better evaluate the effects of such disturbance on particular communi-
ties. Here, we investigated the temporal changes in species and functional diversities
of fish communities in the downstream area of the Three Gorges Dam (TGD) before,
during, and after impoundment. We found two regime shifts in the fish community
in 2004 and 2013 following impoundment. Although taxonomic diversity declined
sharply at the first regime shift, it increased at the second shift. On the other hand,
functional diversity declined throughout the same period, indicating the loss of func-
tional diversity despite increased species diversity. Our analysis also showed that
the fish communities shifted from under-dispersion to over-dispersion due to both a
decrease in the relative abundance of migratory fish and an increase in the number
of fish adapted to the new hydrologic conditions. Our results indicated that the im-
pacts of dams on downstream fish communities may change over time. Interactions

between species may become more important when the environment is stable.
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habitat alterations and disturbance (Dudgeon et al., 2006; Pereira
et al., 2010; Winemiller, 2018), and aquatic habitats have changed
dramatically in many rivers worldwide, especially due to dam con-
struction (Ligon, Dietrich, & Trush, 1995; Zarfl, Lumsdon, Berlekamp,
Tydecks, & Tockner, 2015). The ecological impact of dams on fishes
is well documented (Kingsford, 2000; Liermann, Nilsson, Robertson,
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& Ng, 2012; Poff, Olden, Merritt, & Pepin, 2007). In recent decades,
the impact of hydroelectric dams on the functional composition of
fishes has attracted more attention (Arantes, Fitzgerald, Hoeinghaus,
& Winemiller, 2019; Fitzgerald et al., 2018).

A functional trait-based approach can better quantify the impacts
of dams on ecological communities because ecosystem processes are
more directly linked to functional diversity than to species diversity
(dos Santos et al., 2017; Lima et al., 2018; Pool, Olden, Whittier, &
Paukert, 2010). This is especially true for fishes, for which functional
traits such as morphological characteristics (Langerhans, Layman,
Langerhans, & Dewitt, 2003; Lujan, German, & Winemiller, 2011;
Schlosser, 1982), life-history strategies (Fujiwara, 2007; Mims &
Olden, 2012; Olden, Poff, & Bestgen, 2006), and feeding mode
(Troia & Gido, 2015; Winemiller, Fitzgerald, Bower, & Pianka, 2015)
are closely associated with habitat conditions and food resources.
Due to the close relationship between traits of fish communities and
habitat alteration, the impact of dams on fish functional composition
can be predicted (Arantes et al., 2019).

Species diversity and functional diversity are closely associated
(Alahuhta et al., 2019; Cadotte, Carscadden, & Mirotchnick, 2011).
However, they are sometimes complementary to each other, and
at other times, they may have a strong positive correlation due to
strong disturbance (Bihn, Gebauer, & Brandl, 2010; Heino, 2008).
For example, in aquatic ecosystems, habitat alterations increase
the risk of invasions by non-native species and the promoting
of the number of generalist species (Barthem, Brito Ribeiro, &
Petrere, 1991; Forsberg et al., 2017), which may increase taxonomic
diversity for a short period of time (Villéger, Miranda, Hernandez,
& Mouillot, 2010). However, in the long-term, habitat alterations
can aggravate the decline of specialist species and biotic homog-
enization (Mims & Olden, 2012; Pool et al., 2010), decreasing the
functional diversity of fish communities (Cheng et al., 2014; Mouillot
et al., 2014). Therefore, a key to understanding the effects of dam
on ecological communities is to account for both species and func-
tional diversities (Lima, Sayanda, Soares, Wrona, & Monaghan, 2017;
Perénico, Agostinho, Fernandes, & Pelicice, 2020).

The Yangtze River is one of the largest rivers in the world, serv-
ing as a habitat for nearly 400 species or subspecies of fishes (Fu,
Wu, Chen, Wu, & Lei, 2003). The Three Gorges Dam, the largest
hydroelectric dam in the world, was constructed at the upper sec-
tion of the middle reach of the Yangtze River. This section of the
river was regarded as a biodiversity hotspot (Myers, Mittermeier,
Mittermeier, Fonseca, & Kent, 2000; Olson & Dinerstein, 1998). The
Three Gorges Reservoir (TGR), located immediately above TGD, was
filled in three stages. The first stage raised the water level to 135 m
above sea level (ASL) in 2003, and the second stage raised the level
to 156 m ASL in 2006. The reservoir was filled to 172.5 m ASL in
2008 and then to 175 m ASL in 2010. Since then, the water level is
reduced to 145 m from May to September, and it is raised to 175 min
the other seasons (Gao et al., 2019). TGD caused dramatic changes in
the ecosystem by fragmenting the habitat and altering flow amount
and pattern. These physical changes were predicted to impact spe-

cies composition and biodiversity in the region (Wu, Huang, Han,

Xie, & Gao, 2003). Changes in the environment downstream of TGD
have been documented (Fu et al., 2010; Li, Dong, et al., 2013; Li,
Xiong, Xiong, Dong, & Zhang, 2013), and they are known to have
affected some important commercial and rare fishes and their habi-
tats (Gao, Lin, Li, Duan, & Liu, 2014, 2016; Yi, Wang, & Yang, 2010).

In this study, we investigate the changes in species and func-
tional diversities of fish communities downstream of TGD caused by
the impoundment. The time series of fish abundance for 57 species
obtained from the monitoring conducted from 1999 to 2015 with
known functional traits gave us a unique opportunity to investigate
changes in species and functional diversities, and compositions be-
fore, during, and after the series of TGD and TGR constructions. Our
results contribute to understanding the process whereby large dams
change fish assemblage and how the new species composition is

shaped after a major habitat disturbance.

2 | METHODS

Daily flow data in Yichang reach were obtained from the hydro-
logic information website of the Three Gorges corporation of China.
The time series were from 1 January 1999 to 31 December 2015.
Maximum discharge, minimum discharge, and mean discharge
of each year were interploated by a local polynomial regression
smoother (Cleveland, Grosse, & Shyu, 2017). The trends of maximum
discharge, minimum discharge, and mean discharge were tested
using Mann-Kendall test (Hamed & Rao, 1998).

Fish were sampled in the Yichang reach immediately down-
stream of the Gezhouba Dam (GZD; 30°43'N, 111°15'E; Figure 1)
in the Yangtze River. GZD is located 38 km downstream of TGD.
Sampling was done for approximately 20 days between October
20 and November 30 in each year from 1999 to 2015, over an
approximately 20 km long stretch of the river. Fish were collected
by local fishers each day using drift gill nets with mesh size rang-
ing from 2 to 6 cm (30-40 m long x 1.0-1.5 m high). We selected
1-4 local fishing boats for each season, and they were surveyed
almost every day during a sampling period. In most cases, fishing
nets were set around 3:30 a.m., and fish were collected around
7:30 a.m. after nets drifted with the current for 4 hr. Mean catch
per unit effort was 71 individuals per day. Each specimen was
identified, counted, measured for body length (to the nearest mm),
and weighed (to the nearest g). In the present study, we focus on
fishes in midstream rather than riparian; thus, drift gill nets were
determined to be the most appropriate fishing gear. As is the case
with any fishing gear, a drift gill net has its inherent bias (e.g., size
selectivity); however, it gives consistent samples of fish commu-
nity across time (Gao, Zeng, Wang, & Liu, 2010; Gido, Matthews,
& Wolfinbarger, 2000).

