
Ecological Indicators 145 (2022) 109728

Available online 24 November 2022
1470-160X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Spatial patterns of site and species contributions to β diversity in riverine 
fish assemblages 

Zhijun Xia a,c, Jani Heino b, Fandong Yu a,c, Yongfeng He a, Fei Liu a,*, Jianwei Wang a,* 

a Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China 
b Geography Research Unit, University of Oulu, P.O. Box 8000, FI-90014 Oulu, Finland 
c University of Chinese Academy of Sciences, Beijing 100049, China   

A R T I C L E  I N F O   

Keywords: 
β diversity 
Connectivity 
Conservation 
Functional uniqueness 
Site occupancy 

A B S T R A C T   

Understanding the patterns and ecological determinants of β diversity in freshwater ecosystems is fundamental to 
biogeography, conservation biology, and environmental management. It has been proposed that β diversity can 
be divided into contributions of individual sites (LCBD) or species (SCBD) to total β diversity. However, the 
patterns and underlying mechanisms of LCBD and SCBD remain understudied in freshwater fish. Here, using fish 
assemblages sampled from the Chishui River basin, we analysed β diversity based on both abundance and 
presence-absence data. We also examined the relationships between LCBD and SCBD with site (i.e., community 
abundance, species richness, functional diversity indices, environmental factors, and spatial variables) and 
species (i.e., occupancy, total abundance, niche position and breadth, and functional traits) characteristics, 
respectively. Our results revealed that fish LCBD in the Chishui River basin was well explained by both envi-
ronmental and spatial factors. Fish LCBD was negatively related to species richness and community abundance, 
showing that sites with high ecological uniqueness generally supported low fish richness and abundance. 
Furthermore, functional features of fish assemblages were also significantly associated with LCBD, with high 
LCBD associated with high functional specialization, originality, and uniqueness, but low functional richness, 
divergence, and dispersion. Abundance-based SCBD showed positive relationships with both occupancy and total 
abundance, whereas there were hump-shaped relationships between presence-absence SCBD and occupancy and 
total abundance. Niche position was negatively correlated with SCBD, whereas niche breadth and functional 
traits were not significant correlates of SCBD. Overall, this study suggests that understanding contributions of 
sites and species to β diversity is key to understanding biodiversity variation and its applied repercussions. Our 
results advocate the importance of environmental conditions and between-site connectivity for effective con-
servation of riverine fish diversity. Moreover, a simultaneous application of LCBD, species richness, SCBD, and 
rare species would be the most suitable approach for biodiversity conservation.   

1. Introduction 

Understanding the patterns and ecological determinants of biodi-
versity in freshwater ecosystems is fundamental to biogeography, con-
servation biology, and environmental management (Heino, 2011; 
Socolar et al., 2016). Biological diversity can be partitioned into three 
components: α (local diversity, typically species richness), β (spatial 
differentiation), and γ (regional diversity) (Whittaker, 1960), among 
which β diversity is key to understanding how biotic communities are 
structured. Whittaker (1960) defined β diversity as compositional dif-
ferences between sampling sites under the study region. Since the 

original conceptualization of β diversity, a plethora of metrics has been 
developed to assess β diversity (Anderson et al., 2011). Legendre and De 
Cáceres (2013) suggested that the total variance found in a set of com-
munities could be used to estimate total β diversity, which was mathe-
matically independent of α and γ diversity. This method also allows total 
β diversity to be further divided into local contributions to β diversity 
(LCBD) or species contributions to β diversity (SCBD). LCBD values are 
comparative indicators of sites contributions to β diversity, whereas 
SCBD is the relative importance of each species in affecting β diversity. 

LCBD values denote the degree of ecological uniqueness of a site in 
comparison with other sites within the area of interest (Legendre and De 
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Cáceres, 2013). If the LCBD value of a given locality is high, this site 
possibly harbors unusual species compositions compared with other 
sites under study. Sites with high LCBD values might also suggest special 
environmental conditions (e.g. rare habitats, human disturbance) or a 
high proportion of invasive species (Vilmi et al., 2017). Because of the 
potential role of LCBD for diversity conservation and restoration plan-
ning, it has recently become a key topic in both terrestrial and fresh-
water research (da Silva et al., 2018; Heino et al., 2017; Vilmi et al., 
2017; Wang et al., 2022). Recognizing key variables driving LCBD across 
a variety of sites may thus be of high importance in ecological studies 
because it provides hints about the causes and consequences of biodi-
versity variation. 

Two general mechanisms have been invoked to account for the 
spatial patterns of β diversity in general and LCBD in particular (Heino 
et al., 2015; Leibold et al., 2004). The species sorting hypothesis pos-
tulates that, due to sufficient dispersal rates, variation in environmental 
conditions and biotic interactions should be responsible for species 
compositional variation, leading to a close association between abiotic 
conditions and community metrics (Heino and Alahuhta, 2019; Leibold 
et al., 2004; Sor et al., 2018). On the other hand, the dispersal limitation 
hypothesis postulates that some species are prevented from reaching 
environmentally suitable sites when dispersal rates are low, thereby 
resulting in a significant relationship between geographic isolation and 
community metrics (da Silva et al., 2018; de Oliveira et al., 2020). 
Growing evidence suggests that species sorting and dispersal limitation 
are two complementary mechanisms structuring LCBD patterns, 
although their relative importance is context dependent (da Silva et al., 
2018; Maloufi et al., 2016; Tonkin et al., 2016; Vilmi et al., 2017). 

