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Damming usually modifies riverine habitats, which affects various aspects
of fish diversity, especially in a reservoir cascade. Their influence on fish
assemblage has been studied widely, but a lack of data from the diversity
perspective remains. The Gezhouba Reservoir and Three Gorges Reservoir are
two of the largest cascaded reservoirs located on the upper Yangtze River.
In this study, we investigated the current fish assemblages in 2020~2021 and
retrieved 22 previous investigations in different sections of this cascade system
to analyze how fish taxonomic, functional, and phylogenetic alpha- and
beta-diversity change with the distance from the dams and the impounding
age during 1998~2021, and all sampling sites are located in the upper
section of the dams. The total species richness and phylogenetic diversity
increased significantly with the distance from the dams, but the functional
diversity did not change substantially. No significant difference was found
in the influence of impounding age on the three aspects of fish diversity.
We observed a noticeable increase in non-indigenous fish species richness,
functional diversity, and phylogenetic diversity over time, these effects were
similar in areas at different distances from the dams. The species richness and
phylogenetic diversity of lotic fish decreased from the lotic to lentic zones,
whereas the functional and phylogenetic diversities decreased significantly
with impounding age. The taxonomic beta-diversity was remarkably higher
than the functional and phylogenetic beta-diversities. The differences among
the three facets of beta-diversity were driven by a lower functional turnover
than the taxonomic and phylogenetic turnovers, and their nestedness
components were low without exception. The present study suggests that
trade-offs should be considered when designing policies to protect fish
diversity based on different objectives.

reservoir cascade, species richness, functional diversity, phylogenetic diversity,
conservation
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Introduction

Freshwater ecosystems harbor some of the highest levels
of fish diversity on earth but are also the most vulnerable
(Tedesco et al, 2017). Dam construction is one of the
major factors affecting the freshwater fish diversity worldwide,
as it changes different aspects of the ecosystem, such as
primary production, hydrological dynamics, and riverine
connections (Loures and Pompeu, 2019). A new reservoir
usually has the highest productivity and supports high fish
abundance after its initial impounding due to the rich
nutrient and plant material input from the surrounding
areas. Subsequently, it enters a “decrease-stable” process with
an increase in impounding age (Agostinho et al, 2008).
Impoundment can alter the hydrological dynamics and generate
a habitat gradient (comprising the lentic, transitional, and lotic
habitats) in a reservoir; usually, these habitats have different
physical and chemical characteristics and support different fish
assemblage structures and diversity (Vasek et al., 2016). For
example, the disruption of riverine habitats usually decreases
lotic fish diversity due to destruction of their feeding and
reproductive environment (Cheng et al.,, 2015). There is also
the opinion that the lotic-lentic stretches are beneficial in
maintaining species richness, as the lentic habitat may favor
the establishment and dispersal of non-indigenous species
(dos Santos et al, 2018). The interruption of longitudinal
connectivity of natural rivers after damming often leads
to considerable decline in migratory fish abundance due
to loss of access to spawning and nursery habitats (Sa-
Oliveira et al., 2015). Understanding the spatial and temporal
changes in fish diversity after damming have always been a
pressing concern for fish resource management, protection,
and restoration.

Most previous studies on the effects of damming have
considered fish taxonomic diversity (e.g., species richness) due
to its simplicity and convenience; however, effective estimation
and conservation efforts require a deeper understanding
of other facets of fish diversity, such as functional and
phylogenetic diversity (Wong et al, 2018; Su et al, 2021;
Wang et al., 2021). Functional diversity quantifies the ranges
of unique morphological, physiological,
traits of fish community (Palacios-Salgado et al, 2019);

and ecological

phylogenetic diversity reflects the genetic variability within fish
assemblage, which can influence the community’s adaptability
in response to environmental variations (Lima-Junior et al,
2021). Previous studies revealed that one fish assemblage can
exhibit similar variation patterns of taxonomic, functional,
and phylogenetic diversities in response to environmental
changes (e.g., Tuya et al, 2018), while further studies
suggest that multiple approaches can furnish complementary
information (e.g., Wong et al, 2018; Roa-Fuentes et al,
2019; Jiang et al, 2021). In addition, the three facets of
diversity usually have different sensitivity to environmental
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variations, among which the functional diversity seems to
be the most vulnerable one (Sanchez-Perez et al, 2020;
Lin et al., 2021).