For analysis of functional diversity, twelve fish traits were de-
termined for each species according to habitat use, life-history,
and trophic groups, including seven continuous and five categori-
cal variables (Appendix S1: Table S1). Traits values/categories were

either extracted from the existing literature (Ding, 1994; Institute
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FIGURE 1 Map of downstream of
Gezhouba Dam and fish survey area
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of Hydrobiology, 1976). When information was not available for a
specific species, the mean value within the same or a similar genus
was used (Liu & Wang, 2018).

Species diversity and species evenness of the fish community
were measured by Shannon-Wiener diversity (H) and Pielou even-
ness (J), respectively. The two indices were calculated as follows:

S

H== piIn(p)andJ=H/ log, (S),
(i=1)

where S is species richness, and p; are species relative abun-
dances (Hill, 1973). To further characterize a fish community, five
functional diversity indices were calculated: functional richness
(FRic), functional evenness (FEve), functional divergence (FDiv),
Rao's quadratic entropy index (RaoQ), and functional redundancy.
Functional richness (how much functional space is filled by the
community), functional evenness (how regular species relative
abundance is distributed in the functional space), functional di-
vergence (how species abundances diverge from the center of the
functional space), and Rao's quadratic entropy (how the sum of
pairwise distances between species change) were calculated based
on a multifaceted framework (Villéger, Mason, & Mouillot, 2008).
Functional redundancy (i.e., where species perform similar roles
in communities) was calculated following the procedure described
by Ricotta et al. (2016). We also calculated community-weighted
mean trait values (CWM) to analyze the relationships between
species composition and environmental conditions (Ricotta &
Moretti, 2011).

For detecting shifts in fish community structure, we used the
multivariate regression tree (MRT) and the sequential t test analy-
sis of regime-shifts algorithm (STARS) (Rodionov, 2004, 2006). MRT
is a chronological clustering method, and each cluster represents
a species community (De'ath, 2002). Combined with MRT, STARS

was used to identify significant shifts in community time series data
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(Rodionov, 2004). Fish community structures were first analyzed
with principal component analysis (PCA) applied to the matrix of
species relative abundance. Before PCA analysis, the fish data were
Hellinger standardized to reduce the influence of abundant spe-
cies. The first and second principal component axes (PC1 and PC2)
representing major changes of the fish community were passed
through a white-noise filter using the ordinary least-squares meth-
ods (Rodionov, 2006) before the subsequent STARS analysis. We set
the significance level at 0.05 and the window size at 3 or 5. We also
used MRT with a species abundance matrix to find the existence and
time point of a shift in community composition.

Based on the detected regimes, we separated data into time seg-
ments, each representing a regime. Then, we calculated Shannon-
Wiener diversity and Pielou evenness for each regime. The similarity
percentage (SIMPER) procedure was used to identify species that
were most responsible for the Bray-Curtis dissimilarity between
each regime (Clarke, 1993). Functional diversity indices were cal-
culated using Gower's distance because we had both continuous
and categorical trait variables (Pavoine, Vallet, Dufour, Gachet, &
Daniel, 2009). Based on functional turnover and a functional nest-
edness-resultant, the dissimilarity in functional composition of fish
communities in each regime was calculated (Villéger, Grenouillet, &
Brosse, 2013). Mean relative abundance of categorical trait groups
was calculated, and the CWM values of longevity, age of sexual ma-
turity, and fecundity were calculated for each regime. To remove the
influence of species richness, functional diversity indices and CWM
were compared with the null model results to control for differences
in species richness (Mouchet, Villéger, Mason, & Mouillot, 2010).
The null model used the matrix-swap algorithm of Gotelli (2000); this
method randomizes species occurrence frequencies by sampling.
Simulations were run 999 times, and pairwise comparison of index
differences between regimes was performed with one-way permu-
tational ANOVA (Ricotta et al., 2016). Standard effect size (SES) was

calculated for each functional index and each regime as:
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FIGURE 2 Maximum discharge,
minimum discharge, and mean discharge
in Yichang reach are plotted against year.
Test statistics refer to Mann-Kendall

test. Negative/positive Z values represent
° decreasing/increasing trend of data series

Coreius guichenoti (25%), and Pelteobagrus vachelli (8%) based on the
cumulative abundance throughout the investigation.
The first and second principal components (PC1 and PC2) ex-
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gence, while positive values indicated trait divergence (Gotzenberger
et al.,, 2012). The significance of the difference from null expectations
was tested using a one-tailed test (p < .05) proposed by Swenson
(2014). STARS were performed using Excel VBA (Rodionov, 2004,
2006). The other statistical analyses were performed using R software
(R Core Team, 2017). Taxonomic diversity indices and SIMPER results
were calculated with the “vegan” package, functional diversity indices
and community-weighted mean trait values were calculated with the
“FD” package, and matrix-swap null model and one-way permutational
ANOVA were performed with the “picante” package and “rcompanion”

package, respectively.

3 | RESULTS
Results of Mann-Kendall test showed that maximum discharge in
Yichang reach decreased while minimum discharge increased over
time (Figure 2). Mean discharge did not showed significantly de-
creasing trend.

A total of 26,565 individuals representing 57 species in 9 family
were caught from 1999 to 2015. Cyprinidae and Bagridae species
accounted for 87% and 11%, respectively, of the total abundance.

The fish communities were dominated by Coreius heterokon (43%),

plained 62.17% of the variation in the fish community and were used
in STARS for the detection of regime shifts. The results of STARS
with both window sizes (3 and 5) indicated that the fish community
could be separated into three regimes, with the change points iden-
tified in years 2004 and 2013 (p < .05) (Figure S1). The partitioning
procedure implemented by MRT analysis produced a two-split tree,
explaining 65.6% of the community structure variance through the
study period (Figure 3). The first split isolated 5 years before 2004,
and the second split separated two periods (n = 9 and 3, respec-
tively) as the cutoff point in 2013. Overall, results from both STARS
and MRT consistently indicated that the fish communities in Yichang
reach could be divided into three regimes: 1999-2003 (regime 1),
2004-2012 (regime 2), and 2013-2015 (regime 3).