In addition to abiotic factors, LCBD can be also associated with biotic 
variables, such as species richness and community abundance (Legendre 
and De Cáceres, 2013). Previous studies have found that LCBD values 
are generally negatively correlated with species richness across sites (da 
Silva and Hernández, 2014; García-Navas et al., 2022; Heino et al., 
2017; Legendre and De Cáceres, 2013; Vilmi et al., 2017; Wang et al., 
2022). Such a negative association suggests a trade-off between species 
richness and ecological uniqueness to be considered in conservation 
planning, meaning that species-poor communities probably make great 
contributions to overall β diversity. However, biodiversity is not only 
restricted to taxonomic features of communities, but also encompasses 
the functional aspect. Functional diversity accounts for morphological, 
physiological, and ecological features of species in a community 
(Villéger et al., 2017) and, therefore, provides additional insights into 
the patterns of β diversity. For example, da Silva et al. (2020) found that 
high LCBD of dung beetles in the Atlantic Forest was consistently asso-
ciated with low functional α diversity indices, whereas LCBD of mam-
mals was more variably correlated with functional diversity. To the best 
of our knowledge, no study to date has explored how variations in LCBD 
could be accounted for by functional α diversity in freshwater systems. 
Furthermore, by expanding the framework of LCBD to functional and 
phylogenetic aspects, the approach developed by Nakamura et al. 
(2020) offers a means to study the association between taxonomic and 
functional uniqueness of sites. To fully understand the relationship be-
tween LCBD and biotic variables, inclusion of multiple facets of biodi-
versity is needed (da Silva et al., 2020; Heino et al., 2022), since this 
could further help to inform conservation decisions, especially in the 
current scenario of biodiversity crisis. 

SCBD values describe the contributions of single species to total β 
diversity under the study region (Legendre and De Cáceres, 2013). Few 
studies have examined SCBD and its correlates. General species features, 
including occupancy, abundance, functional traits, niche position (i.e., 
how typical the environmental conditions in which a species occurs are 
of the full set of available conditions), and niche breadth (i.e., range of 
environmental conditions in which a species occur), can be correlated 
with SCBD (Heino and Grönroos, 2017). First, variations in the degree of 
occupancy and abundance could be assumed to correlate with SCBD 
values, with species occurring at a moderate proportion of sites and 

having a large abundance contributing most to β diversity (da Silva 
et al., 2018; Heino and Grönroos, 2017). Second, functional traits, 
including trophic level and dispersal ability, might underlie SCBD pat-
terns. This is because these traits are associated with species occupancy 
and abundance (Verberk et al., 2010) and, therefore, should affect SCBD 
(Heino and Grönroos, 2017; Wang et al., 2022). Third, given that niche 
characteristics reflect species’ requirements for the environment, they 
are also assumed to correlate with SCBD. For example, species with large 
niche breadth make fewer contributions to β diversity than species with 
small niche breadth. This is because species with narrow niches are 
sporadically distributed and prefer special habitats in terms of envi-
ronmental conditions (Heino and Grönroos, 2014), which could also be 
associated with high SCBD. As species niche position is generally 
negatively related to occupancy and abundance (Tales et al., 2004), it is 
also assumed to be negatively correlated with SCBD (da Silva et al., 
2018). Importantly, compared with a considerable focus on LCBD, 
ecological correlates of SCBD have received relatively little attention to 
date (da Silva et al., 2018; Heino and Grönroos, 2017). Hence, exami-
nation of the hypotheses proposed above across organisms and regions 
may offer an increased understanding of factors responsible for β di-
versity patterns. 

Here, we characterized the patterns and determinants of fish LCBD 
and SCBD in the Chishui River basin, China. By performing beta 
regression model, we used abiotic (environmental and spatial factors) 
and biotic (species richness, community abundance, and functional di-
versity) variables as correlates of fish LCBD (Table 1). Similarly, we used 
species metrics (total abundance and occupancy) and species charac-
teristics (niche position, niche breadth, and functional traits) as pre-
dictors for fish SCBD (Table 1). We hypothesized that: 1) Both 
environmental and spatial factors should be important in affecting fish 
LCBD values (da Silva et al., 2018; Maloufi et al., 2016; Wu et al., 2020), 
owing to the high environmental heterogeneity and low between-site 
connectivity at the dry season in the Chishui River basin. We expected 
that sites with unique abiotic conditions (e.g. high altitude and isola-
tion) would support unique fish species combinations, thereby leading 
to high LCBD. 2) Species richness, community abundance, and func-
tional diversity would influence LCBD of fish assemblages, although 
LCBD may respond differently to different metrics (da Silva et al., 2020). 
We expected that fish LCBD would negatively correlate with species 
richness and community abundance. As for functional diversity, we did 
not coin formal assumptions on their relationships with LCBD, as pre-
vious studies found complex and divergent patterns in terrestrial eco-
systems (da Silva et al., 2020; Santos et al., 2021). 3) Species metrics 
should play a vital role in driving patterns of fish SCBD (Heino and 
Grönroos, 2017; Vilmi et al., 2017). We expected that fish with inter-
mediate occupancy and large total abundance are among the most 

Table 1 
Predicted relationships between fish LCBD and SCBD and various predictor 
variables in the Chishui River basin, China.  

Response 
variables 

Predictor variables Expected directionality 

LCBD Environmental factors Variable relationships depending on 
predictors  

Spatial factors Variable relationships depending on 
predictors  

Species richness Negative relationship  
Community abundance Negative relationship  
Functional alpha 
diversity 

Variable relationships depending on 
predictors  

Functional uniqueness Positive relationship 
SCBD Total abundance Positive relationship  

Occupancy Unimodal relationship  
Niche position Negative relationship  
Niche breadth Negative relationship  
Functional trait Variable relationships depending on 

predictors  
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important species contributing to overall β diversity. 4) Species char-
acteristics might also be primary determinants of SCBD (Heino and 
Grönroos, 2017; da Silva et al., 2018). In this sense, we expected that 
fish characterized by broad niche breadth and high niche position would 
have lower SCBD than species with narrow niche breadth and low niche 
position. Additionally, functional traits (e.g. trophic level and body 
shape), which affect fish abundance and occupancy, would be relevant 
in shaping SCBD. 