In addition to investigating multiple facets of fish diversity
within different fish communities (alpha-diversity), quantifying
the spatial and temporal variations across fish community
compositions (beta-diversity) have become another important
topic of investigation (Anderson et al., 2011). Beta-diversity
evaluates dissimilarity among the communities directly, and
it is being used more frequently in evaluating the geographic
and temporal changes in fish diversity (Villéger et al,, 2013;
Li et al, 2018; Nakamura et al., 2020). Beta-diversity can be
further divided into turnover and nestedness components
2010). the
taxonomic, functional, and phylogenetic replacement among

(Baselga, The turnover component reflects
the communities, whereas the nestedness component implies
the difference in taxonomic, functional, and phylogenetic
quantity (Villéger et al, 2013). Quantifying the B-diversity
of fish assemblages with different components can provide
a comprehensive assessment for assembly mechanisms, if
we consider the taxonomic, functional, and phylogenetic
dimensions (Li et al., 2021). For example, fish communities
with a high taxonomic beta-diversity may have low functional
or phylogenetic beta-diversities if their respective species
are functionally or phylogenetically similar (Jiang et al,
2021). High beta-diversity can result either from a low
proportion of shared species (or function, phylogeny)
among communities with similar species (or function,
phylogeny) quantity, or from a different quantity of species
(or function, phylogeny) among communities (Villéger et al,,
2013). It is, therefore, crucial to understand the relationship
between alpha- and beta-diversities as well as their different
components to investigate the ecological processes structuring
fish assemblages.

The Yangtze River is the worlds third largest river and
its mainstem can be divided into the lower (Shanghai to
Hukou, 938 km), middle (Hukou to Yichang, 955 km), and
upper reaches (Yichang to headstream, 4,504 km; Xiong
et al, 2021). The upper reach has an abundant level of
hydropower resource and has the largest cascading reservoir
system in China. The Three Gorges Reservoir (TGR) and
Gezhouba Reservoir (GZB), both located in the Yichang, Hubei
province, are two large reservoirs [ie., height > 15 m or
height 5-15 m and impounding > 3 million m?; International
Commission on Large Dams [ICOLD], 2019], forming the
lowest part of the reservoir cascade. These reservoirs impound
approximately 700 km long stretch of the Yangtze River, and
their impact on fish has been extensively investigated (Xu
et al, 2021). For example, several researchers evaluated the
spatial and temporal changes of the fish assemblage structure
(Wu et al, 2007; Gao et al, 2010; Liu et al, 2012; Yang
et al, 2012; Zhao et al, 2015; Lin et al, 2019), biomass
(Liao et al., 2018), life-history strategies (Perera et al.,, 2014;

frontiersin.org


https://doi.org/10.3389/fevo.2022.955053
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Liao et al.

Liao et al,, 2019), and spawning conditions (Yu et al., 2019; Ma
et al,, 2020). In contrast, only a few studies have focused on
these changes from a fish diversity perspective (e.g., Zhang
et al., 2020). How facets of fish biodiversity change at different
dimensions, the underlying causes and factors, and the spatial
and temporal patterns of these alterations have not been studied
in detail.

In this study, we mainly aim to assess the spatial
and temporal variations of fish diversity in relation to
the construction of the Three Gorges Dam and Gezhouba
Dam and to provide scientific rationale for fish resource
management and protection. To achieve these objectives, we
investigated the current fish assemblages in 2020~2021 and
simultaneously retrieved previous investigations documenting
species composition, and formed a total of 27 datasets to
evaluate the taxonomic, functional, and phylogenetic alpha-
and beta-diversities of fish assemblages across the GZB and
TGR. We expected different change patterns over locations
and impounding ages among different facets of fish diversity,
and we hypothesized that taxonomic diversity decreased
less with impounding age, compared to functional and
phylogenetic diversities.

Materials and methods

Study area

The Three Gorges Reservoir is one of the largest reservoirs
in the world. It was impounded through three stages, and
its final impoundment formed a reservoir of 1,080 km? with
a total length of 667 km in 2009. The Gezhouba Reservoir
(GZB), located at about 60 km downstream of the Three
Gorges Reservoir (TGR), was constructed in 1988 and formed
a reservoir with a total length of 40 km. We based the current
study at nine mainstem sites (GZB, Zigui, Wushan, Yunyang,
Wanzhou, Zhongxian, Fuling, Banan, and Jiangjin) and three
tributary sites (Xiakou, Shuanglong, and Gaoyang) along the
two reservoirs. These sampling sites are located in the upper
section of the Three Gorges Dam and Gezhouba Dam with
different distance from the dam bodies, which represent diverse
habitat characteristics (lentic, transitional, and lotic), and were
affected by the impoundment of the TGR or GZB at different
periods (Table 1 and Figure 1). The upper reach of the
Yangtze River runs from the “Three Gorges” (i.e., the TGR and
GZB), which refers to reaches between Chongqing and Yichang
(Figure 1). All 12 sampling sites were located in these areas,
which showed riverine condition and have spatially similar
fish assemblage structures before the dam construction. But
the background fish assemblage structures were quite different
between the upper and middle-lower reaches [Investigation
Group of Fishery [IGF], 1975; Fan et al, 2012], so we only
sampled fish assemblages above dams.
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Data collection