Shannon-Wiener diversity and Pielou evenness of each regime
(Table 1) were the highest in regime 1 and the lowest in regime
2. The two indices in regime 3 were higher than those in regime
2. The least number of species was observed during regime 3.
Species evenness overall was low throughout the investigation,
indicating that fish communities were dominated by several spe-
cies. Compared with regime 1, some species adapting to lotic flow
were not present in regime 2 (e.g., Glyptothorax sinense), but some
eurytopic and limnophilic fish appeared (e.g., Protosalanx hyalocra-
nius). Functional space during regime 3 was smallest and showed a
tighter distribution around the functional center. Some species at
the edge of the functional space disappeared, such as Lepturichthys
fimbriata (Figure 3b).
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FIGURE 3 Chronological clustering by MRT and three successive structures of the fish communities. Fish species are ordered according
to their relative abundance before 2004. H and J are values of Shannon-Wiener diversity and Pielou evenness, respectively (a). Functional
spaces were plotted based on convex hull volume of functional richness in each regime. Functional spaces were regime 1, regime 1 compare

to regime 2, and regime 2 compare to regime 3, from right to left (b)

TABLE 1 Median for FRic, FEve, FDiv, RaoQ, and FR for the
three successional regimes

Regime
Regime 1 Regime 2 8
FRic 0.003 (a) 0.002 (b) 0.002 (c)
FEve 0.403 (c) 0.467 (a) 0.420 (b)
FDiv 0.916 (a) 0.854 (b) 0.815 (c)
RaoQ 0.023 (a) 0.018 (b) 0.016 (c)
FR 0.786 (a) 0.770(b) 0.760 (c)

Note: Pairwise comparison of index differences between the
successional regimes was performed with one-way permutational
ANOVA (p < .05). For each index, numbers followed by the same letter
do not differ significantly.

Abbreviations: FDiv, functional divergence; FEve, functional evenness;
FR, functional redundancy; FRic, functional richness; H, Shannon-
Wiener; J, Pielou evenness; RaoQ, Rao's quadratic entropy.

Bray-Curtis dissimilarity indices between regimes were relatively
high, indicating that fish community composition varied substan-
tially during the study. SIMPER analysis showed that the difference
between regime 1 and regime 2 was mainly caused by the increase of
Coreius heterodon and the decrease of C. guichenoti, Rhinogobio ven-

tralis, and Rhinogobio cylindricus, which together contributed 77.3%

of the dissimilarity (Appendix S2: Table S1). Between regime 2 and
regime 3, the decrease in the relative abundance of C. heterodon and
C. guichenoti—as well as the increase in the relative abundance of
Siniperca chuatsi, P. vachelli, and Pseudolaubuca sinensis—contributed
a cumulative 62.4% of the dissimilarity (Appendix S2: Table S2).
Functional changes in community structure were analyzed with
functional diversity and functional redundancy. The results of one-way
permutational ANOVA showed a significant difference in each func-
tional diversity index between regimes (Table 1). FRic, FDiv, and RaoQ
showed decreasing trends along with the three regimes, indicating the
loss of several functional traits and change in the abundance of species
with extreme functional traits (i.e., far from the center of functional
space). For example, after the first filling of TGD, small migratory fish
such as Xenophysogobio boulengeri and Hemimzon sinensis were absent
in regime 2 and regime 3. Large migratory species such as C. guichenoti,
R. ventralis, and R. cylindricus decreased sharply in their abundance.
Higher functional evenness was found in regime 2 and regime 3.
Changes in functional diversity reflected changes in relative
abundances of functional groups in each regime. Benthopelagic spe-
ciesincreased from 1.2% in regime 1 to 12.9% in regime 3. Lotic spe-
cies decreased from 83.6% in regime 1 to 63.6% in regime 3, while
lentic species increased from 12.3% in regime 1 to 24.6% in regime
3. Fish spawning drift eggs decreased from 89.6% in regime 1 to 75%

in regime 3. Long-distance migratory fish decreased from 59.7% in
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regime 1 to 5.4% in regime 3. Invertivore fish decreased from 94.3%
in regime 1 to 77.6% in regime 3, while piscivore fish increased from
0.6% in regime 1 to 10.8% in regime 3 (Figure 4). CWM of matu-
rity and longevity showed increasing trends along with the three
regimes, while CWM of fecundity showed a decreasing trend along
with the three regimes (Figure 5). Results of CWM indicated that fish
life-history strategies changed significantly along with the regimes.
Results of the comparison with null models indicated different
trait assembly patterns between the three regimes, showing a trend
from trait under-dispersion to trait over-dispersion (Table 2). FRic,
FEve, FDiv, and RaoQ all showed strong evidence of trait under-dis-
persion in regime 1. The community in regime 3 displayed clear ev-
idence of over-dispersion based on FRic and RaoQ. A decrease of
functional redundancy was observed, suggesting that species per-

forming similar functions decreased.

4 | DISCUSSION

The construction of the Three Gorges Dam and the subsequent fill-

ing of the Three Gorges Reservoir had significant impacts on both

Regime 1 Regime2 Regime 3

species and functional diversities of fishes in the Yangtze River. The
STARS (Figure S1) and MRT (Figure 3) analyses showed the change
points of the fish communities in 2004 and 2013, which corre-
sponded to one year following the first filling of the Three Gorges
Reservoir in 2003, and 5 years after filling to a 172.5 m water level
in 2008, respectively.

Dams and reservoirs are seen as major causes of habitat loss
and fragmentation in river ecosystems (Nilsson, Reidy, Dynesius, &
Revenga, 2005). The lentic environment upstream of dams forms
ecological barriers between river faunal regions (Abell et al., 2008),
especially for fish larvae and eggs (Mu, Li, Liu, & Cao, 2014). Dams
also obstruct downstream long-distance migratory fish, preventing
them from completing their life history and impacting population
survival (Pelicice, Pompeu, & Agostinho, 2015). The upper and mid-
dle reaches of the Yangtze River have abundant water with swift
currents, and they contain substantial spawning grounds for fishes,
especially for those with drift eggs. After the closing and impound-
ment of TGD in 2003, the longitudinal migration of fish across TGD
was blocked (Wu et al., 2004). In addition, most of the fish larvae and
drift eggs were stopped in TGR, as the environment had changed

to a lake-like water body. Under these conditions, populations of
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and R. cylindricus) decreased in abundance sharply (45.57%) after
the impoundment of TGD. These caused an immediate shift of the
downstream fish community after the first impoundment of TGD.
The natural flow regime is considered to be one of the key el-
ements for river ecological integrity and aquatic biodiversity (Lytle
& Poff, 2004; Poff et al., 1997). Hydrologic droughts in the Yangtze
River at Yichang were aggravated after the operation of TGD began,
and flow in October especially decreased sharply (Chen et al., 2016;
Li, Dong, et al., 2013; Li, Xiong, et al., 2013), decreasing the maxi-
mum discharge while increasing the minimum discharge (Figure 2).
Alteration of natural flow can cause the change of functional traits
of fish community (Arantes et al., 2019; Pool et al., 2010), such as
life-history strategies (Mims & Olden, 2013), habitat use strategies
(Lima et al., 2018), and trophic strategies (Li, Dong, et al., 2013; Li,
Xiong, et al., 2013). Our results showed that the relative abundance
of fish adapted to a lentic environment increased, while that of fish
adapted to a lotic environment decreased (Figure 4). Some fish with
new traits, such as S. chuatsi, were not present in regime 1, but be-
came more dominant in regime 3. These results are consistent with
the idea that community structure was determined by habitat-trait
relationships (Villéger et al., 2010). In addition, life-history traits may
play a very important role in the stability of community structure
and function (Fujiwara, 2012; Wang, Fujiwara, Gao, & Liu, 2019).
Results of CWM (Figure 5) showed that after the operation of TGD,
the longevity and maturity of fish in Yichang reach increased, while
fecundity decreased significantly. These shifts in life-history traits

