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Abstract
1. Freshwater biodiversity is currently under multiple threats. Conservation of fresh-

water fish biodiversity needs to be prioritized because natural conservation re-
sources are always limited.

2. Samples were collected at 24 sites in the Min River, the largest basin in south-
eastern China. Taxonomic, functional, and phylogenetic diversity were analyzed. 
Biodiversity vulnerability was measured by removing one species each time out of 
the community with replacement.

3. Results suggested that hotspots for taxonomic and phylogenetic diversity were 
located at two impounded sites, while for functional diversity were those sites 
with no upstream dams. Little congruence was observed between taxonomic, 
functional, and phylogenetic diversity. Fragmentation of river network connectiv-
ity caused by dams was a significant factor affecting the biodiversity patterns. 
Beta turnover was the driving component for beta diversity, indicating that biodi-
versity dissimilarity along the river was mostly explained by environmental sort-
ing. Fifteen out of 16 species that contributed the most to different facets of 
biodiversity were mostly endemic, either they had distinctive functional traits or 
they were the most prevalent species. Sites with the highest diversity vulnerabil-
ity were characterized by these distinctive species. Functional diversity was more 
vulnerable to species loss comparing with the other two biodiversity facets.

4. Prioritizing those biodiversity hotspots, sites with extreme functional vulner-
ability, and those distinctive endemic species which contributed the most to bio-
diversity vulnerability is suggested in the Min River. The study found evidence 
that congruence among different facets of biodiversity is hard to achieve, and 
functional diversity is the most vulnerable in a freshwater system fragmented by 
intensive dam constructions. This work will help to develop systematic conserva-
tion planning from the perspective of different biodiversity facets.
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1  | INTRODUC TION

Global biodiversity is being threatened by multiple factors such as 
anthropogenic interference, climate change, and invasive alien spe-
cies (Brook et al., 2008). Species in freshwater ecosystems are more 
seriously threatened than in terrestrial and marine ecosystems. 
According to recent estimates, the global freshwater vertebrate 
population has declined by 84% since 1970, while the terrestrial ver-
tebrate population has declined by 40% and the Marine vertebrate 
population has declined by 35% (Bongaarts, 2019). Although fresh-
water fish alone account for a quarter of all living vertebrate species, 
over 30% of them are experiencing small population size, habitat 
loss, or habitat fragmentation (Carrizo et al., 2013). Thus, freshwater 
biodiversity conservation becomes more urgent and imminent than 
ever before.

Biodiversity is unevenly distributed and is threatened by multiple 
threats throughout the world. Meanwhile, conservation budgets are 
always limited, so spatial prioritization is essential to achieve con-
servation objects and ensure every penny spent is worthy (Brooks 
et al., 2006). Spatial prioritization refers to quantitative techniques 
that provide policy- makers and managers with spatial information 
to determine what strategies should be adopted to address environ-
mental problems, identify the most valuable regions, ecosystems, 
and species, and maximize the effectiveness of financial resources 
(Mendoza- Ponce et al., 2020).

It is increasingly recognized that biodiversity is constituted 
by multifaceted components, including taxonomic diversity (TD), 
functional diversity (FD), and phylogenetic diversity (PD), each 
representing different information and ecological value. TD refers 
to the number and relative abundance of species in a community 
(Magurran, 2004). Classically, conservation actions from the per-
spective of TD focused on rare species with high conservation value 
(Zhang et al., 2021), or regions with large species richness (Vilar 
et al., 2017). However, TD alone conveys little information regarding 
the function or evolutionary history of species. Functional diver-
sity (FD) refers to those components of biodiversity that influence 
how an ecosystem operates or functions (Mouchet et al., 2010). 
Conservation of FD often concentrated on species with functional 
rarity and distinctiveness (Grenie et al., 2018), or places bearing 
more functional groups (Lamothe et al., 2019). Phylogenetic diver-
sity (PD) is typically defined as the sum of the branch lengths of 
the minimum spanning path joining a set of taxa on a phylogenetic 
tree (Faith, 1992). Conservation biologists are interested in PD be-
cause maximizing PD is assumed to conserve the most genotypes or 
phenotypes of different phylogenetic taxa in a community (Veron 
et al., 2019). Many conservation practices try to seek congruence 
of TD, FD, and PD, aiming to balance the protection of different 
biodiversity facets at the same time (Doxa et al., 2020; Strecker 
et al., 2011; Wong et al., 2018).

Over the past decades, different efforts have been dedicated to 
prioritizing diversity conservation, and most of them fall into two 
frameworks: irreplaceability and vulnerability (Brooks et al., 2006). 
The irreplaceability of a site has been defined in two ways: (a) the 

likelihood that a site will be required to realize a given set of con-
servation targets; and (b) the extent to which these targets can be 
achieved even if the area is lost. Prioritizing biodiversity “hotspots” 
intrinsically belongs to this category. The logic is that the more 
biodiversity one site processes, the more irreplaceable this site is, 
because if it is not protected, more biodiversity will be lost (Ferrier 
et al., 2000; Mendoza- Ponce et al., 2020; Pressey et al., 1994). 
Species do not contribute equally to ecosystem functioning (Mouillot 
et al., 2013), so another popular alternative measure of irreplaceabil-
ity is species endemism, such as birds or plants endemism (Alvarez- 
Alvarez et al., 2020; Prieto- Torres et al., 2018).

The vulnerability of biodiversity is defined in several terms 
(Mendoza- Ponce et al., 2020): (a) Exposure is defined as the degree, 
duration, and extent to which a system or a part of it is in contact 
with harm; (b) sensitivity is recognized as the susceptibility of an el-
ement to be harmed; (c) adaptive capacity refers to the ability to 
adjust to current or future conditions (IPCC, 2014; Mendoza- Ponce 
et al., 2020). Mostly, the vulnerability is measured by habitat loss 
or fragmentation under climate change, land- cover/use- change, 
species invasion, and other anthropogenic interference (LeMoine 
et al., 2020; Maerz et al., 2019; Penaluna et al., 2015). Another direct 
metrics is to measure the impact of species loss (Chua et al., 2019; 
Pool et al., 2014).

Conservation efforts in freshwater ecosystems should also con-
sider the effects of dendritic river networks because river network 
connectivity affects fish species sorting, dispersal dynamics, hab-
itat availability, nutrition, and trophic dynamics (Shao et al., 2019). 
External factors associated with human activities, such as hydro-
power utilization and dam construction, create frequent and severe 
disruptions for natural river flows and significantly alter hydrological 
connectivity in river networks (Arantes et al., 2019; Herrera- Perez 
et al., 2019). Impacts of these factors on freshwater fish biodiversity 
therefore need to be considered during the development of system-
atic conservation.

The Min River, ranging from 116.38°E to 119.72°E and 25.38°N 
to 28.32°N, is the largest basin in southeastern China and plays an 
important role in social, environmental, and economic development 
(Editorial Committee of Fujian Province Annals, 1999; Zhu, 2007). 
Over 150 fish species were inhabiting this basin in the 1970s, cov-
ering 99 genera, 31 families, and 14 orders (Lian, 1988; Zhu, 1984). 
This basin is also inevitably subjected to biodiversity crisis as a result 
of climate changes, species invasion, and anthropogenic activities 
like pollution, dam construction, and land- cover/use changes in the 
past decades (Liu et al., 2009; Tang et al., 2013; Zhang et al., 2003). 
Biodiversity conservation in this basin becomes urgent and impera-
tive. Although studies on fish communities in the Min River began in 
the early 1940s (Nichols, 1944), there have been scarce researches 
reporting fish diversity conservation in the basin to date. Therefore, 
based on a field investigation, this study evaluated the biodiversity 
of the Min River from multiple biodiversity facets and focused on 
two primary issues: (a) spatial patterns of biodiversity in the Min 
River, and (b) biodiversity hotspots, congruence of different biodi-
versity facets, and biodiversity vulnerability in terms of species loss. 
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To our best knowledge, this is one of the first times that concerns 
riverine fish diversity conservation in subtropical areas in China and 
should provide important implications for systematic conservation 
in the Min River.

2  | METHODS

2.1 | Study region and sampling

Sampling sites were distributed across the Min River (Figure 1). 
Information about dams in the basin was recorded in the field and 
partly extracted from Fujian Province Annals: Water Conservancy 
(Editorial Committee of Fujian Province Annals, 1999). Fishes were 
collected at 24 sampling sites in May 2015 from the upstream to the 
lower reach of the river according to its dendritic structure by the 
same means of electricity stunning under the permission and super-
vision of the local governance (backpack electrofishing unit, Model: 
CWB- 2000 P, Yufengda, China; 12- V import, 250- V export). To guar-
antee the representativeness of the samples and while protecting 
individuals, these electrofishing passes were conducted using a uni-
form sampling effort by the same four persons, with approximately 
30 min of sampling time for each 50 m segment according to local 
fishers’ knowledge. Fishes were identified to species, measured, and 
returned to the sampling sites if alive.