From April 2020 to July 2021, we sampled fishes using
experimental multi-panel gillnets and benthic fyke nets (12 m
in length, 0.75 mm, knot to knot) at five sampling sites (Zigui,
Xiakou, Wushan, Yunyang, and Zhongxian) of the TGR. To
cover the benthic and pelagic water, we used two types of
multi-panel gillnets, benthic (2 m in height) and pelagic (5 m
in height), having the same length and mesh-size structures,
i.e., the total length of each gillnet was 30 m and consisted
of 12 different mesh-sizes (10, 16, 20, 25, 31, 39, 48, 58,
70, 86, 110, 125 mm, knot-to-knot). At each sampling site,
we randomly selected three locations (= 500 m apart) and
deployed three benthic gillnets, three pelagic gillnets, and three
benthic fyke nets for 12 h (18:00-19:00 to 6:00-7:00) per
location. We sampled each site for 2 days per season to increase
our sample size.

We also retrieved historical fish presence/absence data
from a variety of sources and as many as possible, including
published articles, books, and scientific reports; and we recorded
the present/absent fish as 1/0, respectively. To evaluate fish
diversity in each period and section accurately, we discarded
those sources that lack a detailed fish list. Given that the fish
species documented in previous studies were based on different
classified standards, we checked the Latin names of all species
in FishBase dataset and updated them with the currently valid
scientific names; and we adjusted the species composition data
frame accordingly. We discarded those fish species that were
recorded only once, and our final dataset included 27 datasets
and 140 fish species.

Previous investigations along the cascade system of the
TGR and GZB were conducted during different periods before
and after their constructions. To evaluate the response of fish
diversity to the filling process, we defined a pristine baseline
related to the condition prior to the respective impoundment
per sampling site (Table 1). The GZB was first impounded in
1988, followed by the first (2003), second (2006), and third
impoundments (2009) of the TGR, which raised the water level
to 145 m, 156 m, and 175 m, respectively. The three fillings of
the TGR generated respective reservoir areas reaching Fuling,
Changshou, and Jiangjin sections. Therefore, we considered
1988 as the baseline for the GZB site, 2003 for the sampling
sites between the Three Gorges Dam and Fuling section,
2006 for the sampling sites between Fuling and Changshou
sections, and 2009 for the sampling sites between Changshou
and Jiangjin sections. These baselines should be appropriate
to assess changes in fish assemblages with the impoundments
of the TGR and GZB. The impounding age was calculated by
the difference in sampling year from the baseline respectively.
Simultaneously, aiming to estimate the temporal and spatial
changes of beta-diversity, we defined the fish composition of
the lotic Banan section, investigated in 1998, as a consistent
baseline. This is mainly because Banan is located at the tail of
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TABLE1 Summary information of data sources, including their sampling sites, sampling period, and respective baselines.