may be why the community did not change immediately after the
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the three successional regimes. Pairwise comparison of index
differences between the successional regimes was performed with
one-way permutational ANOVA (p < .05). For each index, numbers
followed by the same letter do not differ significantly

species at sink localities would go locally extinct without net im-
migration from source sites (e.g., Pulliam, 1988). Results of SIMPER
(Appendix S2: Table S1) and changes of functional groups between

regimes (Figure 4) showed migratory fishes (C. guichenoti, R. ventralis,

Species diversity reflects only one aspect of the community and
may not reveal the true state of the community (McGill, Dornelas,
Gotelli, & Magurran, 2015). In this study, compared with regime 2,
Shannon-Wiener diversity and Pielou evenness increased in regime
3. However, the fish communities contained less species, lower func-
tional diversity (Table 1), and smaller functional space (Figure 3b).
Moreover, species cannot reflect the loss of functional rarity. For
example, C. heterodon and C. guichenoti share very similar ecological
traits, except for the ability to migrate. The C. heterodon population
in Yichang reach can successfully reproduce and recruit after the im-
poundment of TGD, while the C. guichenoti population cannot move
across TGD to spawn and, consequently, had an abrupt decrease

without recruitment from upstream reaches.

TABLE 2 Results of one-tailed test of standard effect sizes (SES) based on the null model for each of the functional diversity indices

FRic FEve FDiv RaoQ FR

Nb SES p SES p SES p SES p SES p
Regime 1 44 -1.884 .027 -2.647 .002 -1.702 .044 -1.303 .044 1.431 .879
Regime 2 41 0.730 .230 1.033 .843 0.688 767 -0.513 444 -0.108 434
Regime 3 36 2.495 .006 0.508 .702 0.797 774 1.822 .041 -1.803 .002

Note: Median SES, test statistic, and p value are given. Significant results are presented in bold. Negative/positive SES values represent under/over-

dispersion of trait distribution compared to random expectation.

Abbreviations: FDiv, functional divergence; FEve, functional evenness; FR, functional redundancy; FRic, functional richness; Nb, number of species;

RaoQ, Rao's quadratic entropy.
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In the present study, the functional diversity of communities
has changed among the three regimes. Comparison with the null
model revealed that the fish communities in regime 1 were signifi-
cantly more similar than expected at random, indicating that the fish
communities were structured by environmental filtering (Table 2).
A similar mechanism was found in tropical fish communities: fish
dispersed and selected habitats within expansive flooded areas in
wet seasons (Fitzgerald, Winemiller, Sabaj Pérez, & Sousa, 2017). In
regime 2, on the other hand, no significant difference from the null
model results for all functional diversity indices suggested that the
fish communities may have been more stochastically structured. The
high functional evenness observed in regime 2 was consistent with
the random structure (Table 1). In regime 3, a significantly positive
value for Rao's quadratic entropy indicated that the fish communi-
ties were more divergent in traits than expected at random, suggest-
ing that the fish communities were structured by limiting similarity.
Li et al. (2015) found that species colonization rather than compet-
itive exclusion drives community over-dispersion. In the present
study, we conclude that the cause of trait divergence in regime 3
was consistent with that of Li et al. (2015): the invasion of fish with
new traits (mainly S. chuatsi) from downstream reaches. The new
dominant species S. chuatsi is a top predator, which may be playing a
role in stabilizing a system that would otherwise be unstable under
strong competition.

We emphasize the role of functional diversity in long-term inves-
tigation, and we should pay more attention to functional rarities. Our
results indicated that the impacts of dams on downstream fish com-
munities may change over time. Change of maximum and minimum
discharge can alter the functional composition of the downstream
fish communities. Finally, interactions between species may become

more important when the environment is stable.

ACKNOWLEDGMENTS

We gratefully acknowledge the colleagues and students of the
Fish Ecology and Resources Conservation Lab in the Institute of
Hydrobiology, Chinese Academy of Sciences, who participated in
sampling during our investigation frame. We are grateful to Kirk
O. Winemiller for his comments in revising the manuscript. This
study was funded by the National Key R & D Program of China
(2018YFD0900804), the Strategic Priority Research Program of
Chinese Academy of Sciences (Grant No. XDB31040000), and Sino
BON-Inland Water Fish Diversity Observation Network.

CONFLICT OF INTEREST

We declare that we do not have any commercial or associative inter-
est that represents a conflict of interest in connection with the work
submitted.

AUTHOR CONTRIBUTIONS

Chen Zhang: Investigation (equal); Methodology (equal); Software
(equal); Writing-original draft (equal); Writing-review & editing
(equal). Masami Fujiwara: Methodology (equal); Writing-original
draft (equal); Writing-review & editing (equal). Michaela Pawluk:

Methodology (equal); Writing-review & editing (equal). Huanzhang
Liu: Conceptualization (equal); Methodology (equal); Supervision
(equal). Wenxuan Cao: Conceptualization (equal); Methodology
(equal); Supervision (equal). Xin Gao: Conceptualization (equal); Data
curation (equal); Investigation (equal); Methodology (equal); Writing-
review & editing (equal).

DATA AVAILABILITY STATEMENT

The fish list, discharge datasets, and STARS software are
stored in Figshare repository (https://doi.org/10.6084/m9.figsh
are.12083130).

ORCID

Masami Fujiwara https://orcid.org/0000-0002-9255-6043

Huanzhang Liu https://orcid.org/0000-0002-4604-7686
Xin Gao https://orcid.org/0000-0003-0915-3102

REFERENCES

Abell, R., Thieme, M. L., Revenga, C., Bryer, M., Kottelat, M., Bogutskaya,
N., ... Petry, P. (2008). Freshwater ecoregions of the world: A new
map of biogeographic units for freshwater biodiversity conservation.
BioScience, 58(5), 403-414. https://doi.org/10.1641/B580507

Alahuhta, J., Erés, T., Kdrna, O. M., Soininen, J., Wang, J., & Heino, J.
(2019). Understanding environmental change through the lens of
trait-based, functional, and phylogenetic biodiversity in freshwa-
ter ecosystems. Environmental Reviews, 27(2), 263-273. https://doi.
org/10.1139/er-2018-0071

Arantes, C. C., Fitzgerald, D. B., Hoeinghaus, D. J., & Winemiller, K. O.
(2019). Impacts of hydroelectric dams on fishes and fisheries in
tropical rivers through the lens of functional traits. Current Opinion
in Environmental Sustainability, 37, 28-40. https://doi.org/10.1016/j.
cosust.2019.04.009