Both abundance and presence/absence data were compiled. 
Abundance data were used for alpha TD and FD calculations. 
Presence/absence data were applied to PD and beta diversity cal-
culations. Original taxonomic data were revised according to the re-
cords in FishBase to avoid invalid species, synonyms, and homonyms 
(Froese & Pauly, 2019). Overall, 82 species and 1762 individuals were 
collected and subjected to basic morphological traits measurement 
in situ (Table S1).

2.2 | Dimensions of biodiversity

The interpretation of biodiversity has long been controversial. An 
individual diversity index is not “true” biodiversity at all (Jost, 2006), 

but each index can reflect certain information of the communities of 
interest (Bandeira et al., 2013; Chao et al., 2014; Faiths et al., 2008; 
Purvis & Hector, 2000). For alpha diversity, Shannon index (Shannon) 
was applied as a surrogate for TD because it is most commonly used, 
and it accounts for the relative importance of species abundance in 
a given environment (Magurran, 2004). Similarly, Rao's Quadratic 
Entropy index (RaoQ) was applied for FD because it represents a mix 
between functional richness and functional divergence (Mouchet 
et al., 2010). Finally, Faith's index (PDfaith) was applied for PD be-
cause it directly links to species evolution history (Faith, 1992). Since 
evenness and richness are complementary, indices reflecting even-
ness of biodiversity were also used. These indices included Shannon 
Evenness (SEve) (Magurran, 2004), Functional evenness (FEve) 
(Villeger et al., 2008), and Phylogenetic Species Evenness (PSEve) 
(Helmus et al., 2007).

For beta diversity, Sorenson dissimilarity family indices were 
applied because algorithms of these indices for TD, FD, and PD 
are analogous. Beta Sorensen (βsor) measures the total taxonomic, 
functional, or phylogenetic dissimilarity between two communities. 
Taken βsor for TD, for example, it is formulated as:

where a is the number of species common to both communities, b is 
the number of species that occur in the first community but not in the 
second, and c is the number of species that occur in the second com-
munity but not in the first (Baselga, 2010). Analogously, a, b, and c in 
this formula should be considered as functional traits for FD or phylo-
genic branches for PD (Leprieur et al., 2012; Villeger et al., 2013).

Turnover (βsim) and nestedness (βnes) are basically two constitu-
tional components of the total beta diversity, that is, βsor. Turnover 
designates the replacement of some species by others as a conse-
quence of environmental sorting or spatial and historical constraints, 
whereas nestedness implies a nonrandom process of species loss as 
a consequence of any factor that promotes the disaggregation of 
assemblages (Baselga, 2010).

Ten functional traits were compiled to quantify the functional 
space (Comte et al., 2014; Gatz, 1979; Villeger et al., 2013). Biological 
interpretations for these traits are shown in Table 1. These traits 

(1)�sor =
b + c

2a + b + c

F I G U R E  1   Sampling sites and 
distribution of dams from the upstream 
to the lower reach of the Min River, the 
largest river in the southeast of China. The 
river runs through Fujian Province, China
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were selected based on three reasons: (a) Available information was 
retained as much as possible to depict functional space as intact as 
possible, (b) these derived traits reflect food acquisition, mobility, 
habitat preference, and life cycle of the fish species, and (c) all these 
traits are relevant to their living conditions in a freshwater system. 
These functional traits belong to the following functional groups: 
feeding habit, trophic, swimming capability, habitat preference, and 
life cycle.

Continuous functional traits were calculated in situ in compliance 
with the FishBase manual (Froese & Pauly, 2019). Quantification 
of these traits is shown in Figure S1. Categorical traits including 
rheophily, position of the water column, and maximum life span 
were extracted from “The Fish of Fujian Province” (Zhu, 1984), 
“Chinese Fauna: Osteichthyes” (Chen, 2002), and FishBase (Froese 
& Pauly, 2019). Principle coordinate analysis (PCoA) extracted the 
first five dimensions which explained a 72% cumulative variance of 
these ten traits for further FD analysis.

Cytochrome B (CYTB) and cytochrome oxidase I (COI) gene 
sequences were obtained from the GenBank database on NCBI 
website (Gene, 2019) and concatenated. Firstly, the executable 
programs “Clustal W 2.0” and “MUSCLE 3.8” were comparatively 
applied for alignment to make sure the sequences were properly 
aligned (Edgar, 2004; Larkin et al., 2007). Then, the Akaike informa-
tion criterion (AIC) was used to select the optimal parameters for 
the Most Likelihood (ML) method (Posada & Crandall, 2001). The 
substitution model “GTR + I + Γ” was the one that best explains the 
empirical data in terms of AIC (Figure S2), where “GTR” designates 
the general time- reversible model; meanwhile, "+I" and "+Γ " indi-
cate that proportion of variable size and that gamma rate parameter 
get optimized in the GTR model, respectively. Finally, the executable 
program “PhyML 3.1” was invoked for ML phylogenetic tree con-
struction with R (Guindon et al., 2010).

Moran's I coefficient was used to detect spatial autocorrela-
tion of TD, FD, and PD at the confidence level of 0.99 (Gittleman 

TA B L E  1   Ten functional traits applied for functional diversity analysis

Functional trait Functional group Type Values Biological interpretation

Relative head length Feeding habit Continuous Hl/Sl High values may indicate fish able to 
feed on relatively larger prey (Watson & 
Balon, 1984).

Relative eye size Feeding habit Continuous Ed/Hd Visual acuity, relating to prey detection 
(Gatz, 1979).

Relative snout length Trophic Continuous Snl/Hl The length of the snout affects a variety of 
trophic and sensory capabilities, influencing 
the abilities of fishes to detect and acquire 
prey (Toussaint et al., 2016).

Relative head depth Trophic Continuous Hd/Bd High values indicate deeper heads. Head 
depth plays a variety of roles in the sensory 
and trophic capabilities of a fish. Deep 
heads may also affect the hydrodynamics of 
a fish, increasing maneuverability (Toussaint 
et al., 2016).

Relative pectoral fin 
length

Swimming Continuous PecFl/Sl Pectoral fin length is assumed to increase 
as a function of amount of low- speed 
maneuvering in the behavior of fish (Watson 
& Balon, 1984).

Swimming factor Swimming Continuous CPd/CFd Hydrodynamics. Caudal propulsion efficiency 
through reduction of drag (Villeger 
et al., 2013).

Relative body depth Habitat preference Continuous Bd/Sl Relative body depth is assumed to be 
inversely related to habitat water velocity 
and directly related to capacity of making 
vertical turns (Gatz, 1979).

Rheophily Habitat preference Categorical rheophilic, limnophilic, 
eurytopic

Prefers fast flows (rheophilic), slow flows 
(limnophilic), or adapted for a wide range of 
flow types (eurytopic) (Pool et al., 2014).

Position of the water 
column

Habitat preference Categorical benthic, benthopelagic, 
pelagic

Benthic; benthopelagic; pelagic (Pool 
et al., 2014).

Life span life cycle Categorical <=10; 10– 20; >20 Maximum life span in years (Pool et al., 2014).

Note: The continuous functional traits were calculated by the basic morphological traits. The categorical traits were extracted from “Fishes in Fujian 
Province” and FishBase.
Abbreviations: Bd, Body depth; CFd, Caudal fin depth; CPd, Caudal peduncle depth; Ed, Eye diameter; Hd, Head depth; Hl, Head length; PecFl, 
Pectoral fin length; Sl, Standard length; Snl, Snout length.
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& Kot, 1990), while Lee's L test was used to detect bivariate spatial 
autocorrelation between them (Lee, 2004).

2.3 | Spatial pattern of river system

Two classic indices are often applied to measure river network 
connectivity, including Strahler order (Order) (Arthur, 1957) and 
downstream link (Dlink) (Osborne & Wiley, 1992). Three categorical 
surrogates for river network connectivity were applied in this work, 
including Order, 2- based logarithm of Dlink (log2Dlink), and the ex-
istence of dams (Dam). (a) For Order, the smallest finger- tip tribu-
taries originating from the water source are designated as Order 1; 
then, the confluence of two Order 1 streams formed an Order 2, 
furtherly two Order 2 streams joined together to form an Order 3 
and so forth. (b) For log2Dlink, the magnitude of a link is firstly de-
fined, which is the number of first- order segments upstream of a 
given point on a channel; then, the Dlink at any point is the mag-
nitude of the link below the next downstream confluence, finally a 
2- based logit- transformation was performed for Dlink to divide dif-
ferent sampling sites into comparative categories. (c) For Dam, three 
categories were classified, including the existence of an upstream 
but no downstream dam, upstream and downstream dams, and a 
downstream but no upstream dam. Multivariate analysis of variance 
(MANOVA) was performed to test the impact of these three vari-
ables on TD, FD, and PD.