Sites Latitude/ longitude =~ Sampling Baseline Habitat Distance from  Age  Species  Data source
period the dam richness
GZB 30°44/40.5"N 111°16'44.5"E 2010 1988 Lentic 15 22 54 Liu et al., 2012
Zigui 30°51’08.1”N 110°59'37.2"E 2011 2003 Lentic 8 8 35 Perera et al., 2014
Zigui 30°5108.1"N 110°59'37.2"E 2012 2003 Lentic 8 9 51 Yang et al,, 2015
Zigui 30°51'08.1”N 110°59'37.2"E 2014 2003 Lentic 8 11 56 Lian, 2016
Zigui 30°51/08.1”N 110°59'37.2"E 2017 2003 Lentic 8 14 65 Sampling
Zigui 30°51/08.1”N 110°59'37.2"E 2021 2003 Lentic 8 18 52 Sampling
Xiakou 31°07/05.6"N 110°47'15.3"E 2013 2003 Lentic 50 10 45 Zhao et al., 2015
Xiakou 31°07/05.6"N 110°47'15.3"E 2021 2003 Lentic 50 18 40 Sampling
Shuanglong ~ 31°08'29.1”"N 109°54'27.8"E 2012 2003 Lentic 150 9 41 Yang et al., 2013
Wushan 31°03/51.2”N 109°53'16.3”E 2012 2003 Lentic 130 9 55 Yang et al., 2013
Waushan 31°03/51.2"N 109°53'16.3"E 2014 2003 Lentic 130 11 53 Lian, 2016
Wushan 31°03'51.2"N 109°53'16.3"E 2021 2003 Lentic 130 18 45 Sampling
Yunyang 30°56/36.6”N 108°39'43.5"E 2012 2003 Transitional 258 9 62 Yang et al.,, 2015
Yunyang 30°56'36.6"N 108°39'43.5"E 2014 2003 Transitional 258 11 64 Lian, 2016
Yunyang 30°56'36.6"N 108°39'43.5"E 2021 2003 Transitional 258 18 45 Sampling
Gaoyang 31°05'37.8"N 108°40'33.9"E 2010 2003 Transitional 278 7 56 Lietal., 2013
Wanzhou 30°48'55.1”N 108°23'46.0"E 2006 2003 Transitional 298 3 56 Gao et al., 2010
‘Wanzhou 30°48'55.1"N 108°23'46.0"E 2011 2003 Transitional 298 8 47 Perera et al., 2014
Wanzhou 30°48'55.1”N 108°23'46.0"E 2017 2003 Transitional 298 14 62 Sampling
Zhongxian 30°18'29.2”N 108°03'23.9"E 2014 2003 Transitional 378 11 62 Lian, 2016
Zhongxian ~ 30°18'29.2”N 108°03'23.9"E 2021 2003 Transitional 378 18 51 Sampling
Fuling 29°43/03.1"N 107°24'7.0"E 2011 2006 Lotic 490 5 50 Perera et al., 2014;
Gao etal., 2010
Fuling 29°43/03.1”N 107°24'7.0"E 2012 2006 Lotic 490 6 62 Yang et al., 2015
Banan 29°34'36.0"N 106°50'59.8"E 2014 2009 Lotic 600 5 88 Lian, 2016
Banan 29°34'36.0"N 106°50'59.8"E 2017 2009 Lotic 600 8 79 Sampling
Banan 29°34/36.0"N 106°50'59.8"E 1998 2009 Lotic 600 ~11 68 Luo, 1999
Jiangjin 29°17'37.7"N 106°15'21.2"E 2012 2009 Lotic 680 3 65 Yang et al,, 2015

the TGR with a relatively high species richness, which has not
yet been affected by the TGR impoundments and maintained
its natural state in 1998 (Luo, 1999; Yang et al, 2012; Liao
et al,, 2018). Lotic and non-indigenous fishes received much
attention in previous studies, and we specially selected these fish
faunas to analyze their diversity changes (Ba and Chen, 2012;
Xiao et al., 2015).

Taxonomic, functional, and
phylogenetic alpha diversity

The taxonomic diversity was assessed by species richness
(SR), which was defined as the total number of fish species
per sampling. We selected eleven functional traits representing
the major trait categories of body size, feeding, migration,
reproduction, and habitat preference (Supplementary Table 1).
We collected the functional trait data from FishBase, published
literatures, books, and our measurements. In the cases where a
small number of species lacked published/unpublished data and
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preserved specimens, we replaced their functional data with that
of their congeneric species. We used functional richness (FRic;
Villéger et al., 2008) and functional dispersion (FDis; Laliberté
and Legendre, 2010) to quantify functional diversity of each
fish assemblage. We were also interested in and studied these
diversity indices of non-indigenous, lotic, and lentic fish faunas.

We used the most common cytochrome b (Cytb) sequence
to construct phylogenetic relationships among the 140 fish
species that were studied. The FASTA-formatted sequence data
were collected from the National Center for Biotechnology
Information (NCBI). We imported the sequence data to
MEGA software (version 7.0) and used Neighbor-Joining
method to build a phylogenetic tree that was used to measure
the phylogenetic diversities. We selected Faith’s Phylogenetic
Diversity (PD; Faith, 1992) and Phylogenetic Species Variability
(PSV; Helmus et al., 2007) to quantify phylogenetic diversity
of each fish assemblage. More specifically, the FRic and PD
represent absolute diversities and are thought to be related
to species richness, whereas the FDis and PSV represent
diversity dispersion and are statistically independent of species
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FIGURE 1

The map above shows the whole Yangtze River and its two demarcation points (Yichang and Hukou) and the study areas; the map below
exhibits the Three Gorges Reservoir and Gezhouba Reservoir and all sampling sites. Solid arrows on the top panel represent the flow direction

of the Yangtze River.

richness. These indexes are robust metrics reflecting the
functional and phylogenetic diversities (Kellar et al., 2015;
Rurangwa et al., 2021).