2. Material and methods 

2.1. Study area 

The present study was carried out in the whole Chishui River basin, 
China (Fig. 1). The source areas of the Chishui River are situated in the 
Wumeng Mountains, and this river flows into the upper Yangtze River in 
the Hejiang County. The focal river is approximately 437 km long and 
has a basin total area of 20, 440 km2. The region is in the subtropical 
zone, characterized by a typical subtropical monsoon climate with sig-
nificant seasonal variation (i.e., hot and wet summer; cold and dry 
winter). The main land use types in the watershed are farmland, forest, 
shrubland, and grassland (Wang et al., 2018). Due to its diverse and 
abundant environmental resources, the region provides important 
habitats and refuges for a wide range of endemic species in both 

terrestrial and freshwater environments (e.g. Ampelocalamus scandens, 
Sinocrossocheilus labiatus and Leptobotia elongata) (Wang et al., 2007; 
Zhong et al., 2021). 

2.2. Biological sampling 

Fish sampling was performed in April 2007, and 31 sites across the 
river basin were selected. We conducted sampling campaigns during the 
dry season to facilitate fish collection and avoid seasonal variation. Each 
survey location was a 200 to 500 m stretch encompassing all types of 
mesohabitats in the river channel (e.g. riffles, runs, and pools). We used 
two commonly utilized electrofishing protocols to maximize the capture 
of fish. Specifically, in the shallow water sites, the field crew sampled a 
200 to 300 m reach by walking slowly in the upstream direction using a 
backpack electrofishing device. However, several sites, located in the 
middle and downstream sections, were too deep to electrofishing using 
backpack units, and thus a boat-associated electrofishing protocol was 
applied for a 500 m stretch. This division in sampling length between 
streams and rivers is necessary to optimize sampling effort and to 
sampling ichthyofauna representatively (Schmera et al., 2018). It should 
be noted that, despite electrofishing is the most effective gear for fish 
sampling in rivers, it captured relatively fewer species in comparison 
with multiple gears protocols (Dunn and Paukert, 2020). All collected 
fish was identified to species level, measured, and weighed. Most 

Fig. 1. Location of the 31 sampling sites across the Chishui River basin, China.  
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individuals were released into the water after measurements. A subset of 
fish species were fixed in 7% formalin solution for final preservation. 

We measured a total of 12 environmental variables in situ after fish 
collection at each site (Supplementary Table S1). A multi-parametric 
probe (WTW Multi 340i) was used to determine water temperature 
(℃), pH, dissolved oxygen (DO, mgL-1), and conductivity (µScm− 1). 
Water depth (m) and channel width (m) were calculated using a depth 
sounder and Leica CRF900, respectively. An altimeter was used to re-
cord altitude (m). Current velocity (ms− 1) was measured using a flow-
meter device (LJD-10). Substrate particle size was visually estimated 
and classified into four categories: sand, silt, cobble, and boulder. All the 
above measured variables (except for altitude) were averaged from 
three equal transects placed perpendicular to the main river channel. 

2.3. Functional traits 

Nine functional traits were used in this study, as these traits were 
associated with functions played by fish in freshwater ecosystems, and 
can portray species responses to environmental conditions (Villéger 
et al., 2017). Of the selected traits, six were continuous (age at matu-
ration, growth rate, length at maturation, lifespan, maximum body 
length, and trophic level) and the other three were categorical (body 
shape, vertical position, and trophic guild). The specific information of 
traits and their respective functional assignments are summarized in 
Supplementary Table S2. Functional trait information was mainly 
compiled from FishBase (Froese and Pauly, 2014), and similar infor-
mation has been widely used in recent studies investigating fish func-
tional diversity in China (Dai et al., 2020; Jiang et al., 2015; Kang et al., 
2018). 

Multi-trait dissimilarity of fish species was computed by “gawdis” 
function in the “gawdis” package (v.0.1.0; de Bello et al., 2021) in R 
environment (R Core Team, 2019). This approach can produce a more 
balanced contribution of multiple types (e.g. continuous and categori-
cal) of traits when calculating functional distance between fish species 
(de Bello et al., 2021). Afterward, a principal coordinates analysis was 
conducted to obtain functional trait vectors, describing overall trait 
similarity between species. The first four trait vectors were maintained 
for further analyses. Mantel test showed that Euclidean distance of the 
four trait vectors was strongly associated with multi-trait distance based 
on the original nine traits (r = 0.931, p = 0.001), suggesting that the first 
four fish trait vectors can effectively capture most variations in the 
original trait matrix. 

2.4. Data analysis 

2.4.1. Response variables 
Following Legendre and De Cáceres (2013), a Hellinger trans-

formation (square root of sample total standardized data) was applied to 
the fish community matrix, and then LCBD values for single site and 
SCBD values for individual species were calculated, respectively. This 
approach suggested that total variance in the fish community (i.e., the 
total sum of squares of species composition) could be used to estimate 
total β diversity. Additionally, by dividing the number of sites minus 
one, the obtained metric ranges from zero to one and is comparable 
between different studies with different numbers of sampling sites. This 
measurement can be further divided into site or species contributions to 
total β diversity. The function “beta.div” in the package “adespatial” was 
used to conduct all the calculations (v.0.3–7; Dray et al., 2019). 
Presence-absence and abundance-based LCBD and SCBD were all 
calculated to determine if there were differences between different types 
of data. 

2.4.2. Environmental and spatial variables 
Pearson correlation tests were performed between each pair of 

environmental variables, and four variables were omitted due to high 
multicollinearity (r > 0.7) (Dormann et al., 2013). Therefore, the final 

suite of environmental factors included altitude, conductivity, DO, pH, 
velocity, boulder, cobble, and sand. 