2.4 | Calculation of biodiversity vulnerability

One individual species was removed out of the community each 
time, and the differences in the biodiversity were calculated before 

and after. This process was iterated with replacement until all the 
species had been removed once. The difference equaled the de-
duction of the biodiversity before and after the species had been 
removed from the system. The deduction of biodiversity was used 
as a measurement of biodiversity vulnerability (Heilpern et al., 2018; 
Midgley et al., 2002; Pool et al., 2014).

All geographic maps were drawn in ArcGis 10.0. All calculations 
and analysis were performed in R 3.6.1 (R Core Team, 2019) and 
executed under Windows 10 platform. Main packages and related 
functions are listed in Table S2.

3  | RESULTS

3.1 | Patterns of alpha biodiversity

Species richness at most sampling sites (14 sites out of 24) ranged 
from 5 to 10, and most species had a low prevalence (occurrence 
divided by number of sampling sites) (Figure 2). The highest species 
richness was 35 at Site 21, while the lowest was 6 at Site 9. The high-
est average individual per species was 12.67 at Site 14, while the 
lowest was 1.14 at Site 17.

Moran's I coefficient confirmed that no significant spatial auto-
correlation was detected for TD, FD, or PD (Table 2, p > .01) and 
Lee's L test detected no bivariate spatial autocorrelation (Table 3, 
p > .01), indicating that observations at these 24 sites were 
independent.

Spatial distributions of TD, FD, and PD are shown in Figure 3. TD 
and PD at Sites 21 and 22 were the highest, whereas FD at Sites 7 
and 8 was the highest. Congruence among TD, FD, and PD is shown 
in Figure 4. Little congruence was found simultaneously among the 
three facets of biodiversity, neither for richness nor evenness in the 

F I G U R E  2   Histograms of (a) species richness, (b) species prevalence, and (c) average individuals per species in the Min River based on 
field investigation. Species prevalence is calculated as the total occurrence of each species divided by the total number of sampling sites. 
Average individuals per species are calculated as the total number of collected individuals divided by species richness
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first top 10% quantile. Pairwisely, congruence between TD and PD 
richness in the first top 10% quantile was 50%. Meanwhile, congru-
ence of evenness pairwisely between TD and FD, and FD and PD 
was around 20%. No other pairwise congruence was observed.

3.2 | Patterns of beta biodiversity

Values of βsor for TD ranged from 0.27 to 1.00 with an average of 
0.76 ± 0.15 (Figure 5a), βsor for FD ranged from 0.50 to 1.00 with an 
average of 0.92 ± 0.11 (Figure 5b), and βsor for PD ranged from 0.13 
to 0.76 with an average of 0.46 ± 0.14 (Figure 5c). The highest βsor 
for TD occurred between Site 2 and Site 24 and the lowest between 
Site 3 and Site 10, the highest βsor for FD occurred between Site 3 
and Site 11 and the lowest between Site 21 and Site 22, while the 
highest βsor for PD occurred between Site 8 and Site 10 and the low-
est between Site 11 and Site 20.

Congruence among beta TD, FD, and PD is shown in Figure 6, in-
cluding βsor, βsim, and βnes. No βsor nor βsim congruence was observed in 
the first top 10% quantile pairwisely among beta TD, FD, and PD. On 
the other hand, there was about 50% of βnes congruence pairwisely 

TA B L E  2   Moran's I autocorrelation coefficient for different 
facets of biodiversity

Moran's I Shannon RaoQ PDfaith

Observed 0.06 0.10 0.08

Expected −0.05 −0.05 −0.05

SD 0.07 0.07 0.06

p value .12 .03 .04

Note: Indices used are Shannon index (Shannon), Rao's Quadratic 
Entropy index (RaoQ), and Faith's PD index (PDfaith).

TA B L E  3   Lee's L test for bivariate spatial correlation between 
different biodiversity facets

Variable 1 Variable 2
Lee's L 
statistics Expected p value

Shannon RaoQ 0.38 0.23 .36

Shannon PDfaith 0.98 0.86 .69

RaoQ PDfaith 0.12 0.01 .33

Note: Indices used are Shannon index (Shannon), Rao's Quadratic 
Entropy index (RaoQ), and Faith's PD index (PDfaith).

F I G U R E  3   Spatial patterns of alpha diversity in the Min River, including (a) Shannon index (Shannon) as the surrogate for taxonomic 
diversity, (b) Rao's quadratic entropy (RaoQ) for functional diversity, and (c) Faith's PD index (PDfaith) for phylogenetic diversity
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and around 10% congruence when simultaneously considering all 
these three facets of biodiversity.

Paired regression analysis between βsor, βsim, and βnes for different 
biodiversity facets is shown in Figure 7. The relationships between 
βsor and βsim were significantly positive for all facets of biodiversity 
(p < .001, Figure 7a,d,g). Meanwhile, the relationships between βsim and 
βnes were significantly negative for all facets of biodiversity (p < .001, 
Figure 7c,f,i). No obvious pattern was observed between βsor and βnes.

3.3 | Effects of spatial pattern of river system

MANOVA testing results of the influence of river Order, log2Dlink, 
and Dam on TD, FD, and PD are shown in Table 4. Dam had a signifi-
cant influence on TD (p < .01), PD (p < .001), and FD (p < .01). The 
impacts of Order on TD, FD, and PD were not significant (p > .01). 
Log2Dlink had a significant influence on FD (p < .01), but not on TD 
and PD (p > .01).

F I G U R E  4   Congruence between alpha richness (left) and evenness (right) of taxonomic diversity (TD), functional diversity (FD), and 
phylogenetic diversity (PD), where alpha congruence is assessed by comparing the spatial concordance between the top 10% of sampling 
sites and then successively at 10% intervals. Each line represents the congruence between TD, FD, and PD. For example, the line “TD versus 
FD” represented the congruence between TD and FD. Surrogates for TD, FD, and PD richness are Shannon index (Shannon), Rao's Quadratic 
Entropy index (RaoQ), and Faith's PD index (PDfaith), respectively. Surrogates for TD, FD, and PD evenness are Shannon Evenness (SEve), 
Functional evenness (FEve), and Phylogenetic Species Evenness (PSEve), respectively

F I G U R E  5   Histograms of beta diversity. (a) Frequency of total taxonomic beta diversity, that is, beta Sorensen index for taxonomic 
diversity (βsor for TD). (b) Frequency of beta Sorensen index for functional diversity (βsor for FD). (c) Frequency of beta Sorensen index for 
phylogenetic diversity (βsor for PD)
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Comparisons of different biodiversity facets under different 
variables are shown in Figure 8. FD at those sites with a categorical 
log2Dlink value of 3– 4 was significantly higher than those sites with 
a categorical log2Dlink value of 1– 2 (p < .01); TD and PD at those 
sites with the existence of downstream but no upstream dams were 
significantly higher than those sites with upstream dams (p < .01).

3.4 | Species contributions to diversity vulnerability

Sixteen species that contributed the most (highest 10% quantile on 
average) to TD, FD, and PD vulnerability were identified (Table 5). 
All these 16 species possess distinctiveness. Fifteen of them were 
endemic species. Only species Mozambique tilapia Oreochromis mos-
sambicus was exotic species. Ten species among them possessed one 
or more distinctive traits with the highest or lowest value (highest or 
lowest 10% quantile). The remaining 6 were all benthopelagic spe-
cies with the highest occurrence (highest 10% quantile).

3.5 | Biodiversity vulnerability to species loss

Density plots of biodiversity vulnerabilities are shown in Figure 9. 
Variance of FD vulnerability at different sites was significantly 
higher than those of TD and FD (p < .01), indicating that FD was 
more vulnerable to species loss than TD and FD. Sites 9 and 12 were 
the most vulnerable in terms of TD, Sites 2 and 20 in terms of FD, 
and Sites 8 and 15 in terms of PD. Characteristics of these sites are 
listed in Table 6. At least 3 distinctive species, which were listed in 
Table 5, were found at these sites. Occupancy of these species (num-
ber of distinctive species divided by species richness at this site) was 
at least 42%. All sites had an upstream dam.

4  | DISCUSSION

This research revealed the spatial patterns of different biodiversity 
facets in the Min River, explored the impact of spatial pattern of river 

system, and evaluated the biodiversity vulnerability to species loss. 
These results are meaningful during the conservation and protection 
strategy- making processes in a practical perspective.

4.1 | Effects of dams on patterns of biodiversity

In this work, existence of dams was significantly correlated with the 
spatial patterns of different biodiversity facets. Hotspots for TD 
and PD were Sites 21 and 22, while for FD were Sites 7 and 8. It 
is noticed that near downstream of these two sites is located a big 
hydroelectricity station, and impoundment here forms the Chitan 
Reservoir, with a vast area of 37 km2. Impoundment caused by 
dam construction imposed varieties of ecological effects on fishes 
(Franssen & Tobler, 2013; Mbaka & Mwaniki, 2015). New lentic 
habitat was formed, water depth rises, and previous terrestrial areas 
were inundated. The initial decomposition of terrestrial vegetation 
intrigued an abundant flux of nutrients. Aquatic primary production 
is then boosted, and some trophic groups prosper both in terms of 
species abundance and richness (Arantes et al., 2019). These trophic 
groups often included some detritivores, herbivores, omnivores, 
and invertivores, which supported higher TD and PD in the reser-
voir at the early stage (Miranda et al., 2019; Turgeon et al., 2016). 
For example, 23 out of 31 fish species collected at Site 21 belong 
to these groups, and the most abundant fishes are detritivorous 
species Freshwater minnow Zacco platypus and omnivorous species 
Acrossocheilus paradoxus.