Taxonomic, functional, and
phylogenetic beta-diversity

Based the
“species x traits,” and “species x phylogenetic” datasets,

on aforementioned “site  x  species,’

we measured taxonomic, functional, and phylogenetic

Frontiers in Ecology and Evolution

beta-diversities (Bspr, Brun, and Pppy; Villéger et al,
2013). These indices range from 0 to 1 and the higher
values indicate greater dissimilarity between samplings.
We measured the Bspp, PBrun, and Pppy based on the
Jaccard dissimilarity index, and divided each index into its
respective turnover component and nestedness component
(Baselga, 2010; Villéger et al, 2013). The three facets of
beta-diversity and their components can be compared to
each other, because their decomposition is based on the
same metrics, namely shared and non-shared richness

(Villéger et al., 2013).
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Statistical analysis

The spatial and temporal comparisons in diversity indexes
were assessed using linear mixed-effects models (LMM, Bates
et al, 2015). The indexes of alpha- and beta-diversity were
modeled as a function of impounding age, distance from the
dam, and their interactions. As no significant interactions were
found, we adjusted models by removing interactive terms. We
included sampling time and sampling site as a random factor
to account for the lack of independence between multiple
sampling events conducted at the same site and during the
same year (Bates et al., 2015). We also focused specifically
on the taxonomic, functional, and phylogenetic diversities of
non-indigenous and lotic fish faunas and followed the same
LMM analysis process (model habitat and age) as we did
for overall a-diversity. Model assumptions were verified and
indicated no problems regarding the linearity, normality, and
homogeneity of variances (Jacqmin-Gadda et al,, 2007). We
conducted all analyses in R (v.4.0.2, R Foundation for Statistical
Computing, Vienna, Austria), using dbFD function in package
FD (Laliberté et al, 2014), pd and psv functions in package
picante (Kembel et al., 2020), beta.pair, functional.beta.pair,
and phylo.beta.pair functions in package betapart (Baselga
and Orme, 2012), check_heteroscedasticity function in package
performance (Liidecke et al, 2021), and lmer function in
package lme4 (Bates et al,, 2015). Figures were created using
package ggplot2 (Wickham, 2016).

Results

A total of 140 species belonging to 10 orders, 23 families,
and 88 genera were documented across the GZB and the TGR,
from 1998 to 2021. Cypriniformes containing four families and
99 species was the most speciose order, followed by Siluriformes
(five families, 19 species). The family Cyprinidae had the most
species (77 species), followed by Cobitidae (14 species), and
Bagridae (12 species). Among these species, a total of 11
species were recorded at each investigation: Clenopharyngodon
idellus, Aristichthys nobilis, Cyprinus carpio, Carassius auratus,
Hemiculter leucisculus, Hemiculter bleekeri, Coreius heterodon,
Squalidus argentatus, Saurogobio dabryi, Pelteobagrus nitidus,
and Silurus asotus; a total of 13 non-indigenous fish species and
56 lotic species were documented.

Temporal and spatial patterns of
species, functional, and phylogenetic
alpha-diversities

We found that values of the SR, FRic, and PD decreased with

increasing impounding ages, and increased with distance from
the dam, but only the influences of distance from the dam on
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the SR and PD were statistically significant (LMM, p < 0.01;
Figure 2 and Table 2). Values of the FDis and PSV changed in
a different pattern, i.e., their values increased with impounding
ages, but decreased with either decreased or increased distance
from the dam, but only the influence of distance on the FDis
was significant (p < 0.05; Figure 2 and Table 2). The effects
from the interaction of distance and impounding age were
non-significant for any index (p > 0.05).

Spatial and temporal changes in
alpha-diversities of non-indigenous,
lotic, and lentic fish

The alpha-diversities of non-indigenous, lotic, and lentic
fish were influenced by damming in different spatial and
temporal patterns. Specifically, the SR, FRic, PD, and FDis of the
non-indigenous fish increased significantly with impounding
ages, except for the PSV, whereas these indexes were not
significantly affected neither by the distance from the dam nor
by the interactions between age and distance (Table 3). The
average species number of non-indigenous fish investigated by
27 studies was 4.3.

While analyzing lotic species, we observed a significant
increase in the SR and PD with increasing distance from the
dam, where the FRic was not significantly affected by the
distance but was negatively affected by the impounding age. We
did not find a significant influence from impounding ages nor
a statistical interaction between impounding age and distance
for the FDis and PSV. As for lentic species, their SR values were
significantly increased with impounding age but were spatially
similar. From functional and phylogenetic perspectives, only
FDis was positively influenced by distance significantly, and PSV
was negatively affected by the impounding age (Table 3).