Barthem, R. B., de Brito Ribeiro, M. C. L., & Petrere, M. Jr (1991). Life
strategies of some long-distance migratory catfish in relation to hy-
droelectric dams in the Amazon Basin. Biological Conservation, 55(3),
339-345. https://doi.org/10.1016/0006-3207(91)20037-A

Bihn, J. H., Gebauer, G., & Brandl, R. (2010). Loss of functional diver-
sity of ant assemblages in secondary tropical forests. Ecology, 91(3),
782-792. https://doi.org/10.2307/25661110

Burlakova, L. E., Karatayev, A. Y., Karatayev, V. A., May, M. E., Bennett, D.
L., & Cook, M. J. (2011). Endemic species: Contribution to community
uniqueness, effect of habitat alteration, and conservation priorities.
Biological Conservation, 144(1), 155-165. https://doi.org/10.1016/j.
biocon.2010.08.010

Cadotte, M. W,, Carscadden, K., & Mirotchnick, N. (2011). Beyond spe-
cies: Functional diversity and the maintenance of ecological pro-
cesses and services. Journal of Applied Ecology, 48(5), 1079-1087.
https://doi.org/10.1111/j.1365-2664.2011.02048.x

Chen, J., Finlayson, B. L., Wei, T., Sun, Q., Webber, M., Li, M., & Chen, Z.
(2016). Changes in monthly flows in the Yangtze River, China-With
special reference to the Three Gorges Dam. Journal of Hydrology, 536,
293-301. https://doi.org/10.1016/j.jhydrol.2016.03.008

Cheng, L., Blanchet, S., Loot, G., Villéger, S., Zhang, T,, Lek, S., ... Li, Z.
(2014). Temporal changes in the taxonomic and functional diversity
of fish communities in shallow Chinese lakes: The effects of river-
lake connections and aquaculture. Aquatic Conservation: Marine
and Freshwater Ecosystems, 24(1), 23-34. https://doi.org/10.1002/
aqc.2418

Clarke, K. R. (1993). Non-parametric multivariate analyses of changes in
community structure. Australian Journal of Ecology, 18(1), 117-143.
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x


https://doi.org/10.6084/m9.figshare.12083130
https://doi.org/10.6084/m9.figshare.12083130
https://orcid.org/0000-0002-9255-6043
https://orcid.org/0000-0002-9255-6043
https://orcid.org/0000-0002-4604-7686
https://orcid.org/0000-0002-4604-7686
https://orcid.org/0000-0003-0915-3102
https://orcid.org/0000-0003-0915-3102
https://doi.org/10.1641/B580507
https://doi.org/10.1139/er-2018-0071
https://doi.org/10.1139/er-2018-0071
https://doi.org/10.1016/j.cosust.2019.04.009
https://doi.org/10.1016/j.cosust.2019.04.009
https://doi.org/10.1016/0006-3207(91)90037-A
https://doi.org/10.2307/25661110
https://doi.org/10.1016/j.biocon.2010.08.010
https://doi.org/10.1016/j.biocon.2010.08.010
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1016/j.jhydrol.2016.03.008
https://doi.org/10.1002/aqc.2418
https://doi.org/10.1002/aqc.2418
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x

ZHANG ET AL.

Cleveland, W. S., Grosse, E., & Shyu, W. M. (2017). Local regression
models. In T. J. Hastie (Ed.). Statistical models in S (pp. 309-376 ). New
York, NY: Routledge Press.

De'Ath, G. (2002). Multivariate regression trees: A new technique for
modeling species-environment relationships. Ecology, 83(4), 1105-
1117. https://doi.org/10.2307/3071917

Ding, R. H. (1994). Fishes of Sichuan. Chengdu, China: Sichuan Science
and Technology Press. (In Chinese.)

dos Santos, N. C. L., de Santana, H. S., Ortega, J. C. G., Dias, R. M.,
Stegmann, L. F.,, da Silva Aradjo, I. M., ... Agostinho, A. A. (2017).
Environmental filters predict the trait composition of fish commu-
nities in reservoir cascades. Hydrobiologia, 802(1), 245-253. https://
doi.org/10.1007/s10750-017-3274-4

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-I., Knowler,
D. J.,, Lévéque, C,, ... Sullivan, C. A. (2006). Freshwater biodiversity:
Importance, threats, status and conservation challenges. Biological
Reviews, 81(2), 163-182. https://doi.org/10.1017/5146479310
5006950

Fitzgerald, D. B., Sabaj Perez, M. H., Sousa, L. M., Gongalves, A. P,
Rapp Py-Daniel, L., Lujan, N. K., ... Lundberg, J. G. (2018). Diversity
and community structure of rapids-dwelling fishes of the Xingu
River: Implications for conservation amid large-scale hydroelectric
development. Biological Conservation, 222, 104-112. https://doi.
org/10.1016/j.biocon.2018.04.002

Fitzgerald, D. B., Winemiller, K. O., Sabaj Pérez, M. H., & Sousa, L. M.
(2017). Seasonal changes in the assembly mechanisms structur-
ing tropical fish communities. Ecology, 98(1), 21-31. https://doi.
org/10.1002/ecy.1616

Forister, M. L., McCall, A. C., Sanders, N. J.,, Fordyce, J. A., Thorne, J. H,,
Q'Brien, J., ... Shapiro, A. M. (2010). Compounded effects of climate
change and habitat alteration shift patterns of butterfly diversity.
Proceedings of the National Academy of Sciences, 107(5), 2088-2092.
https://doi.org/10.1073/pnas.0909686107

Forsberg, B. R., Melack, J. M., Dunne, T., Barthem, R. B., Goulding, M.,
Paiva, R. C. D., ... Weisser, S. (2017). The potential impact of new
Andean dams on Amazon fluvial ecosystems. PLoS ONE, 12(8).
https://doi.org/10.1371/journal.pone.0182254

Fu, B.-J., Wu, B.-F,, L, Y.-H., Xu, Z.-H., Cao, J.-H., Dong Niu, , ... Zhou,
Y.-M. (2010). Three Gorges Project: Efforts and challenges for the
environment. Progress in Physical Geography, 34(6), 741-754. https://
doi.org/10.1177/0309133310370286

Fu, C., Wu, J, Chen, J,, Wu, Q., & Lei, G. (2003). Freshwater fish bio-
diversity in the Yangtze River basin of China: Patterns, threats and
conservation. Biodiversity & Conservation, 12(8), 1649-1685. https://
doi.org/10.1023/A:1023697714517

Fujiwara, M. (2007). Extinction-effective population index: Incorporating
life-history variations in population viability analysis. Ecology, 88(9),
2345-2353. https://doi.org/10.2307/27651372

Fujiwara, M. (2012). Demographic diversity and sustainable fish-
eries. PLoS ONE, 7(5), e34556. https://doi.org/10.1371/journ
al.pone.0034556