However, high TD and PD in an impounded reservoir do not nec-
essarily support high FD in the long run. For example, an increase in 
species richness and abundance but decrease in functional diversity 
was observed in the Segura River in southern Spain (Sanchez- Perez 
et al., 2020). In the upstream of the dam after the formation of a 
reservoir, the rise of water depth stratifies dissolved oxygen because 
of a vertical water pressure gradient. Thus, benthic fishes lose their 
habitat suitability as dissolved oxygen is depleted in the bottom 
water column (Yang et al., 2020). Also, lentic reservoir environment 
is not suitable for rheophilic fishes. Functional trait groups, such as 
dorso- ventrally compressed bodies, inferior mouths, and reduced 

F I G U R E  6   Congruence between 
Sorensen family beta diversity of 
taxonomic diversity (TD), functional 
diversity (FD), and phylogenetic diversity 
(PD), where the congruence is assessed 
by comparing the spatial concordance 
between the top 10% of pairwise beta 
diversity and then successively at 10% 
intervals. Each line represents the 
congruence among beta TD, FD, and PD. 
For example, the line “TD versus FD” 
represents the congruence between beta 
TD and FD
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F I G U R E  7   Quadratic regression analysis between beta Sorensen, turnover, and nestedness for different facets of biodiversity, that is, 
taxonomic diversity (TD) (a, b and c), functional diversity (FD) (d, e and f), and phylogenetic diversity (PD) (g, h and i). The lines represent 
Ordinary Least Square (OLS) regression lines. In the quadratic least- squares prediction equations, R2

adj
 represents the adjusted R square 

coefficient. “βsor” represents total beta diversity, that is, beta Sorensen index. “βsim” and “βnes” represent two components of βsor, that is, 
turnover and nestedness, respectively

TA B L E  4   Multivariate analysis of variance (MANOVA) testing results of the influence of stream segment (Order), 2- based logarithm of 
downstream link (log2Dlink), and existence of hydropower or water reservoir dams (Dam) on Shannon index (Shannon), Rao's Quadratic 
Entropy index (RaoQ) and Faith's PD index (PDfaith)

Biodiversity

Order log2Dlink Dam

F statistics p value F statistics p value F statistics p value

Shannon 0.147 .864 0.993 .449 8.914 .002**

RaoQ 0.414 .666 7.327 .004** 4.256 .098*

PDfaith 1.115 .347 1.371 .281 21.52 8.230e−06***

Note: Significance codes: “***”p < .001, “**” indicates p < .01, “*” indicates p < .01.
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swim bladders, are diminished (Arantes et al., 2019). In this work, 
similar effects of functional trait filtering had been observed. For 
instance, species lesser spiny eel Macrognathus aculeatus possesses 
the smallest value of swimming factor CPd/CFd (caudal peduncle 
depth divided by caudal fin depth), which indicates that it is adaptive 
to the lotic water environment in the Min River. It was found at Site 
20, downstream of the Chitan Reservoir, but absent from Site 21, up-
stream of the dam. On the other hand, the highest FD was observed 
at Sites 7 and 8, where no big dams were constructed along the main 
course of this tributary. This probably explained that even though 
Sites 21 and 22 were hotspots for TD and PD, they did not support 
equivalent levels of FD.

Connectivity of the river is critical for fishes to prosper because 
they need to move along watercourses to reach suitable habitats 
(Griffiths, 2017). The connectivity is always fragmented by the con-
struction of dams, which is one of the most hazardous factors (Wang 
et al., 2011). For example, dams in the Danube River in Europe drive 
the loss of habitat suitability for some endangered species (Brinker 
et al., 2018). The same effects might have also occurred in the Min River. 
There were over 150 fish species in this basin in the 1970s (Lian, 1988; 
Zhu, 1984), but only 82 were collected in this work. According to local 
official annals, there had been over 3,800 hydropower stations and 
water reservoirs of different sizes in Fujian Province by the year 2010, 
many of which were located in the Min River (Annals, 1999). Thus, 
the protection of freshwater biodiversity and economic development 
should be balanced so that fishes will survive under pressures imposed 
by anthropogenic activities in the Min River.

Of course, many factors contribute to shaping the patterns of 
biodiversity (Graham et al., 2005; López- Delgado et al., 2020; Olah 
et al., 2016). In future studies, incorporation of abiotic factors (such 
as temperature, physical water source, water pollution, and water 
velocity) and biotic factors (such as anthropogenic activities, inter-
specific interactions, species invasion, and species dispersibility) to 

discuss the effects of these factors on biodiversity will further clar-
ify the spatial pattern of biodiversity.

4.2 | Incongruence of different biodiversity facets

During the past decades, there have been multiple works trying to 
seek congruence of different biodiversity facets (Gonzalez- Maya 
et al., 2016; Roa- Fuentes et al., 2019; Strecker et al., 2011). The best 
scenario is that all facets of biodiversity are highly congruent over 
space (Strecker et al., 2011). For example, hotspots of TD, FD, and 
PD were highly congruent in native freshwater fish communities in 
France (Pool et al., 2014). Indeed, TD, FD, and PD are somewhat cor-
related because they are all derived from the distribution informa-
tion of the species which assemble the community. However, many 
abiotic or biotic factors as well as random processes, as mentioned 
above, holistically contribute to the community assembly process. 
Correlations between different facets of biodiversity are weakened 
by these factors. Thus, incongruences occurred in many cases on re-
gional scales, and it raised the challenge that trade- offs were inevita-
ble when protecting multiple biodiversity facets (Doxa et al., 2020; 
Kuczynski et al., 2018). This is the case in the Min River, whose mis-
matches of different facets of biodiversity were correlated with seg-
mented river networks.

There are alternative methods which do not need all different 
biodiversity facets to agree (Cadotte & Tucker, 2018). Some well- 
developed algorithms including Zonation, Marxan, and commercial 
computation program Gurobi are conservation decision supporting 
tools for prioritization (Helm & Justkowiak, 2018; Moilanen, 2005; 
Watts et al., 2009). Although they differ in underlying algorithms, 
they have some attributes in common (Delavenne et al., 2012): (a) 
They attempt to maximize conservation targets through setting a 
priori features, (b) they seek a solution to minimize conservation 

F I G U R E  8   Multivariate analysis of variance analysis (MANOVA) to test the influence of different variables, including Strahler order of 
stream segment (Order), 2- based logarithm of downstream link (log2Dlink), and existence of dams (Dam), on different biodiversity facets. 
(a) Test of the influence of Order on different biodiversity facets. 3 stream orders are identified in the Min River. (b) Test of the influence of 
log2Dlink. Categories of the log2Dlink are: values from 1 to 2, 2 to 3, and 3 to 4. (c) Test of the influence of Dam. Categories of the Dam are 
existence of a downstream but no upstream dam (Down), an upstream but no downstream dam (Up), and both upstream and downstream 
dams (Up&Down). Different lower cases above the box indicate significant differences at the confidence level of 0.99 (p < .01). Surrogates 
for taxonomic diversity, functional diversity, and phylogenetic diversity are Shannon index (Shannon), Rao's Quadratic Entropy index (RaoQ), 
and Faith's PD index (PDfaith), respectively
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cost while ensuring those conservation targets are met, (c) and they 
need real- world species distribution data. These algorithms have 
a plethora of applications nowadays. But they also have some lim-
itations for end- users: (a) Although their algorithms are clear in the 
handbook, calculation of irreplaceability or vulnerability tends to 
be a black box; (b) some features are choosy, and (c) some data are 
barely available, such as conservation cost per unit area and species 
distribution data in a fine grid cell resolution. Conservation cost is 
mostly substituted by human population data in some cases because 
the denser the population, the more costly to purchase land for con-
servation. Meanwhile, species distribution data mostly rely on niche 
models, which is another hot topic nowadays.

Environmental, social- economical, and cultural factors should be 
considered when applying these systematic conservation algorithms 
(Delavenne et al., 2012; Isotti & Monacelli, 2019; Ma et al., 2020). 

Functional distinctiveness, phylogenetic endemism, ecological ser-
vices, vegetation, and cultural preferences could be weighted as con-
servation features (Ainsworth et al., 2018; Jiang et al., 2020; Kosman 
et al., 2019; Ma et al., 2021). Given that scarce efforts have been 
deployed in fish conservation in the Min River, this work will help to 
develop systematic conservation planning in the following ways: (a) 
Species distribution data in this work will help with further species 
distribution modeling, especially for those endemic species whose 
distribution is hardly found in other literature; (b) the finding that ex-
istence of dams is most possibly the driving factor for patterns of bio-
diversity will help to select important features for prioritization; and 
(c) the spatial patterns of TD, FD and PD will help with the validation 
of the effectiveness of systematic conservation planning in practice.