Temporal and spatial patterns of
taxonomic, functional, and
phylogenetic beta-diversities

Mean value of taxonomic beta-diversity (Bspg: 0.59 £ 0.12)
was significantly higher than those of functional beta-diversity
(Brun: 0.16 £ 0.03) and phylogenetic beta-diversity (Bpmy:
0.38 &+ 0.07; ANOVA, F = 212, p < 0.01); and the average
Bpry value was higher than that of the Bg,, (Tukey’s HSD test,
p < 0.01). Values of the Bspg, Brun, and Bpry increased with
increasing impounding ages, but only the increase in Bryn was
significant (Figure 3 and Table 4). As for spatial variations, over
distance from the dam, the decreases in beta-diversities occur
in a similar way for the Bspg, Brun, and Bpry, but the decrease
in Bryn was non-significant (LMM, main effect of distance,
X? =0.05, p = 0.82; Figure 3 and Table 4),
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TABLE 2 Summary of linear mixed-effect models to explain variations in taxonomic, functional, and phylogenetic alpha-diversities as a function of

impounding age and distance from the dam.

Variable Factors Estimates SE Wald’s X2 P-value
SR Age 1.373 2.461 0.311 0.577
Distance 8.045 2.107 14.584 <0.001
FRic Age —0.001 0.002 0.469 0.494
Distance 0.002 0.002 0.960 0.327
FDis Age —0.001 0.002 0.473 0.491
Distance —0.004 0.002 5.669 0.017
PD Age 0.049 0.200 0.060 0.806
Distance 0.496 0.179 7.664 0.006
PSV Age 0.002 0.004 0.319 0.573
Distance —0.001 0.006 0.050 0.823
Significant p-values are in bold.
90 . .- 6 :
80 .
0.171
é
0.161
.. 0.15] . 3.
0 200 400 600 0 200 400 600 0 200 400 600

Distance / km

FIGURE 2

Distance / km

The effect of distance from the dam on species richness (SR), functional dispersion (FDis), and phylogenetic diversity (PD) of fish assemblages of
the Three Gorges Reservoir and Gezhouba Reservoir. The gray band represents the 95% confidence interval.

Distance / km

The nestedness component values were similar among the
Bspe (0.09), Brun (0.10), and Bpyy (0.06; Kruskal-Wallis test,
X2 = 2.68, p = 0.26); whereas turnover component values of
the Bspr (0.50) were significantly higher than those of the Brun
(0.06) and Bppy (0.32; X2 =66.80, P < 0.01; and Brun vs. BpHy:
p < 0.01). The turnover component dominated the Bspr and
Bpry, which accounted for 84.75% and 84.21%, respectively.
The Bryny was dominated by the nestedness component, which
accounted for 62.50%.

Discussion
Dam construction, coupled with related hydrologic
alteration and biological invasions, represents the greatest
threat to fish diversities in rivers (Vega-Retter et al, 2020).
In general, fish species richness usually decreases once dams
are constructed and impounded (e.g., Lima et al., 2016), and
this influence is the most serious in lentic habitats and can
continue for years at some reservoirs (e.g., Araguari reservoir
cascade system, Loures and Pompeu, 2018). Previous studies
mainly focused on the response in fish assemblage structures in
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GZB and TGR and revealed both their rapid (e.g., Gao et al,
2010) and long-term variations (e.g., Liao et al., 2018) after dam
construction. Most studies investigating fish alpha-diversity,
conducted at different periods and sections, suggested that the
fish species richness usually decreased after their constructions
(Wu et al.,, 2007; Yang et al., 2012; Liao et al.,, 2018; Lin et al,,
2019). Here, we pooled 27 investigations and found out that the
spatial and temporal differences of the SR were driven mainly by
the spatial factor (distance from the dam), and the SR increased
from the lentic to lotic zones of the reservoir. This finding
demonstrated that the degree of habitat alteration was the main
factor affecting fish species richness (Lima et al., 2016).
Damming usually negatively affects species richness through
disrupting migration routes and altering habitat, and such
influence can last for years, either in the upper stream of the
Yangtze River (Yang et al, 2012; Liao et al, 2018) or other
reservoir ecosystems (e.g., Loures and Pompeu, 2018, 2019).
In the present study, we found some differences, i.e., that
the influence of impounding on the SR was non-significant
over time. We added functional and phylogenetic diversities
as supplements and found consistent results; like the SR, the
FRic, PD, FDis, and PSV also did not significantly change with
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TABLE 3 Summary of linear mixed-effect models to explain variations in taxonomic, functional, and phylogenetic alpha-diversities of
non-indigenous, lotic, and lentic fish species, as a function of impounding age and distance from the dam.