Gao, X., Fujiwara, M., Winemiller, K. O., Lin, P., Li, M., & Liu, H. (2019).
Regime shift in fish assemblage structure in the Yangtze River fol-
lowing construction of the Three Gorges Dam. Scientific Reports, 9(1),
4212. https://doi.org/10.1038/s41598-019-38993-x

Gao, X., Lin, P, Li, M., Duan, Z., & Liu, H. (2014). Effects of water
temperature and discharge on natural reproduction time of the
Chinese Sturgeon, Acipenser sinensis, in the Yangtze River, China
and impacts of the impoundment of the Three Gorges Reservoir.
Zoological Science, 31(5), 274-279. https://doi.org/10.2108/
zs130123

Gao, X., Lin, P, Li, M., Duan, Z., & Liu, H. (2016). Impact of the Three
Gorges Dam on the spawning stock and natural reproduction of
Chinese sturgeon in Changjiang River, China. Chinese Journal of

Fcology and Evolution o 5837
= WILEY- 27

Oceanology and Limnology, 34(5), 894-901. https://doi.org/10.1007/
s00343-016-5027-z

Gao, X., Zeng, Y., Wang, J., & Liu, H. (2010). Immediate impacts of the
second impoundment on fish communities in the Three Gorges
Reservoir. Environmental Biology of Fishes, 87(2), 163-173. https://
doi.org/10.1007/s10641-009-9577-1

Gido, K. B., Matthews, W. J., & Wolfinbarger, W. C. (2000). Long-term
changes in a reservoir fish assemblage: Stability in an unpredictable
environment. Ecological Applications, 10(5), 1517-1529. https://doi.or
g/10.1890/1051-0761(2000)010[1517:LTCIAR]2.0.CO;2

Gotelli, N. J. (2000). Null model analysis of species co-occurrence pat-
terns. Ecology, 81(9), 2606-2621. https://doi.org/10.2307/177478

Gotzenberger, L., de Bello, F., Brathen, K. A., Davison, J.,
Dubuis, A., Guisan, A., ... Zobel, M. (2012). Ecological assem-
bly rules in plant communities—Approaches, patterns and
prospects. Biological Reviews, 87(1), 111-127. https://doi.
org/10.1111/j.1469-185%.2011.00187.x

Hamed, K. H., & Rao, A. R. (1998). A modified Mann-Kendall trend test
for autocorrelated data. Journal of Hydrology, 204(1-4), 182-196.
https://doi.org/10.1016/50022-1694(97)00125-X

Heino, J. (2008). Patterns of functional biodiversity and function-en-
vironment relationships in lake littoral macroinvertebrates.
Limnology and Oceanography, 53(4), 1446-1455. https://doi.
org/10.2307/40058265

Hill, M. O. (1973). Diversity and evenness: A unifying notation
and its consequences. Ecology, 54(2), 427-432. https://doi.
org/10.2307/1934352

Institute of Hydrobiology (1976). Fishes of the Yangtze River. Beijing,
China: Science press.

Kingsford, R. T. (2000). Ecological impacts of dams, water diversions and
river management on floodplain wetlands in Australia. Austral Ecology,
25(2), 109-127. https://doi.org/10.1046/j.1442-9993.2000.01036.x

Langerhans, R. B., Layman, C. A, Langerhans, A. K., & Dewitt, T. J. (2003).
Habitat-associated morphological divergence in two Neotropical
fish species. Biological Journal of the Linnean Society, 80(4), 689-698.
https://doi.org/10.1111/j.1095-8312.2003.00266.x

Li, J.,, Dong, S., Peng, M., Yang, Z., Liu, S., Li, X., & Zhao, C. (2013). Effects
of damming on the biological integrity of fish assemblages in the mid-
dle Lancang-Mekong River basin. Ecological Indicators, 34, 94-102.
https://doi.org/10.1016/j.ecolind.2013.04.016

Li, S. P, Cadotte, M. W., Meiners, S. J., Hua, Z. S., Jiang, L., & Shu, W. S.
(2015). Species colonisation, not competitive exclusion, drives com-
munity overdispersion over long-term succession. Ecology Letters,
18(9), 964-973. https://doi.org/10.1111/ele.12476

Li, S., Xiong, L., Dong, L., & Zhang, J. (2013). Effects of the Three Gorges
Reservoir on the hydrological droughts at the downstream Yichang
station during 2003-2011. Hydrological Processes, 27(26), 3981-
3993. https://doi.org/10.1002/hyp.9541

Liermann, C. R., Nilsson, C., Robertson, J., & Ng, R. Y. (2012). Implications
of dam obstruction for global freshwater fish diversity. BioScience,
62(6), 539-548. https://doi.org/10.1525/bi0.2012.62.6.5

Ligon, F. K., Dietrich, W. E., & Trush, W. J. (1995). Downstream eco-
logical effects of dams. BioScience, 45(3), 183-192. https://doi.
org/10.2307/1312557

Lima, A. C., Sayanda, D., Agostinho, C. S., Machado, A. L., Soares, A. M.,
& Monaghan, K. A. (2018). Using a trait-based approach to measure
the impact of dam closure in fish communities of a Neotropical River.
Ecology of Freshwater Fish, 27(1), 408-420. https://doi.org/10.1111/
eff.12356

Lima, A. C., Sayanda, D., Soares, A. M., Wrona, F. J., & Monaghan, K. A.
(2017). Integrating taxonomic and trait analyses to assess the im-
pact of damming on fish communities in a northern cold region river.
Canadian Journal of Fisheries and Aquatic Sciences, 74(4), 452-463.
https://doi.org/10.1139/cjfas-2016-0074


https://doi.org/10.2307/3071917
https://doi.org/10.1007/s10750-017-3274-4
https://doi.org/10.1007/s10750-017-3274-4
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1016/j.biocon.2018.04.002
https://doi.org/10.1016/j.biocon.2018.04.002
https://doi.org/10.1002/ecy.1616
https://doi.org/10.1002/ecy.1616
https://doi.org/10.1073/pnas.0909686107
https://doi.org/10.1371/journal.pone.0182254
https://doi.org/10.1177/0309133310370286
https://doi.org/10.1177/0309133310370286
https://doi.org/10.1023/A:1023697714517
https://doi.org/10.1023/A:1023697714517
https://doi.org/10.2307/27651372
https://doi.org/10.1371/journal.pone.0034556
https://doi.org/10.1371/journal.pone.0034556
https://doi.org/10.1038/s41598-019-38993-x
https://doi.org/10.2108/zs130123
https://doi.org/10.2108/zs130123
https://doi.org/10.1007/s00343-016-5027-z
https://doi.org/10.1007/s00343-016-5027-z
https://doi.org/10.1007/s10641-009-9577-1
https://doi.org/10.1007/s10641-009-9577-1
https://doi.org/10.1890/1051-0761(2000)010%5B1517:LTCIAR%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010%5B1517:LTCIAR%5D2.0.CO;2
https://doi.org/10.2307/177478
https://doi.org/10.1111/j.1469-185x.2011.00187.x
https://doi.org/10.1111/j.1469-185x.2011.00187.x
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.2307/40058265
https://doi.org/10.2307/40058265
https://doi.org/10.2307/1934352
https://doi.org/10.2307/1934352
https://doi.org/10.1046/j.1442-9993.2000.01036.x
https://doi.org/10.1111/j.1095-8312.2003.00266.x
https://doi.org/10.1016/j.ecolind.2013.04.016
https://doi.org/10.1111/ele.12476
https://doi.org/10.1002/hyp.9541
https://doi.org/10.1525/bio.2012.62.6.5
https://doi.org/10.2307/1312557
https://doi.org/10.2307/1312557
https://doi.org/10.1111/eff.12356
https://doi.org/10.1111/eff.12356
https://doi.org/10.1139/cjfas-2016-0074

ZHANG ET AL.