Incongruence of different biodiversity facets does not impair 
the necessity to protect hotspots of TD, FD, and PD. Because of 

TA B L E  5   Species which contribute the most (highest 10% quantile on average) to biodiversity vulnerability

Species Family
Top 
TD

Top 
FD

Top 
PD

Endemic 
(Y/N) Rheophily

Position of the 
water column Highest distinctiveness

Lowest 
distinctiveness

Acrossocheilus 
hemispinus

Cyprinidae √ Y rheophilic benthopelagic Highest occurrence

Chanodichthys 
dabryi

Cyprinidae √ √ Y limnophilic pelagic Highest occurrence

Hemiculter 
leucisculus

Cyprinidae √ √ Y limnophilic pelagic Highest occurrence Life span

Microphysogobio 
fukiensis

Cyprinidae √ √ Y rheophilic benthic Life span

Opsariichthys 
bidens

Cyprinidae √ √ Y rheophilic benthopelagic Highest occurrence

Oreochromis 
mossambicus

Cichlidae √ N eurytopic benthopelagic Hl/Sl; Bd/Sl Hd/Bd

Pseudobagrus 
vachellii

Bagridae √ Y limnophilic benthic Hd/Bd Hl/Sl

Rhinogobio typus Cyprinidae √ Y limnophilic benthic Snl/Hl CPd/CFd

Rhinogobius 
giurinus

Gobiidae √ √ Y limnophilic benthopelagic CPd/CFd

Squalidus 
argentatus

Cyprinidae √ Y rheophilic benthopelagic Highest occurrence

Squaliobarbus 
curriculus

Cyprinidae √ √ Y limnophilic benthopelagic Highest occurrence

Tachysurus 
fulvidraco

Bagridae √ Y limnophilic benthic Highest occurrence Snl/Hl

Vanmanenia 
caldwelli

Cichlidae √ Y rheophilic benthic Snl/Hl; Hd/Bd; PecFl/Sl

Vanmanenia 
gymnetrus

Balitoridae √ Y rheophilic benthic Snl/Hl; Hd/Bd Ed/Hd; Bd/Sl

Xenocypris 
macrolepis

Cyprinidae √ Y limnophilic benthopelagic Hl/Sl Snl/Hl

Zacco platypus Cyprinidae √ √ Y rheophilic benthopelagic Highest occurrence

Note: Symbol “√” indicates that the corresponding species contribute the most on average to specific biodiversity vulnerability. Top TD, FD, and PD 
indicate top vulnerability of taxonomic, functional, and phylogenetic diversity. Highest or lowest distinctive trait means this species possesses one 
or more functional traits with the highest or lowest value (highest or lowest 10% quantile), or they are with the highest occurrence (highest 10% 
quantile). Related traits include Maximum life span in years (Life span), Relative head length (Hl/Sl), Relative body depth (Bd/Sl), Relative head depth 
(Hd/Bd), relative snout length (Snl/Hl), Swimming factor (CPd/CFd), Relative pectoral fin length, and Relative eye size. Please refer to Table 1 for the 
biological interpretation of these traits.
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a limited budget, and that there have been few conservation re-
searches regarding this river so far, available information was not 
enough to scheme a complete systematic conservation planning 
for the whole basin. Nevertheless, as the conservation in the Min 
River is imminent, it should be considered to start fish biodiversity 
conservation at hotspots of TD, FD, and PD suggested in this work 
before more feasible systematic conservation planning has been 
composed, that is, Sites 21 and 22 for TD and PD, and Sites 7 and 8 
for FD.

4.3 | Species prioritization based on species 
contributions

Species protection is an important task for conservation (Guilhaumon 
et al., 2015; Loiseau et al., 2017). At least some minimum number of 
species were essential for ecosystem functioning under constant con-
ditions and that a larger number of species were probably essential 
for maintaining the stability of ecosystem processes in changing envi-
ronments (Loreau et al., 2001; Wilson et al., 2005). Some researchers 

F I G U R E  9   Density plots of diversity vulnerability at different sites, with mean value increasing from top to bottom. (a) Taxonomic 
diversity (TD) vulnerability in terms of Shannon index. (b) Functional diversity (FD) vulnerability in terms of Rao's Quadratic Entropy (RaoQ). 
(c) Phylogenetic diversity (PD) vulnerability in terms of Faith's Phylogenetic Diversity (PDfaith)
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placed more emphasis on distinctive species, as species with more 
distinctiveness are supposed to be more important in shaping spatial 
patterns of biodiversity in most cases (Cooke et al., 2020). It was also 
reported that species with higher prevalence were mainly responsi-
ble for spatial patterns of TD in segmented environments (Bregovic 
et al., 2019). Some conservation prioritized endemic species over 
exotic species, as exotic species often outcompete local species and 
cause biodiversity homogenization (Milardi et al., 2019). All those 16 
species that contributed the most to biodiversity vulnerability in this 
work possess distinctiveness. They either carry distinctive functional 
traits with extreme values or they are prevalent species with the 
highest occurrence. For example, species Hemiculter leucisculus is dis-
tinctive with the highest values of relative snout length, relative head 
depth, and relative pectoral fin length. These results highlight those 
species in the Min River from the perspective of prevalence, ende-
mism, or functional distinctiveness. Thus, these species are probably 
worthy of conservation interest in conservation prioritization.

Species Mozambique tilapia Oreochromis mossambicus is an inva-
sive species in the Min River (Deng et al., 2020). It is highly commer-
cial and widely introduced for aquaculture (Froese & Pauly, 2019). As 
a most successful and vagile invader, it often outcompetes local spe-
cies (Kottelat & Whitten, 1996). Thus, it was reported as an adverse 
ecological factor in several countries (Russell et al., 2012). Its contri-
bution to FD vulnerability indicates that this species probably have 
successfully colonized the Min River. It is important to emphasize 
that further investigations and researches regarding the influence of 
its invasion on the local biodiversity are still indispensable. However, 
conservation efforts must take this species into precautious con-
sideration because invasive alien species always trigger biodiversity 
homogenization (Milardi et al., 2019).

4.4 | Sites prioritization based on biodiversity 
vulnerability

Biodiversity vulnerability is another facet that should be taken into 
consideration during the conservation prioritization process (Bellard 
et al., 2014). Areas inhabited by species which are responsive to 

environmental changes always show more sensitivity to biodiversity 
loss (Heilpern et al., 2018). Sites with distinctive species were most 
vulnerable to species loss in the Min River. For example, 5 out of 6 
species at Site 9 possessed the highest vulnerability for TD.

All sites with the highest vulnerability were located downstream 
of a dam in the Min River. Impoundment caused by a dam reduces 
habitat suitability for some upstream fishes, while other processes 
could occur for downstream fishes. Water discharge and velocity 
show seasonality in the Min River (Editorial Committee of Fujian 
Province Annals, 1999). Out of the flood season, downstream water 
is shallow, water velocity and discharge are both reduced, and some-
times the riverbed is even depleted of visible water. Fishes adaptive 
to both fast- flowing water and lentic environment lose their chances 
of survival. On the other hand, water velocity and discharge ex-
ceed the limit that one species could tolerate in the flood season, 
and most fishes will be flushed away from the dam. Meanwhile, an 
upstream dam creates a physical barrier for migratory fish species, 
which leads to a reduction in their population, even extinction (Wang 
et al., 2011). That is probably one of the reasons why FD was the 
most vulnerable compared with TD and PD in this work. From this 
perspective, besides conserving those hotspots for TD, FD, and PD, 
prioritizing those sites with the highest functional diversity vulnera-
bilities in the Min River, that is, Sites 2 and 20, should be considered.

ACKNOWLEDG MENTS
This research was supported by the National Natural Science 
Foundation of China (NO. 41976091) and Fundamental Research 
Funds for the Central Universities (NO. 202012023). We especially 
appreciate the help provided by other colleagues with the sample 
collections and other massive field works.

CONFLIC T OF INTERE S T
None declared.

AUTHOR CONTRIBUTIONS
Li Lin: Conceptualization (equal); data curation (equal); formal analy-
sis (lead); methodology (equal); resources (equal); software (lead); 
validation (equal); visualization (lead); writing– original draft (lead). 

Site
Vulnerable 
facet

Species 
richness

Distinctive 
species Occupancy (%) Dam

Site 9 TD 6 5 83.33 Up & Down

Site 12 TD 9 4 44.44 Up & Down

Site 2 FD 7 3 42.86 Up

Site 20 FD 10 5 50.00 Up & Down

Site 8 PD 10 5 50.00 Up

Site 15 PD 11 6 54.55 Up & Down

Note: Column “Vulnerable facets” indicates that this site is the most vulnerable to species loss 
in terms of taxonomic diversity (TD), functional diversity (FD), or Phylogenetic diversity (PD). 
Colum “Distinctive species” refers to the number of distinctive species found at this site. Column 
“Occupancy” refers to number of distinctive species divided by species richness at this site. 
Column “Dam” refers to the existence of an upstream but no downstream dam (Up), or both 
upstream and downstream dams (Up & Down).