Spatial factors were created based on information of river network 
configuration. The Chishui River network was characterized as a graph 
using igraph package (Csardi and Nepusz, 2006), in which sites were 
deemed as nodes and river channels connecting them as edges (Erős 
et al., 2012). Undirected graphs were used as fish could perform either 
passive downstream drift or active upstream swimming (Olden et al., 
2001). In addition, we also weighted the edges using the following 
function: wij = 1 − (dij/dmax)3, where dij is the watercourse distance 
between sites in the Chishui River and dmax is the largest value in the 
dataset. These weights represented the ease of exchange of species 
among sites and the exponent decreased the importance of distantly 
connected sites (Henriques-Silva et al., 2019). Betweenness centrality, 
closeness centrality, and degree centrality were calculated for the 
weighted graph (Rayfield et al., 2011). The three metrics were 
normalized by the total number of sampling sites. Additionally, distance 
to the river mouth was also computed. 

2.4.3. Functional diversity indices 
We calculated six functional α diversity indices in this study, 

including functional richness, functional evenness, functional diver-
gence, functional dispersion, functional specialization, and functional 
originality, as recommended by the multidimensional framework 
(Mouillot et al., 2013). However, it has been demonstrated that func-
tional evenness could not describe the regularity of species abundance in 
the constructed functional space (Ricotta et al., 2022). Hence, functional 
imbalance was adopted in this study. This is because this index is a more 
appropriate estimate of this component of functional structure in com-
parison with functional evenness (Ricotta et al., 2022). We calculated 
functional imbalance (QB index) through the “FunImbalance” function 
in the “adiv” package (v.2.1.2; Pavoine, 2020), while the other five 
metrics were quantified by the function “MultidimFD” (Mouillot et al., 
2013). 

We also quantified functional local contribution to β diversity 
(functional uniqueness) following Nakamura et al. (2020), who 
extended the original LCBD approach. The extension incorporated the 
advantages of the original LCBD framework, and can effectively 
measuring β diversity for functional and phylogenetic facets at the same 
time. For further details and the R function “Beta.div_adapt” performing 
calculations, see Nakamura et al. (2020). Similar to LCBD, we also 
computed functional uniqueness index based on both abundance and 
presence-absence data. 

2.4.4. Calculating species niche characteristics 
Niche breadth and niche position for each fish species were deter-

mined by means of the outlying mean index (OMI) analysis (Dolédec 
et al., 2000). This approach estimates species marginality, which refers 
to the distance between the average environmental conditions used by a 
species and the average environmental conditions available within the 
study region. The obtained OMI index denotes niche position, with 
species having a high OMI value generally have marginal niches and 
those having a low OMI value have non-marginal niches. This multi-
variate method also provides a variance term called ‘tolerance’ (Tales 
et al., 2004), which quantifies the range of each fish species distribution 
along the examined environmental gradients. High tolerance values 
indicate that species have wide niches (i.e., large niche breadth), 
whereas low tolerance values indicate narrow niches (i.e., small niche 
breadth). DO and current velocity were removed from the OMI analysis 
due to their significant relationships with trophic level. Niche position 
and breadth for each fish species were computed through the “ade4” 
package (v.1.7–13; Dray and Dufour, 2007). 

2.4.5. Statistical analysis 
Because fish LCBD and SCBD varied between zero and one, beta 

regression was applied in this study (Cribari-Neto and Zeileis, 2010). 
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Generally, beta regression is based on the assumption that the response 
is beta-distributed, and its means are related to a suite of variables via a 
linear predictor with unknown coefficients and a link function (Cribari- 
Neto and Zeileis, 2010). Since the beta regression method is naturally 
heteroskedasticity and easily accommodates asymmetries, it is appro-
priate for empirical studies with response variables varying from zero to 
one. 

Beta regression analysis was performed for six separate models, using 
“betareg” function available in the package “betareg” (v.3.1–3; Cribari- 
Neto and Zeileis, 2010). First, we related LCBD to each eight uncorre-
lated environmental variables: altitude, conductivity, DO, pH, velocity, 
boulder, cobble, and sand. Second, we related LCBD to each four spatial 
factors since species’ dispersal rates can also influence β diversity. Third, 
we ran beta regression using community metrics as explanatory vari-
ables, including fish richness, community abundance, as well as their 
second-degree terms. Fourth, to explore if functional changes of bio-
logical communities could lead to changes of ecological uniqueness, 
LCBD was also correlated with functional α diversity (functional rich-
ness, imbalance, divergence, dispersion, specialization, and originality) 
and functional uniqueness indices. We did this independently for each 
functional metric. Fifth, we performed beta regression to analyze vari-
ations in SCBD using species metrics as predictors, i.e., first- and second- 
order terms of fish total abundance and occupancy (Heino and Grönroos, 
2017). Further, because species abundance and occupancy are generally 
correlated, SCBD was related to them separately. Finally, we related 
SCBD to two niche metrics (niche position and niche breadth), and four 
functional trait vectors separately. All statistical analyses were run in R 
3.6.1 (R Core Team, 2019). For all analyses, p < 0.05 suggested statis-
tical significance. 

3. Results 

A total of 6526 individuals, representing 62 fish species were 
sampled at the dry season in the Chishui River basin. Zacco platypus, 
Opsariichthys bidens, Hemibarbus labeo, and Spinibarbus sinensis were the 
most abundant and widely distributed fish, whereas Squaliobarbus cur-
riculus, Ancherythroculter nigrocauda, Hemiculter leucisculus, Chanodich-
thys erythropterus, and Sarcocheilichthys nigripinnis were species with low 
occupancy and abundance. The downstream area had the highest 
average fish richness (Mean ± SD: 31 ± 6), followed by the midstream 
(25 ± 6) and the upstream reach (19 ± 5). 