5838 WI LEY_ECObe and Evolution

Open Access,

Liu, X., & Wang, H. (2018). Effects of loss of lateral hydrological connec-
tivity on fish functional diversity. Conservation Biology, 32(6), 1336-
1345. https://doi.org/10.1111/cobi.13142

Lujan, N. K., German, D. P, & Winemiller, K. O. (2011). Do
wood-grazing fishes partition their niche?: Morphological
and isotopic evidence for trophic segregation in Neotropical
Loricariidae. Functional Ecology, 25(6), 1327-1338. https://doi.
org/10.1111/j.1365-2435.2011.01883.x

Lytle, D. A., & Poff, N. L. (2004). Adaptation to natural flow regimes.
Trends in Ecology & Evolution, 19(2), 94-100. https://doi.org/10.1016/j.
tree.2003.10.002

McGill, B. J., Dornelas, M., Gotelli, N. J., & Magurran, A. E. (2015).
Fifteen forms of biodiversity trend in the Anthropocene. Trends
in Ecology & Evolution, 30(2), 104-113. https://doi.org/10.1016/].
tree.2014.11.006

Mims, M. C., & Olden, J. D. (2012). Life history theory predicts fish as-
semblage response to hydrologic regimes. Ecology, 93(1), 35-45.
https://doi.org/10.2307/23144019

Mims, M. C., & Olden, J. D. (2013). Fish assemblages respond to al-
tered flow regimes via ecological filtering of life history strategies.
Freshwater Biology, 58(1), 50-62. https://doi.org/10.1111/fwb.12037

Mouchet,M.A., Villéger,S.,Mason,N.W., & Mouillot, D.(2010). Functional
diversity measures: An overview of their redundancy and their ability
to discriminate community assembly rules. Functional Ecology, 24(4),
867-876. https://doi.org/10.1111/j.1365-2435.2010.01695.x

Mouiillot, D., Villeger, S., Parravicini, V., Kulbicki, M., Arias-Gonzalez,
J. E., Bender, M,, ... Bellwood, D. R. (2014). Functional over-redun-
dancy and high functional vulnerability in global fish faunas on trop-
ical reefs. Proceedings of the National Academy of Sciences, 111(38),
13757-13762. https://doi.org/10.1073/pnas.1317625111

Mu, H., Li, M,, Liu, H., & Cao, W. (2014). Analysis of fish eggs and larvae
flowing into the Three Gorges Reservoir on the Yangtze River, China.
Fisheries Science, 80(3), 505-515. https://doi.org/10.1007/s1256
2-014-0729-7

Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., &
Kent, J. (2000). Biodiversity hotspots for conservation priorities.
Nature, 403(6772), 853. https://doi.org/10.1038/35002501

Nilsson, C., Reidy, C. A., Dynesius, M., & Revenga, C. (2005).
Fragmentation and flow regulation of the world's large river systems.
Science, 308(5720), 405-408.

Olden, J. D., Poff, N. L., & Bestgen, K. R. (2006). Life-history strat-
egies predict fish invasions and extirpations in the Colorado
River Basin. Ecological Monographs, 76(1), 25-40. https://doi.
org/10.1890/05-0330

QOlson, D. M., & Dinerstein, E. (1998). The Global 200: A representation
approach to conserving the Earth's most biologically valuable ecore-
gions. Conservation Biology, 12(3), 502-515. https://doi.org/10.104
6/j.1523-1739.1998.012003

Pavoine, S., Vallet, J., Dufour, A. B., Gachet, S., & Daniel, H. (2009). On
the challenge of treating various types of variables: Application for
improving the measurement of functional diversity. Oikos, 118(3),
391-402. https://doi.org/10.1111/j.1600-0706.2008.16668.x

Pelicice, F. M., Pompeu, P. S., & Agostinho, A. A. (2015). Large reservoirs
as ecological barriers to downstream movements of Neotropical
migratory fish. Fish and Fisheries, 16(4), 697-715. https://doi.
org/10.1111/faf.12089

Pereira, H. M., Leadley, P. W., Proenca, V., Alkemade, R., Scharlemann, J.
P., Fernandez-Manjarrés, J. F., ... Chini, L. (2010). Scenarios for global
biodiversity in the 21st century. Science, 330(6010), 1496-1501.
https://doi.org/10.2307/40964282

Peronico, P. B., Agostinho, C. S., Fernandes, R., & Pelicice, F. M. (2020).
Community reassembly after river regulation: Rapid loss of fish di-
versity and the emergence of a new state. Hydrobiologia, 847(2),
519-533. https://doi.org/10.1007/s10750-019-04117-9

Poff,N.L.R., Allan, J. D., Bain, M. B, Karr, J. R., Prestegaard, K. L., Richter,
B. D, ... Stromberg, J. C. (1997). The natural flow regime. BioScience,
47(11), 769-784. https://doi.org/10.2307/1313099

Poff, N. L., Olden, J. D., Merritt, D. M., & Pepin, D. M. (2007).
Homogenization of regional river dynamics by dams and global
biodiversity implications. Proceedings of the National Academy of
Sciences, 104(14), 5732-5737. https://doi.org/10.1073/pnas.06098
12104

Pool, T. K., Olden, J. D., Whittier, J. B., & Paukert, C. P. (2010).
Environmental drivers of fish functional diversity and composition
in the Lower Colorado River Basin. Canadian Journal of Fisheries
and Aquatic Sciences, 67(11), 1791-1807. https://doi.org/10.1139/
F10-095

Pulliam, H. R. (1988). Sources, sinks, and population regula-
tion. The American Naturalist, 132(5), 652-661. https://doi.
org/10.2307/2461927

Ricotta, C., de Bello, F., Moretti, M., Caccianiga, M., Cerabolini, B. E., &
Pavoine, S. (2016). Measuring the functional redundancy of biological
communities: A quantitative guide. Methods in Ecology and Evolution,
7(11), 1386-1395. https://doi.org/10.1111/2041-210x.12604

Ricotta, C., & Moretti, M. (2011). CWM and Rao's quadratic diversity:
A unified framework for functional ecology. Oecologia, 167(1), 181-
188. https://doi.org/10.2307/41499933

Rodionov, S. N. (2004). A sequential algorithm for testing climate
regime shifts. Geophysical Research Letters, 31(9), https://doi.
org/10.1029/2004g1019448

Rodionov, S. N. (2006). Use of prewhitening in climate regime shift
detection. Geophysical Research Letters, 33(12), https://doi.
org/10.1029/2006g1025904

Schlosser, I. J. (1982). Fish community structure and function along two
habitat gradients in a headwater stream. Ecological Monographs,
52(4), 395-414. https://doi.org/10.2307/2937352

Swenson, N. G. (2014). Functional and phylogenetic ecology in R. New York,
NY: Springer Press.