Fish faunas Variable Coeflicients Estimates SE Wald’s X2 P-value
Non-indigenous species SR Age 1.062 0.322 10.857 <0.001
Distance 0.082 0.286 0.082 0.774

FRic Age 0.036 0.015 1.217 0.017

Distance 0.005 0.010 0.194 0.660

FDis Age 0.041 0.013 10.286 0.001

Distance 0.015 0.009 2.399 0.121

PD Age 0.132 0.067 3.944 0.047

Distance 0.021 0.044 0.232 0.629

PSV Age 0.028 0.035 0.667 0.414

Distance 0.021 0.023 0.801 0.371

Lotic species SR Age —1.569 1.171 1.795 0.180
Distance 6.535 1.222 28.617 <0.001

FRic Age —0.021 0.007 8.660 0.003

Distance 0.018 0.006 1.973 0.160

FDis Age —0.016 0.010 2.974 0.085

Distance —0.005 0.012 0.187 0.666

PD Age —0.132 0.075 3.085 0.049

Distance 0.381 0.075 25.920 <0.001

PSV Age 0.012 0.012 0.933 0.334

Distance 0.009 0.011 0.647 0.421

Lentic species SR Age 0.213 0.195 0.521 0.031
Distance 0.002 0.008 0.083 0.773

FRic Age <—0.001 <0.001 0.499 0.480

Distance <—0.001 <0.001 1.104 0.293

FDis Age 0.001 <0.001 1.694 0.193

Distance 0.001 <0.001 7.081 0.008

PD Age —0.135 0.084 2.585 0.108

Distance —0.001 0.002 0.175 0.676

PSV Age —0.003 <0.001 5.235 0.022

Distance 0.001 <0.001 0.166 0.684

Significant p-values are in bold.
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The effect of distance from the dam on taxonomic (Bspg) and phylogenetic beta-diversities (Bpyy), and the effect of impounding age on
functional beta-diversity (Bryn) of the Three Gorges Reservoir and Gezhouba Reservoir. The gray band represents the 95% confidence interval.
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TABLE 4 Summary of linear mixed-effect models to explain variations in taxonomic, functional, and phylogenetic beta-diversities as a function of

impounding age and distance from the dam.

Variable Coefficients Estimates SE Wald’s X? P-value
Bspe Age —0.002 0.014 0.001 0.976
Distance —0.043 0.010 18.369 <0.01
Brun Age 0.035 0.020 4.458 0.033
Distance —0.017 0.020 0.048 0.826
Bpry Age —0.001 0.013 0.001 0.972
Distance —0.047 0.011 22.349 <0.01

Significant p-values are in bold.

the impounding age. This consistent pattern indicated that fish
alpha-diversity gradually turned into a stable level after the
dam construction and impoundment, especially at the scale of
the entire reservoir. In addition, we found that all of the SR,
FRic, and PD of the non-indigenous fish species increased with
impounding years, suggesting that non-native fish species more
or less offset the richness losses of other species (Liew et al., 2016;
Turgeon et al., 2019).

The creation of reservoirs favors the establishment of non-
indigenous fish populations, adding threats to native freshwater
fish species (Johnson et al, 2008; Casimiro et al., 2017).
Although some researchers proposed that dams can hinder
fish spreading upward or downward into new water areas
(Dana et al, 2011), the dam-driven hydrological alterations
and catchments connection can often facilitate fish invasion
(Casimiro et al., 2017; Kerr et al., 2021). The consistent increase
in taxonomic, functional, and phylogenetic alpha-diversity
indices of non-indigenous species with the impounding age
confirmed that the construction of the GZB and TGR promoted
fish invasion and increased non-indigenous fish alpha-diversity.
A reservoir cascade along the Araguari River Basin exhibits a
similar phenomenon; the non-native richness increased with
reservoir age, and these effects were similar in both lotic and
lentic habitats (Loures and Pompeu, 2019). Turgeon et al. (2019)
concluded that non-indigenous fish species usually increased
after damming in tropical and temperate river ecosystems.
Artificial reservoirs provided “stepping-stone” habitats for the
fish invasion (Johnson et al., 2008) and provided vacant niches
that facilitated non-indigenous fishes colonizing and expanding
their populations therein (Turgeon et al., 2019). In 2020~2021,
we sampled a total of ten non-indigenous fish species at five
sampling sites, where we investigated five to seven indigenous
species per sampling site, suggesting that dam provides an initial
blockage and later facilitation of non-indigenous fish.