Abundance-based LCBD ranged from 0.018 to 0.078, with 11 sam-
pling sites contributing above the average value (0.032), whereas 
presence-absence LCBD varied from 0.020 to 0.075, with 12 sites 
showing a larger than average contribution (Supplementary Table S3). 
Of the examined environmental variables, altitude and cobble were 
positively related to both presence-absence and abundance-based LCBD, 
whereas velocity was negatively related to both types of LCBD (Table 2). 
DO and sand were negatively related to abundance-based LCBD and 
presence-absence LCBD, respectively (Table 2). Also, all four spatial 
variables (degree, betweenness, and closeness centrality, and distance to 
the river mouth) representing landscape connectivity were significantly 
related to both LCBD measures, but the directionality between them was 
different (Table 3). Both presence-absence and abundance-based LCBD 
were significantly and negatively correlated to fish species richness and 
its second-order term (Supplementary Table S4; Fig. 2a, d), as well as 
community abundance and its second-order term (Supplementary 
Table S4; Fig. 2b, e). 

Consistent relationships between both types of LCBD and functional 
α diversity indices were observed, except for functional dispersion 
(Supplementary Table S5; Fig. 3). LCBD was negatively associated with 
functional richness, functional divergence, and functional dispersion, 
but positively associated with functional specialization and functional 
originality (Fig. 3). Nevertheless, functional dispersion was only 
significantly related to presence-absence LCBD (Supplementary 
Table S5; Fig. 3b). Functional imbalance was non-significantly related to 

both presence-absence and abundance-based LCBD (p > 0.05; Fig. 3). 
For functional β diversity, beta regression results revealed that there 
were strong positive relationships between functional uniqueness and 
LCBD for both data types (Supplementary Table S5; Fig. 2c, f). 

Abundance-based SCBD ranged from 0.001 to 0.059, with 30 species 
contributing above the average value (0.016) to SCBD, while presence- 
absence SCBD varied from 0.004 to 0.031, with 37 species having higher 
than average SCBD value (Supplementary Table S6). For abundance 
data, SCBD was significantly associated with total species abundance 
and its second-order term, with all predictors explaining 77.3% varia-
tion in SCBD (Table 4; Fig. 4a, b). Similar trends were observed for oc-
cupancy and its second-order term, which explained 55.5% variation in 
SCBD. Presence-absence SCBD showed patterns rather different from 
those based on abundance data because hump-shaped relationships 
between presence-absence SCBD and occupancy and total abundance 
were found (Fig. 4c, d). In this scenario, total abundance (including its 
second-order term) and occupancy (including its second-order term) 
accounted for 44.5% and 81.0% variation in SCBD (Table 4). The re-
lationships between SCBD, and niche characteristics and traits were 
rather weak, with niche position being the only significant predictor of 
SCBD in our beta regression models (22.9% and 39.3% variation of 
SCBD on the basis of abundance and presence-absence data, 

Table 2 
Descriptive statistics of beta regression analyses when environmental variables 
were used as predictors of fish LCBD, which was calculated based on both 
abundance (a) and presence-absence (b) data. Fish assemblages were sampled 
during 2007 in the Chishui River basin, China. Abbreviations: DO, dissolved 
oxygen. N = 31 sites. Statistically significant p values (p < 0.05) were indicated 
by bold font.   

Estimate SE z p Pseudo-R2 

(a) LCBD (ab)      
Altitude  0.001  0.000  5.619  0.000  0.429 
Conductivity  − 0.002  0.001  − 1.520  0.129  0.071 
DO  − 0.230  0.100  − 2.300  0.021  0.158 
pH  0.265  0.159  1.672  0.095  0.089 
Velocity  − 0.496  0.112  − 4.439  0.000  0.441 
Boulder  0.656  0.513  1.28  0.200  0.042 
Cobble  1.146  0.486  2.361  0.018  0.148 
Sand  − 1.700  0.906  − 1.876  0.061  0.094 
(b) LCBD (pa)      
Altitude  0.001  0.000  5.442  0.000  0.431 
Conductivity  − 0.001  0.001  − 1.204  0.229  0.048 
DO  − 0.179  0.097  − 1.837  0.066  0.116 
pH  0.250  0.147  1.697  0.090  0.093 
Velocity  − 0.460  0.104  − 4.400  0.000  0.425 
Boulder  0.650  0.475  1.369  0.171  0.049 
Cobble  0.959  0.462  2.077  0.038  0.132 
Sand  − 1.729  0.832  − 2.078  0.038  0.119  

Table 3 
Descriptive statistics of beta regression analyses when spatial connectivity var-
iables were used as predictors of fish LCBD, which was calculated based on both 
abundance (a) and presence-absence (b) data. Fish assemblages were sampled 
during 2007 in the Chishui River basin, China. Abbreviations: DC, Degree cen-
trality; BC, Betweenness centrality; CC, Closeness centrality; Dist-rm, Distance to 
the river mouth. N = 31 sites. Statistically significant p values (p < 0.05) were 
indicated by bold font.   

Estimate SE z p Pseudo-R2 

(a) LCBD (ab)      
DC  4.976  1.722  2.889  0.004  0.180 
CC  − 8.154  1.850  − 4.409  0.000  0.428 
BC  − 1.018  0.256  − 3.980  0.000  0.394 
Dist-rm  0.001  0.000  3.415  0.001  0.226 
(b) LCBD (pa)      
DC  4.650  1.594  2.917  0.004  0.196 
CC  − 7.014  1.788  − 3.924  0.000  0.369 
BC  − 0.897  0.242  − 3.708  0.000  0.360 
Dist-rm  0.001  0.000  3.422  0.001  0.236  
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respectively) (Table 5). 