TA B L E  6   Sites with the highest 
biodiversity vulnerability (highest 10% 
quantile)



11546  |     LIN et aL.

Weide Deng: Conceptualization (equal); data curation (equal); in-
vestigation (lead); project administration (equal); resources (equal); 
validation (equal). Xiaoxia Huang: Conceptualization (equal); meth-
odology (equal); project administration (equal); resources (equal); 
software (equal). Bin Kang: Conceptualization (equal); funding ac-
quisition (lead); methodology (equal); project administration (equal); 
supervision (equal); validation (equal); writing– review and editing 
(lead).

DATA AVAIL ABILIT Y S TATEMENT
The fish species abundance matrix, fish functional traits, and 
GenBank accession numbers for CYTB and COI genes are stored 
in Dryad repository (https://doi.org/10.5061/dryad.g1jws tqrf). 
Additional information, including R scripts, will also be disclosed via 
emails to our corresponding authors at the request of readers.

ORCID
Bin Kang  https://orcid.org/0000-0002-2778-2861 

R E FE R E N C E S
Ainsworth, G. B., Fitzsimons, J. A., Weston, M. A., & Garnett, S. T. (2018). 

The culture of bird conservation: Australian stakeholder values re-
garding iconic, flagship and rare birds. Biodiversity and Conservation, 
27, 345– 363.

Alvarez- Alvarez, E. A., Rodriguez- Godinez, R., Sierra- Morales, P., Medina- 
Valdivia, S. A., Vazquez- Salgado, E., Brito- Millan, M., & Almazan- 
Nunez, R. C. (2020). Patterns of bird diversity and endemism along 
an elevational gradient in the southern Mexican highlands. Zoological 
Studies, 59, e69.

Arantes, C. C., Fitzgerald, D. B., Hoeinghaus, D. J., & Winemiller, K. O. 
(2019). Impacts of hydroelectric dams on fishes and fisheries in trop-
ical rivers through the lens of functional traits. Current Opinion in 
Environmental Sustainability, 37, 28– 40.

Arthur, N. S. (1957). Quantitative analysis of watershed geomorphology. 
Transactions American Geophysical Union, 38, 913– 920.

Bandeira, B., Jamet, J. L., Jamet, D., & Ginoux, J. M. (2013). Mathematical 
convergences of biodiversity indices. Ecological Indicators, 29, 
522– 528.

Baselga, A. (2010). Partitioning the turnover and nestedness compo-
nents of beta diversity. Global Ecology and Biogeography, 19, 134– 143.

Bellard, C., Leclerc, C., Leroy, B., Bakkenes, M., Veloz, S., Thuiller, W., & 
Courchamp, F. (2014). Vulnerability of biodiversity hotspots to global 
change. Global Ecology and Biogeography, 23, 1376– 1386.

Bongaarts, J. (2019). Summary for policymakers of the global as-
sessment report on biodiversity and ecosystem services of the 
Intergovernmental Science- Policy Platform on Biodiversity and 
Ecosystem Services. Population and Development Review, 45, 
680– 681.

Bregovic, P., Fiser, C., & Zagmajster, M. (2019). Contribution of rare and 
common species to subterranean species richness patterns. Ecology 
and Evolution, 9, 11606– 11618.

Brinker, A., Chucholl, C., Behrmann- Godel, J., Matzinger, M., Basen, T., 
& Baer, J. (2018). River damming drives population fragmentation 
and habitat loss of the threatened Danube streber (Zingel streber): 
Implications for conservation. Aquatic Conservation- Marine and 
Freshwater Ecosystems, 28, 587– 599.

Brook, B. W., Sodhi, N. S., & Bradshaw, C. J. A. (2008). Synergies among 
extinction drivers under global change. Trends in Ecology & Evolution, 
23, 453– 460.

Brooks, T. M., Mittermeier, R. A., da Fonseca, G. A. B., Gerlach, J., 
Hoffmann, M., Lamoreux, J. F., Mittermeier, C. G., Pilgrim, J. D., & 
Rodrigues, A. S. L. (2006). Global biodiversity conservation priorities. 
Science, 313, 58– 61.

Cadotte, M. W., & Tucker, C. M. (2018). Difficult decisions: Strategies for 
conservation prioritization when taxonomic, phylogenetic and func-
tional diversity are not spatially congruent. Biological Conservation, 
225, 128– 133.

Carrizo, S. F., Smith, K. G., & Darwall, W. R. T. (2013). Progress towards a 
global assessment of the status of freshwater fishes (Pisces) for the 
IUCN Red List: Application to conservation programmes in zoos and 
aquariums. International Zoo Yearbook, 47, 46– 64.

Chao, A. N., Chiu, C. H., & Jost, L. (2014). Unifying species diversity, 
phylogenetic diversity, functional diversity, and related similarity 
and differentiation measures through Hill numbers. Annual Review of 
Ecology, Evolution, and Systematics, 45, 297– 324.

Chen, S. (2002). Chinese fauna: Osteichthyes. China, Science Press.
Chua, K. W. J., Tan, H. H., & Yeo, D. C. J. (2019). Loss of endemic fish spe-

cies drives impacts on functional richness, redundancy and vulnera-
bility in freshwater ecoregions of Sundaland. Biological Conservation, 
234, 72– 81.

Comte, L., Murienne, J., & Grenouillet, G. (2014). Species traits and phy-
logenetic conservatism of climate- induced range shifts in stream 
fishes. Nature Communications, 5, 1– 9.

Cooke, R. S. C., Eigenbrod, F., & Bates, A. E. (2020). Ecological distinc-
tiveness of birds and mammals at the global scale. Global Ecology and 
Conservation, 22, e00970.

Delavenne, J., Metcalfe, K., Smith, R. J., Vaz, S., Martin, C. S., Dupuis, L., 
Coppin, F., & Carpentier, A. (2012). Systematic conservation planning 
in the eastern English Channel: Comparing the Marxan and Zonation 
decision- support tools. Ices Journal of Marine Science, 69, 75– 83.

Deng, W. D., Lin, L., Huang, X. X., Liao, T. Y., & Kang, B. (2020). Climate 
change and species invasion drive decadal variation in fish fauna in 
the Min River, China. Water, 12, 1558.

Doxa, A., Devictor, V., Baumel, A., Pavon, D., Medail, F., & Leriche, A. 
(2020). Beyond taxonomic diversity: Revealing spatial mismatches in 
phylogenetic and functional diversity facets in Mediterranean tree 
communities in southern France. Forest Ecology and Management, 
474, e118318.

Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with high ac-
curacy and high throughput. Nucleic Acids Research, 32, 1792– 1797.

Editorial Committee of Fujian Province Annals. (1999). Fujian province 
annals: Water conservancy. China Social Sciences Publishing House.

Faith, D. P. (1992). Conservation evaluation and phylogenetic diversity. 
Biological Conservation, 61, 1– 10.

Faiths, D. P., Ferrier, S., & Williams, K. J. (2008). Getting biodiversity in-
tactness indices right: Ensuring that 'biodiversity' reflects 'diversity'. 
Global Change Biology, 14, 207– 217.

Ferrier, S., Pressey, R. L., & Barrett, T. W. (2000). A new predictor of the 
irreplaceability of areas for achieving a conservation goal, its applica-
tion to real- world planning, and a research agenda for further refine-
ment. Biological Conservation, 93, 303– 325. https://doi.org/10.1016/
S0006 - 3207(99)00149 - 4

Franssen, N. R., & Tobler, M. (2013). Upstream effects of a reservoir on 
fish assemblages 45- years following impoundment. Journal of Fish 
Biology, 82, 1659– 1670.

Froese, R., & Pauly, D. (2019). FishBase. World Wide Web electronic pub-
lication. Retrieved from www.fishb ase.org, version (08/2019)

Gatz, A. J. (1979). Ecological morphology of freshwater stream fishes. 
Tulane Studies in Zoology and Botany, 21, 91– 124.

GENE. (2019). Bethesda (MD): National Library of Medicine (US), National 
Center for Biotechnology Information [Online]. National Center for 
Biotechnology Information (NCBI). Retrieved from https://www.
ncbi.nlm.nih.gov/gene/

https://doi.org/10.5061/dryad.g1jwstqrf
https://orcid.org/0000-0002-2778-2861
https://orcid.org/0000-0002-2778-2861
https://doi.org/10.1016/S0006-3207(99)00149-4
https://doi.org/10.1016/S0006-3207(99)00149-4
http://www.fishbase.org
https://www.ncbi.nlm.nih.gov/gene/
https://www.ncbi.nlm.nih.gov/gene/


     |  11547LIN et aL.