Team, R. C.(2017). R: A language and environment for statistical computing.

Tilman, D., May, R. M., Lehman, C. L., & Nowak, M. A. (1994). Habitat de-
struction and the extinction debt. Nature, 371(6492), 65-66. https://
doi.org/10.1038/371065a0

Troia, M. J., & Gido, K. B. (2015). Functional strategies drive community
assembly of stream fishes along environmental gradients and across
spatial scales. Oecologia, 177(2), 545-559. https://doi.org/10.1007/
s00442-014-3178-1

Villéger, S., Grenouillet, G., & Brosse, S. (2013). Decomposing functional
B-diversity reveals that low functional B-diversity is driven by low
functional turnover in European fish assemblages. Global Ecology and
Biogeography, 22(6), 671-681. https://doi.org/10.1111/geb.12021

Villéger, S., Mason, N. W., & Mouillot, D. (2008). New multidimen-
sional functional diversity indices for a multifaceted framework
in functional ecology. Ecology, 89(8), 2290-2301. https://doi.
org/10.2307/27650754

Villéger, S., Miranda, J. R., Hernandez, D. F., & Mouillot, D. (2010).
Contrasting changes in taxonomic vs. functional diversity of tropical
fish communities after habitat degradation. Ecological Applications,
20(6), 1512-1522. https://doi.org/10.2307/25741323

Wang, T., Fujiwara, M., Gao, X., & Liu, H. (2019). Minimum viable popu-
lation size and population growth rate of freshwater fishes and their
relationships with life history traits. Scientific Reports, 9(1), 3612.
https://doi.org/10.1038/541598-019-40340-z

Winemiller, K. O. (2018). Trends in biodiversity: freshwater. In D. A. Della
Sala, & M. I. Goldstein (Eds.), The Encyclopedia of the anthropocene
(Vol. 3, pp. 151-161). Oxford, UK: Elsevier.

Winemiller, K. O., Fitzgerald, D. B., Bower, L. M., & Pianka, E. R. (2015).
Functional traits, convergent evolution, and periodic tables of niches.
Ecology Letters, 18(8), 737-751. https://doi.org/10.1111/ele.12462


https://doi.org/10.1111/cobi.13142
https://doi.org/10.1111/j.1365-2435.2011.01883.x
https://doi.org/10.1111/j.1365-2435.2011.01883.x
https://doi.org/10.1016/j.tree.2003.10.002
https://doi.org/10.1016/j.tree.2003.10.002
https://doi.org/10.1016/j.tree.2014.11.006
https://doi.org/10.1016/j.tree.2014.11.006
https://doi.org/10.2307/23144019
https://doi.org/10.1111/fwb.12037
https://doi.org/10.1111/j.1365-2435.2010.01695.x
https://doi.org/10.1073/pnas.1317625111
https://doi.org/10.1007/s12562-014-0729-7
https://doi.org/10.1007/s12562-014-0729-7
https://doi.org/10.1038/35002501
https://doi.org/10.1890/05-0330
https://doi.org/10.1890/05-0330
https://doi.org/10.1046/j.1523-1739.1998.012003
https://doi.org/10.1046/j.1523-1739.1998.012003
https://doi.org/10.1111/j.1600-0706.2008.16668.x
https://doi.org/10.1111/faf.12089
https://doi.org/10.1111/faf.12089
https://doi.org/10.2307/40964282
https://doi.org/10.1007/s10750-019-04117-9
https://doi.org/10.2307/1313099
https://doi.org/10.1073/pnas.0609812104
https://doi.org/10.1073/pnas.0609812104
https://doi.org/10.1139/F10-095
https://doi.org/10.1139/F10-095
https://doi.org/10.2307/2461927
https://doi.org/10.2307/2461927
https://doi.org/10.1111/2041-210x.12604
https://doi.org/10.2307/41499933
https://doi.org/10.1029/2004gl019448
https://doi.org/10.1029/2004gl019448
https://doi.org/10.1029/2006gl025904
https://doi.org/10.1029/2006gl025904
https://doi.org/10.2307/2937352
https://doi.org/10.1038/371065a0
https://doi.org/10.1038/371065a0
https://doi.org/10.1007/s00442-014-3178-1
https://doi.org/10.1007/s00442-014-3178-1
https://doi.org/10.1111/geb.12021
https://doi.org/10.2307/27650754
https://doi.org/10.2307/27650754
https://doi.org/10.2307/25741323
https://doi.org/10.1038/s41598-019-40340-z
https://doi.org/10.1111/ele.12462

ZHANG ET AL.

Fcology and Evolution o 5839
= WILEY- 2%

Wu, J., Huang, J., Han, X., Gao, X., He, F., Jiang, M., ... Shen, Z. (2004).
The three gorges dam: An ecological perspective. Frontiers
in Ecology and the Environment, 2(5), 241-248. https://doi.
org/10.2307/3868264

Wu, J., Huang, J., Han, X, Xie, Z., & Gao, X. (2003). Three-Gorges
dam-experiment in habitat fragmentation? https://doi.
org/10.2307/3834070

Yi, Y., Wang, Z., & Yang, Z. (2010). Impact of the Gezhouba and Three
Gorges Dams on habitat suitability of carps in the Yangtze River.
Journal of Hydrology, 387(3-4), 283-291. https://doi.org/10.1016/j.
jhydrol.2010.04.018

Zarfl, C., Lumsdon, A. E., Berlekamp, J., Tydecks, L., & Tockner, K. (2015).
A global boom in hydropower dam construction. Aquatic Sciences,
77(1), 161-170. https://doi.org/10.1007/s00027-014-0377-0

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Zhang C, Fujiwara M, Pawluk M, Liu H,
Cao W, Gao X. Changes in taxonomic and functional diversity
of fish communities after catastrophic habitat alteration
caused by construction of Three Gorges Dam. Ecol Evol.
2020;10:5829-5839. https://doi.org/10.1002/ece3.6320



https://doi.org/10.2307/3868264
https://doi.org/10.2307/3868264
https://doi.org/10.2307/3834070
https://doi.org/10.2307/3834070
https://doi.org/10.1016/j.jhydrol.2010.04.018
https://doi.org/10.1016/j.jhydrol.2010.04.018
https://doi.org/10.1007/s00027-014-0377-0
https://doi.org/10.1002/ece3.6320