4. Discussion 

Our results demonstrated that both fish LCBD and SCBD illustrated 
some highly predictable patterns in the Chishui River basin. First, fish 
LCBD was significantly associated with five environmental variables (i. 
e., altitude, DO, velocity, cobble, and sand) and all four spatial variables 
(degree, betweenness and closeness centrality, and distance to the river 
mouth) describing the degree of connectivity among sites. Second, we 
found that LCBD was significantly correlated with species richness, 
community abundance, five functional alpha diversity indices (func-
tional richness, divergence, dispersion, specialization, and originality), 
and functional uniqueness of individual site. Third, abundance-based 
SCBD was positively related to species occupancy and total abun-
dance, while a hump-shaped association was revealed between 
presence-absence SCBD and occupancy/total abundance. Fourth, niche 
position, but not niche breadth and functional traits, was also primary 
determinants of fish SCBD. These results should be given due attention 
since only a few studies have rigorously examined the correlates of SCBD 
in freshwater ecosystems. 

4.1. The patterns and correlates of LCBD 

Our results suggested that ecological uniqueness of fish assemblages 
was influenced by environmental conditions, which is in line with the 
species sorting model in metacommunity theory (Leibold et al., 2004) 
and general findings in empirical research on aquatic systems (Heino 
et al., 2015). Five environmental variables were positively (altitude and 

cobble) or negatively (DO, velocity, and sand) associated with LCBD. 
Altitude itself does not directly affect fish species, since the actual 
habitat conditions experienced by fish are physio-chemical variables 
within waterbodies. For example, water temperature, river width, and 
depth were all strongly related to altitude in this study (r > 0.7), and 
their effects on fish assemblages and species could thus be represented 
by altitude. Water temperature is one of the most important environ-
mental factors governing distribution and abundance of freshwater fish 
(Matthews, 1998), because it directly affects metabolism, breeding, 
development, growth, and behavior of fish (Jackson et al., 2001). Based 
on the species-area or species-volume hypotheses, deeper and wider 
river stretches tend to support greater fish abundance and richness, and 
thus it could be expected that they have lower ecological uniqueness. 
During the dry season, a stable environment, abundant food resources, 
increased colonization probabilities and decreased extinction risks in 
deeper water could together contribute to this pattern (Roa-Fuentes 
et al., 2020). DO was associated with fish LCBD probably because fish 
respond differently to hypoxic environments depending on their degree 
of tolerance of low oxygen levels (Arantes et al., 2018). For instance, 
Onychostoma simum and Pseudogyrinocheilus prochilus are two species 
that prefer high velocity and DO, whereas Hemiculterella sauvagei and 
Pseudobrama simoni tend to occur in comparatively more hypoxic hab-
itats. Velocity mainly reflects habitat variation in terms of river 
morphology, whereby different species prefer high- or low-velocity sites 
(Wu et al., 2011). Substrate composition is important for fish spawning 
and reproduction, which could in turn influence fish distribution and 
abundance (e.g. sand substrate in the lower reaches is suitable for spe-
cies in the families Culterinae and Bagridae in our study area). Overall, 
the measured environmental variables had a relatively high explanatory 

Fig. 2. Linear relationships were fitted between response variable (LCBD) and a single focal predictor (species richness, community abundance, and functional 
uniqueness) separately. Fish LCBD was computed based on both abundance (ab; panels a-c) and presence-absence (pa; panels d-f) data. Fish assemblages were 
sampled during 2007 in the Chishui River basin, China. N = 31 sites. Shaded grey areas represent the confidence interval of 95% for the regression model. 
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power for LCBD of fish assemblages in our study, although some vari-
ations remain unexplained. Such an observation disagrees with Heino 
and Grönroos (2017), who found that the LCBD of stream insects was not 
well explained by environmental variables. These findings reinforce the 
idea that the associations between LCBD and environmental variables 
are context dependent (Tonkin et al., 2016). 

Ecological uniqueness was significantly related to all four spatial 

factors examined, no matter which type of data was used to calculate 
LCBD. Therefore, dispersal limitation, closely related to the degree of 
connectivity among sites, may be another process controlling fish 
ecological uniqueness in addition to environmental factors (Borges 
et al., 2020). Our findings suggested that sites with greater uniqueness 
and lower richness were situated at the edges of the basin. The under-
lying reason could be that fish assemblages in these peripheral sites 
might experience high physical isolation and restricted colonization 
events (Shao et al., 2019), therefore leading to unique combinations of 
species present at a site. This is especially true for headwater and up-
stream sites in the Chishui River basin, where two sides of the channel 
are mostly dominated by cliffs, and the channel is characterized by 
mountaintop tablelands and deep valleys. Contrastingly, sites located 
centrally in the hydrological network could be expected to receive a high 
influx of immigrants from other sites (Shao et al., 2019), thereby 
resulting in high species richness and low LCBD. A similar trend has been 
noted by Maloufi et al. (2016), who reported that the lack of connection 
to the hydrological network enhanced the uniqueness of lake phyto-
plankton communities. By collecting diatom samples from streams and 
lakes across Finland, Vilmi et al. (2017) showed that LCBD was signif-
icantly associated with spatial isolation variables in lakes, but not in 
streams with higher hydrological connectivity. By contrast, several 
studies have also revealed no significant spatial effects on LCBD (Ceron 
et al., 2020; Heino et al., 2017; Landeiro et al., 2018), suggesting that 

Fig. 3. Relationships between LCBD and each fish functional α diversity. Only statistically significant (p < 0.05) relationships were fitted with linear model. LCBD 
was computed based on abundance (ab; panel a) or presence-absence data (pa; panel b). Fish assemblages were sampled during 2007 in the Chishui River basin, 
China. N = 31 sites. FRic, functional richness; FImb, functional imbalance; FDiv, functional divergence; FDis, functional dispersion; FSpe, functional specialization; 
FOri, functional originality. Shaded grey areas represent the confidence interval of 95% for the regression model. 