Gittleman, J. L., & Kot, M. (1990). Adaptation: Statistics and a null model 
for estimating phylogenetic effects. Systematic Zoology, 39, 227– 241.

Gonzalez- Maya, J. F., Viquez- R, L. R., Arias- Alzate, A., Belant, J. L., & 
Ceballos, G. (2016). Spatial patterns of species richness and func-
tional diversity in Costa Rican terrestrial mammals: Implications for 
conservation. Diversity and Distributions, 22, 43– 56.

Graham, C. H., Smith, T. B., & Languy, M. (2005). Current and histori-
cal factors influencing patterns of species richness and turnover of 
birds in the Gulf of Guinea highlands. Journal of Biogeography, 32, 
1371– 1384.

Grenie, M., Mouillot, D., Villeger, S., Denelle, P., Tucker, C. M., Munoz, 
F., & Violle, C. (2018). Functional rarity of coral reef fishes at the 
global scale: Hotspots and challenges for conservation. Biological 
Conservation, 226, 288– 299.

Griffiths, D. (2017). Connectivity and vagility determine beta diversity 
and nestedness in North American and European freshwater fish. 
Journal of Biogeography, 44, 1723– 1733.

Guilhaumon, F., Albouy, C., Claudet, J., Velez, L., Lasram, F. B. R., Tomasini, 
J.- A., Douzery, E. J. P., Meynard, C. N., Mouquet, N., Troussellier, M., 
Araujo, M. B., & Mouillot, D. (2015). Representing taxonomic, phylo-
genetic and functional diversity: New challenges for Mediterranean 
marine- protected areas. Diversity and Distributions, 21, 175– 187.

Guindon, S., Dufayard, J. F., Lefort, V., Anisimova, M., Hordijk, W., 
& Gascuel, O. (2010). New algorithms and methods to estimate 
maximum- likelihood phylogenies: Assessing the performance of 
PhyML 3.0. Systematic Biology, 59, 307– 321.

Heilpern, S. A., Weeks, B. C., & Naeem, S. (2018). Predicting ecosys-
tem vulnerability to biodiversity loss from community composition. 
Ecology, 99, 1099– 1107.

Helm, W. E., & Justkowiak, J. E. (2018). Extension of Mittelmann's bench-
marks: Comparing the solvers of SAS and Gurobi. In Operations 
Research Proceedings 2016 (pp. 607– 613). Springer.

Helmus, M. R., Bland, T. J., Williams, C. K., & Ives, A. R. (2007). 
Phylogenetic measures of biodiversity. American Naturalist, 169, 
68– 83.

Herrera- Perez, J., Parra, J. L., Restrepo- Santamaria, D., & Jimenez- 
Segura, L. F. (2019). The influence of abiotic environment and con-
nectivity on the distribution of diversity in an Andean fish fluvial 
network. Frontiers in Environmental Science, 7, 9.

IPCC. (2014). Climate change 2014: Impacts, adaptation, and vulnerability. 
Part A: global and sectoral aspects. FIELD CB et al. FIELD CB

Isotti, R., & Monacelli, M. (2019). Land management by bird community 
analysis: Comparison among mapping methods for the zonation of 
a Mediterranean habitat. Israel Journal of Ecology & Evolution, 65, 
137– 146.

Jiang, Z. G., Dai, B. G., Wang, C., & Xiong, W. (2020). Multifaceted 
biodiversity measurements reveal incongruent conservation pri-
orities for rivers in the upper reach and lakes in the middle- lower 
reach of the largest river- floodplain ecosystem in China. Science 
of the Total Environment, 739, 12. https://doi.org/10.1016/j.scito 
tenv.2020.140380

Jost, L. (2006). Entropy and diversity. Oikos, 113, 363– 375.
Kosman, E., Burgio, K. R., Presley, S. J., Willig, M. R., & Scheiner, S. M. 

(2019). Conservation prioritization based on trait- based metrics il-
lustrated with global parrot distributions. Diversity and Distributions, 
25, 1156– 1165.

Kottelat, M., & Whitten, T. (1996). Freshwater biodiversity in Asia: With 
special reference to fish. The World Bank.

Kuczynski, L., Cote, J., Toussaint, A., Brosse, S., Buisson, L., & Grenouillet, 
G. (2018). Spatial mismatch in morphological, ecological and phylo-
genetic diversity, in historical and contemporary European freshwa-
ter fish faunas. Ecography, 41, 1665– 1674.

Lamothe, K. A., Alofs, K. M., & Chu, C. (2019). Evaluating functional di-
versity conservation for freshwater fishes resulting from terrestrial 
protected areas. Freshwater Biology, 64, 2057– 2070.

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. 
A., McWilliam, H., Valentin, F., Wallace, I. M., Wilm, A., Lopez, R., 
Thompson, J. D., Gibson, T. J., & Higgins, D. G. (2007). Clustal W and 
Clustal X version 2.0. Bioinformatics, 23, 2947– 2948.

Lee, S. I. (2004). A generalized significance testing method for global 
measures of spatial association: An extension of the Mantel test. 
Environment and Planning A, 36, 1687– 1703.

Lemoine, M. T., Eby, L. A., Clancy, C. G., Nyce, L. G., Jakober, M. J., & 
Isaak, D. J. (2020). Landscape resistance mediates native fish species 
distribution shifts and vulnerability to climate change in riverscapes. 
Global Change Biology, 26, 5492– 5508.

Leprieur, F., Albouy, C., de Bortoli, J., Cowman, P. F., Bellwood, D. R., 
& Mouillot, D. (2012). Quantifying phylogenetic beta diversity: 
Distinguishing between 'true' turnover of lineages and phylogenetic 
diversity gradients. PLoS One, 7, e42760.

Lian, Z. (1988). Research on the fish fauna of Minjiang River. Chinese 
Journal of Zoology, 23, 40– 45.

Liu, M., Hu, Y. M., Chang, Y., He, X. Y., & Zhang, W. (2009). Land use and 
land cover change analysis and prediction in the upper reaches of 
the Minjiang River, China. Environmental Management, 43, 899– 907.

Loiseau, N., Legras, G., Kulbicki, M., Merigot, B., Harmelin- Vivien, M., 
Mazouni, N., Galzin, R., & Gaertner, J. C. (2017). Multi- component 
- diversity approach reveals conservation dilemma between spe-
cies and functions of coral reef fishes. Journal of Biogeography, 44, 
537– 547.

López- Delgado, E. O., Winemiller, K. O., & Villa- Navarro, F. A. (2020). 
Local environmental factors influence beta- diversity patterns of 
tropical fish assemblages more than spatial factors. Ecology, 101, 12.

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P., Hector, 
A., Hooper, D. U., Huston, M. A., Raffaelli, D., Schmid, B., Tilman, 
D., & Wardle, D. A. (2001). Ecology -  Biodiversity and ecosystem 
functioning: Current knowledge and future challenges. Science, 294, 
804– 808.

Ma, S., Wang, L.- J., Zhu, D., & Zhang, J. (2021). Spatiotemporal changes in 
ecosystem services in the conservation priorities of the southern hill 
and mountain belt, China. Ecological Indicators, 122, e107225.

Ma, W., Wang, W., Tang, C., Chen, G., & Wang, M. (2020). Zonation of 
mangrove flora and fauna in a subtropical estuarine wetland based 
on surface elevation. Ecology and Evolution, 10, 7404– 7418.

Maerz, J. C., Wilde, S. B., Terrell, V. K., Haram, B., Trimmer, R. C., Nunez, 
C., Cork, E., Pessier, A., Lannoo, S., Lannoo, M. J., & Diamond, S. L. 
(2019). Seasonal and plant specific vulnerability of amphibian tad-
poles to the invasion of a novel cyanobacteria. Biological Invasions, 
21, 821– 831.

Magurran, A. E. (2004). Measuring biological diversity. Blackwell Science 
Ltd.

Mbaka, J. G., & Mwaniki, M. W. (2015). A global review of the down-
stream effects of small impoundments on stream habitat conditions 
and macroinvertebrates. Environmental Reviews, 23, 257– 262.

Mendoza- Ponce, A. V., Corona- Nunez, O., Kraxner, F., & Estrada, F. 
(2020). Spatial prioritization for biodiversity conservation in a mega-
diverse country. Anthropocene, 32, e100267.

Midgley, G. F., Hannah, L., Millar, D., Rutherford, M. C., & Powrie, L. W. 
(2002). Assessing the vulnerability of species richness to anthropo-
genic climate change in a biodiversity hotspot. Global Ecology and 
Biogeography, 11, 445– 451.

Milardi, M., Gavioli, A., Soininen, J., & Castaldelli, G. (2019). Exotic spe-
cies invasions undermine regional functional diversity of freshwater 
fish. Scientific Reports, 9, 10.

Miranda, L. E., Granzotti, R. V., & Dembkowski, D. J. (2019). Gradients in 
fish feeding guilds along a reservoir cascade. Aquatic Sciences, 81, 15.