Damming usually modifies physical and chemical
characteristics of rivers, such as flow dynamics, water velocity,
water depth, water temperature, and channel geomorphology,
and these variations form a longitudinal gradient based on
distance from the dam (Vasek et al, 2016). In the present
study, we found different responses in taxonomic, functional,
and phylogenetic diversities to the longitudinal habitats
among different fish faunas. The tail section of the TGR still
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exhibits lotic habitats and was reported to maintain a higher
level of fish species richness (Liao et al, 2018). Our results
demonstrated that the SR and PD of total fish assemblages
or lotic fish faunas increased with distance from the dam,
indicating that the remaining lotic habitats play a crucial role
in maintaining species richness and genetic diversity (Loures
and Pompeu, 2019). However, the functional diversity did
not exhibit spatial gradient for fish assemblages or lotic fish
faunas, which indicated that functional diversity seems to be
more vulnerable to damming. Lin et al. (2021) also found
that congruence is hard to achieve among the three facets
of fish diversity, among which functional diversity was the
most vulnerable to damming. Sanchez-Perez et al. (2020) also
observed an increase in species richness but a decrease in
functional richness in the Segura River, southern Spain. These
patterns may be due to the functional traits being filtered more
seriously by multiple abiotic and biotic factors (Arantes et al,
2019). However, the FRic of non-indigenous fish, consistent
with the SR and PD, was non-significantly affected by the
distance from the dam, indicating that the impoundment
promoted non-indigenous species rapidly spreading to the
whole reservoirs by connecting mainstem and distributaries
(Julio Juanior et al, 2009). Therefore, trade-offs should be
considered when protecting fish diversity based on multiple
facets (Doxa et al., 2020).

Understanding how fish taxonomic, functional, and
phylogenetic composition varies spatially and temporally
through beta-diversity is crucial (Frota et al., 2021). In the
present study, we found that the three-facets of beta-diversity
have different values and exhibited different spatial and
temporal patterns. Firstly, the taxonomic and phylogenetic beta-
diversities decreased significantly with distance from the dam
and maintained stability with impounding ages, which further
indicated that the taxonomic and phylogenetic structures were
altered more severely in lentic habitats compared with the upper
lotic habitats of the TGR and that the lotic habitats are not only
crucial in conservations of both species and genetic diversities,
but also in maintaining of their heterogeneity (Zhang et al.,
2018). The functional beta-diversity was lower than taxonomic
and phylogenetic beta-diversities, indicating that the current
functional structure of fish assemblages is more similar to those
during the pre-damming period compared to taxonomic and
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phylogenetic aspects. Moreover, unlike the taxonomic and
phylogenetic beta-diversities, the functional beta-diversity was
spatially similar but increased significantly with impounding
ages. Some studies proposed that environmental filters and
species invasion due to the habitat alteration and elimination
of natural barriers contributed the most to the functional
homogeneity (e.g., Vitule et al, 2012; Toussaint et al., 2018).
Considering these patterns together, we deduced that species
introduction and lotic/migratory function simplification should
be considered as key factors explaining temporal functional
homogeneity in these ecosystems (Santos and Araujo, 2015;
Zhang et al., 2018).

Quantifying the multiple components of the three-faceted
beta-diversity can further analyze this viewpoint (Villéger
et al,, 2013). In the present study, the differences among the
three-facets of beta-diversity were driven by a lower functional
turnover compared to the taxonomic and phylogenetic
turnover, while their nestedness components were low without
exception, indicating a higher species (phylogeny) replacement
between fish assemblages of pre-damming and post-damming
periods (Soininen et al, 2018). Damming caused a series
of environmental alterations, such as water velocity, food
availability, water level fluctuation, and flow dynamics; and
these alterations usually caused species replacement, i.e., some
sensitive fish species were replaced by eurytopic species and
non-indigenous species (Frota et al., 2021). On the other hand,
low functional beta-diversity revealed that the frequent species
replacements in fish assemblages occurred mainly between
fish species that were functionally redundant (Villéger et al,
2013), which also suggested that the GZB and TGR ecosystems
may still retain some habitats that determined functional traits
and diversities of fish assemblages. Ecologists advise that, for
areas where turnover dominates beta diversity, we should
protect a larger number of areas to conserve regional diversity;
in contrast, we should specially protect one large area with
high alpha diversity when nestedness dominates the overall
beta diversity (Jiang et al., 2021). From these perspectives, we
should protect not only lotic habitats in the tail section of this
ecosystem, but also other small habitats in the mainstem and
tributaries.

In this study, we analyzed the spatial and temporal changes
of the taxonomic, functional, and phylogenetic facets of alpha-

and beta-diversities of the GZB and TGR fish communities.
We demonstrated that multiple diversity dimensions can add
comprehensive information. The findings reveal that even
three decades after GZB construction and 12 years after TGR
construction, the longitudinal location still plays key role in
variations of taxonomic and phylogenetic alpha diversities.
With increasing impounding years, taxonomic and phylogenetic
alpha diversities gradually became stable, due to the increased
diversity of the non-indigenous species. We proposed that the
impoundments of the reservoir cascades facilitated expansion
of non-indigenous fish. In comparison, the functional diversity
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did not exhibit obvious spatial differences for overall fish
assemblages or lotic fish faunas. Functional diversity seemed to
be more vulnerable to damming. Our results regarding beta-
diversity and its components also exhibited spatial and temporal
patterns, reminding us that trade-offs should be considered
when designing policies to protect fish diversity based on
different objectives.
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