Table 4 
Descriptive statistics of beta regression analyses when species metrics (i.e., 
species occupancy and total abundance) were used as predictors of SCBD, which 
was calculated based on both abundance (a) and presence-absence (b) data. Fish 
species were sampled during 2007 in the Chishui River basin, China. N = 62 
species. Statistically significant p values (p < 0.05) were indicated by bold font.   

Estimate SE z p Pseudo-R2 

(a) SCBD (ab)      
Occupancy  0.177  0.037  4.809  0.000  
Occupancy2  − 0.004  0.001  − 3.163  0.002  0.555 
Total abundance  0.017  0.002  10.022  0.000  
Total abundance2  − 0.000  0.000  − 7.428  0.000  0.773 
(b) SCBD (pa)      
Occupancy  0.234  0.019  12.560  0.000  
Occupancy2  − 0.007  0.001  − 11.360  0.000  0.810 
Total abundance  0.012  0.002  7.647  0.000  
Total abundance2  − 0.000  0.000  − 7.037  0.000  0.445  
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the influence of spatial factors on LCBD might depend on the organism 
group studied, ecosystem type, geographic region, and spatial scale. 

We found that fish LCBD was negatively associated with species 
richness, implying that sites with high uniqueness had low species 
richness. The negative relationship between species richness and LCBD 
agrees with recent works on terrestrial and aquatic taxa, including fishes 

(Borges et al., 2020; Legendre and De Cáceres, 2013; Ngor et al., 2018), 
beetles (da Silva and Hernández, 2014; Heino and Alahuhta, 2019), 
aquatic insects (Heino et al., 2017; Heino and Grönroos, 2017; Siegloch 
et al., 2018), plankton (Brito et al., 2020; Maloufi et al., 2016), diatoms 
(Pajunen et al., 2017; Szabó et al., 2019), bacterium (Teittinen et al., 
2017), macroinvertebrates (Hill et al., 2021; Tolonen et al., 2018), an-
urans (Ceron et al., 2020), terrestrial plants (Dubois et al., 2020), 
mammals (da Silva et al., 2020; Santos et al., 2021), birds (Dansereau 
et al., 2021; García-Navas et al., 2022), and a few other taxonomic 
groups of plants and animals (Landeiro et al., 2018). However, this 
result seems not to be a universal pattern, as shown by Legendre and De 
Cáceres (2013) in the original paper of LCBD. Indeed, several authors 
have also reported a positive or nonsignificant association between 
species richness and LCBD (de Oliveira et al., 2020; Kong et al., 2017; 
Landeiro et al., 2018). 

Then, which factors are responsible for the significance and direction 
between richness and LCBD? First, the proportion of abundance-based 
common and rare species within the communities likely determines 
whether the LCBD-richness relationship is negative, non-significant, or 
positive (da Silva et al., 2018). For instance, using the detailed infor-
mation of 25-ha forest plots, Qiao et al. (2015) found that LCBD was 
positively correlated with the number of rare species, but negatively 
related to the number of common species. Kong et al. (2017) demon-
strated that a positive association may occur due to the introduction of 
novel fish species within the communities. Furthermore, Pozzobom et al. 
(2020) suggested that a non-significant relationship might occur if 
species-rich and species-poor sites are inhabited mostly by common 
macrophyte species. Second, through surveying tropical coastal 

Fig. 4. Relationships between fish SCBD and total abundance and occupancy variable. The regression models were fitted between response variables and each 
predictor variable. SCBD was calculated based on abundance (ab, panel a-b) or presence-absence (pa, panel c-d) data. Fish species were sampled during 2007 in the 
Chishui River basin, China. N = 62 species. Shaded grey areas represent the confidence interval of 95% for the regression model. 

Table 5 
Descriptive statistics of beta regression analyses when species niche (i.e., niche 
position and niche breadth) and functional traits were used as predictors of 
SCBD, which was calculated based on both abundance (a) and presence-absence 
(b) data. Fish species were sampled during 2007 in the Chishui River basin, 
China. N = 62 species. Statistically significant p values (p < 0.05) were indicated 
by bold font.   

Estimate SE z p Pseudo-R2 

(a) SCBD (ab)      
Niche position  − 0.050  0.017  − 2.939  0.003  
Niche breadth  0.012  0.082  0.145  0.884  0.229 
Trait vector 1  0.775  0.680  1.141  0.254  
Trait vector 2  0.356  0.729  0.489  0.625  
Trait vector 3  − 0.666  0.928  − 0.717  0.473  
Trait vector 4  − 0.023  1.063  − 0.022  0.982  0.039 
(b) SCBD (pa)      
Niche position  − 0.049  0.011  − 4.437  0.000  
Niche breadth  − 0.067  0.051  − 1.301  0.193  0.393 
Trait vector 1  0.162  0.451  0.360  0.719  
Trait vector 2  − 0.503  0.470  − 1.069  0.285  
Trait vector 3  0.013  0.602  0.021  0.983  
Trait vector 4  1.383  0.704  1.964  0.050  0.064  
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seascapes, Camara et al. (2022) showed that fish species loss produced 
less ecological uniqueness assemblages in more urbanized areas, 
implying that anthropogenic disturbance might drive the relationship 
between richness and LCBD. Third, the type of data (i.e., abundance or 
presence-absence data) that used to calculate LCBD can also affect the 
relationship between LCBD and species richness. For example, presence- 
absence LCBD of aquatic insects in boreal streams was significantly 
related to species richness, whereas a non-significant relationship was 
found between richness and abundance-based LCBD (Heino and 
Grönroos, 2017). Finally, natural environmental variables, biotic in-
teractions, dispersal, and historical processes are likely to either jointly 
or independently affect spatio-temporal variation of ecological unique-
ness and species richness (Hill et al., 2021). 