Moilanen, A. (2005). Methods for reserve selection: Interior point search. 
Biological Conservation, 124, 485– 492.

Mouchet, M. A., Villeger, S., Mason, N. W. H., & Mouillot, D. (2010). 
Functional diversity measures: An overview of their redundancy and 

https://doi.org/10.1016/j.scitotenv.2020.140380
https://doi.org/10.1016/j.scitotenv.2020.140380


11548  |     LIN et aL.

their ability to discriminate community assembly rules. Functional 
Ecology, 24, 867– 876.

Mouillot, D., Bellwood, D. R., Baraloto, C., Chave, J., Galzin, R., Harmelin- 
Vivien, M., Kulbicki, M., Lavergne, S., Lavorel, S., Mouquet, N., Paine, 
C. E. T., Renaud, J., & Thuiller, W. (2013). Rare species support vul-
nerable functions in high- diversity ecosystems. PLoS Biology, 11, 
e1001569.

Nichols, J. T. (1944). The fresh- water fishes of China. Nature, 154, 5.
Olah, G., Butchart, S. H. M., Symes, A., Guzman, I. M., Cunningham, 

R., Brightsmith, D. J., & Heinsohn, R. (2016). Ecological and socio- 
economic factors affecting extinction risk in parrots. Biodiversity and 
Conservation, 25, 205– 223.

Osborne, L. L., & Wiley, M. J. (1992). Influence of tributary spatial po-
sition on the structure of warmwater fish communities. Canadian 
Journal of Fisheries and Aquatic Sciences, 49, 671– 681.

Penaluna, B. E., Dunham, J. B., Railsback, S. F., Arismendi, I., Johnson, S. 
L., Bilby, R. E., Safeeq, M., & Skaugset, A. E. (2015). Local variability 
mediates vulnerability of trout populations to land use and climate 
change. PLoS One, 10, e0135334.

Pool, T. K., Grenouillet, G., & Villeger, S. (2014). Species contribute differ-
ently to the taxonomic, functional, and phylogenetic alpha and beta 
diversity of freshwater fish communities. Diversity and Distributions, 
20, 1235– 1244.

Posada, D., & Crandall, K. A. (2001). Selecting the best- fit model of nucle-
otide substitution. Systematic Biology, 50, 580– 601.

Pressey, R. L., Johnson, I. R., & Wilson, P. D. (1994). Shades of irreplace-
ability -  towards a measure of the contribution of sites to a reserva-
tion goal. Biodiversity and Conservation, 3, 242– 262.

Prieto- Torres, D. A., Nori, J., & Rojas- Soto, O. R. (2018). Identifying 
priority conservation areas for birds associated to endangered 
Neotropical dry forests. Biological Conservation, 228, 205– 214.

Purvis, A., & Hector, A. (2000). Getting the measure of biodiversity. 
Nature, 405, 212– 219.

R Core Team (2019). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from https://www.R- proje ct.org/

Roa- Fuentes, C. A., Heino, J., Cianciaruso, M. V., Ferraz, S., Zeni, J. O., 
& Casatti, L. (2019). Taxonomic, functional, and phylogenetic beta- 
diversity patterns of stream fish assemblages in tropical agroecosys-
tems. Freshwater Biology, 64, 447– 460.

Russell, D. J., Thuesen, P. A., & Thomson, F. E. (2012). A review of the 
biology, ecology, distribution and control of Mozambique tilapia, 
Oreochromis mossambicus (Peters 1852) (Pisces: Cichlidae) with par-
ticular emphasis on invasive Australian populations. Reviews in Fish 
Biology and Fisheries, 22, 533– 554.

Sanchez- Perez, A., Oliva- Paterna, F. J., Colin, N., Torralva, M., & Gorski, 
K. (2020). Functional response of fish assemblage to multiple stress-
ors in a highly regulated Mediterranean river system. Science of the 
Total Environment, 730, 10.

Shao, X. J., Fang, Y., Jawitz, J. W., Yan, J. G., & Cui, B. S. (2019). River net-
work connectivity and fish diversity. Science of the Total Environment, 
689, 21– 30.

Strecker, A. L., Olden, J. D., Whittier, J. B., & Paukert, C. P. (2011). Defining 
conservation priorities for freshwater fishes according to taxonomic, 
functional, and phylogenetic diversity. Ecological Applications, 21, 
3002– 3013.

Tang, Q., He, X. B., Bao, Y. H., Zhang, X. B., Guo, F., & Zhu, H. W. (2013). 
Determining the relative contributions of climate change and multi-
ple human activities to variations of sediment regime in the Minjiang 
River, China. Hydrological Processes, 27, 3547– 3559.

Toussaint, A., Charpin, N., Brosse, S., & Villeger, S. (2016). Global func-
tional diversity of freshwater fish is concentrated in the Neotropics 
while functional vulnerability is widespread. Scientific Reports, 6, 1– 9.

Turgeon, K., Solomon, C. T., Nozais, C., & Gregory- Eaves, I. (2016). Do 
novel ecosystems follow predictable trajectories? Testing the trophic 
surge hypothesis in reservoirs using fish. Ecosphere, 7, e01617.

Veron, S., Saito, V., Padilla- Garcia, N., Forest, F., & Bertheau, Y. (2019). 
The use of phylogenetic diversity in conservation biology and com-
munity ecology: A common base but different approaches. Quarterly 
Review of Biology, 94, 123– 148.

Vilar, C. C., Joyeux, J.- C., & Spach, H. L. (2017). Geographic variation in 
species richness, rarity, and the selection of areas for conservation: 
An integrative approach with Brazilian estuarine fishes. Estuarine 
Coastal and Shelf Science, 196, 134– 140.

Villeger, S., Grenouillet, G., & Brosse, S. (2013). Decomposing functional 
- diversity reveals that low functional - diversity is driven by low func-
tional turnover in European fish assemblages. Global Ecology and 
Biogeography, 22, 671– 681.

Villeger, S., Mason, N. W. H., & Mouillot, D. (2008). New multidimen-
sional functional diversity indices for a multifaceted framework in 
functional ecology. Ecology, 89, 2290– 2301.

Wang, L., Infante, D., Lyons, J., Stewart, J., & Cooper, A. (2011). Effects 
of dams in river networks on fish assemblages in non- impoundment 
sections of rivers in Michigan and Wisconsin, USA. River Research and 
Applications, 27, 473– 487.

Watson, D. J., & Balon, E. K. (1984). Ecomorphological analysis of fish 
taxocenes in rainforest streams of northern Borneo. Journal of Fish 
Biology, 25, 371– 384.

Watts, M. E., Ball, I. R., Stewart, R. S., Klein, C. J., Wilson, K., Steinback, 
C., Lourival, R., Kircher, L., & Possingham, H. P. (2009). Marxan with 
zones: Software for optimal conservation based land-  and sea- use 
zoning. Environmental Modelling & Software, 24, 1513– 1521.

Wilson, K., Pressey, R. L., Newton, A., Burgman, M., Possingham, H. P., 
& Weston, C. (2005). Measuring and incorporating vulnerability into 
conservation planning. Environmental Management, 35, 527– 543.

Wong, J. S. Y., Chan, Y. K. S., Ng, C. S. L., Tun, K. P. P., Darling, E. S., & 
Huang, D. W. (2018). Comparing patterns of taxonomic, functional 
and phylogenetic diversity in reef coral communities. Coral Reefs, 37, 
737– 750.

Yang, F., Ji, D.- B., Wang, L.- J., Li, H., & Li, Y.- J. (2020). Vertical distribu-
tion characteristics of dissolved oxygen and chlorophyll a in typical 
tributaries during the impoundment period of the Three Gorges 
Reservoir. Huanjing Kexue, 41, 2107– 2115.

Zhang, Y., Wang, G., Zhuang, H., Wang, L., Innes, J. L., & Ma, K. (2021). 
Integrating hotspots for endemic, threatened and rare species sup-
ports the identification of priority areas for vascular plants in SW 
China. Forest Ecology and Management, 484.

Zhang, Z. L., Hong, H. S., Zhou, J. L., Huang, J., & Yu, G. (2003). Fate 
and assessment of persistent organic pollutants in water and sedi-
ment from Minjiang River Estuary, Southeast China. Chemosphere, 
52, 1423– 1430.

Zhu, D. (2007). Chinese water dictionary. Qingdao Publishing Press.
Zhu, Y. (1984). The fishes of Fujian province. Fujian Science and Technology 

Press.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Lin, L., Deng, W., Huang, X., & Kang, B. 
(2021). Fish taxonomic, functional, and phylogenetic diversity 
and their vulnerabilities in the largest river in southeastern 
China. Ecology and Evolution, 11, 11533– 11548. https://doi.
org/10.1002/ece3.7945

https://www.R-project.org/
https://doi.org/10.1002/ece3.7945
https://doi.org/10.1002/ece3.7945