As hypothesized, functional diversity could be used to predict 
ecological uniqueness, although the response depended on the metrics 
considered. Fish LCBD was negatively correlated with functional rich-
ness, which quantifies the volume of the minimum convex hull con-
taining all species in the community and heavily depends on species 
richness (Villéger et al., 2008). As a result, it was not unexpected that 
functional richness was negatively related to LCBD. However, functional 
imbalance was not significantly associated with fish LCBD in the present 
study. This observation suggests that, even if there are differences in fish 
species richness and ecological uniqueness, the degree of irregularity of 
species abundance distribution in functional space is still similar. We 
also found that LCBD was negatively associated with functional diver-
gence and functional dispersion, but positively with functional origi-
nality and functional specialization. These findings suggest that highly 
unique assemblages in terms of species composition likely lack some 
species with rare traits compared with less unique assemblages (da Silva 
et al., 2020). Such functional loss, however, does not imply the loss of 
some specialized and original functions played by fish, since high 
functional specialization and originality denote a particular combina-
tion of traits for a given species (Mouillot et al., 2008). This idea is also 
reinforced by the positive relationship between fish ecological unique-
ness (LCBD) and functional uniqueness in the Chishui River basin. 
Similarly, for medium-to-large mammals across the Atlantic Forests in 
Brazil, LCBD was negatively correlated with functional richness, but 
positively related to functional specialization and functional originality 
(da Silva et al., 2020). Nonetheless, consistent negative associations 
between LCBD and multiple facets of functional diversity of dung beetles 
were observed, suggesting that the LCBD-functional metrics relationship 
might be specific to each animal group (da Silva et al., 2020). Therefore, 
determining whether the results observed here could be extended to 
other taxonomic groups and habitats is a field requiring further study. 
We highlight the application of functional uniqueness here (Nakamura 
et al., 2020), as no previous study has related LCBD to functional 
uniqueness in aquatic systems (but see Heino et al., 2022). 

4.2. The patterns and correlates of SCBD 

We found abundance-based SCBD was positively related to total 
abundance and occupancy, indicating that fish species (e.g. Acrosso-
cheilus yunnanensis, Sinogastromyzon sichangensis and S. argentatus) with 
high total abundance and occupancy made the most contributions to 
overall β diversity. However, there were hump-shaped relationships 
between presence-absence SCBD and occupancy and total abundance. In 
this case, moderate species (e.g. Pseudogyrinocheilus prochilus, Schizo-
thorax graham and Homatula variegata) in terms of occupancy and 
abundance made most contributions to total β diversity of fish. Overall, 
our results confirm the fact that SCBD is predictable from species 
characteristics (i.e., occupancy and abundance), as also revealed by 
previous studies in terrestrial (da Silva et al., 2018) and freshwater 
ecosystems (Heino and Grönroos, 2017). However, it should be noted 
that SCBD, total abundance, and occupancy are calculated from the 
same dataset, and this mathematical dependence might affect the re-
lationships between them. For instance, according to Legendre and De 

Cáceres (2013), species demonstrate a large variation in abundance 
across sites could contribute to a high abundance-based SCBD. The 
mean–variance (Gaston et al., 2006) and occupancy-abundance (Heino 
and Tolonen, 2018) relationships suggest that such species are expected 
to have relatively high mean abundance and high occupancy. Similarly, 
if SCBD is calculated from presence-absence data, high variance is 
shown by species with intermediate occupancy and abundance. 

Similar to Heino and Grönroos (2017) and da Silva et al. (2018), we 
detected a significantly negative influence of niche position on SCBD. 
Therefore, marginal fish species (e.g. Ancherythroculter nigrocauda and 
Hemiculter leucisculus), only occurring in certain kinds of habitat patches, 
contributed less to total β diversity in comparison with non-marginal 
species (e.g. Z. platypus and O. bidens). It is known that niche position 
is generally negatively associated with species occupancy (Heino and 
Tolonen, 2018) and, therefore, it could be assumed to be correlated with 
SCBD calculated from presence-absence data. Meanwhile, the degree to 
which species occupancy could be explained by environmental variables 
may be primarily driven by niche position (Heino and de Mendoza, 
2016). All these findings suggest the predictability of the relationships 
among SCBD, occupancy, niche position, and environmental factors, as 
has been found in previous studies (da Silva et al., 2018; Heino and 
Grönroos, 2017). Regarding niche breadth, however, we did not find it 
to be a significant correlate of SCBD. It is possible that niche breadth 
does not play a role in governing SCBD, as was the case of dung beetles 
and fishes found in the Neotropics (da Silva et al., 2018; Leão et al., 
2020). Alternatively, niche breadth was non-linearly correlated with 
SCBD, and non-linear relationships between niche breadth, and fish 
occupancy and abundance were also revealed in the Chishui River basin 
(Xia et al., 2022). Refuting our hypothesis, functional traits were not 
important variables affecting SCBD in the present study. In fact, our 
previous study only detected marginal effects of trait vector 2, mainly 
associated with trophic level and dispersal ability, on fish occupancy 
(Xia et al., 2022). Hence, the weak influence of functional traits on SCBD 
was not unexpected. 

4.3. Implications for conservation and bioassessment 

Understanding β diversity patterns and their underlying mechanisms 
is essential to community ecology, biodiversity conservation, and bio-
assessment (Heino et al., 2015; Socolar et al., 2016). Taxonomic β di-
versity is generally dominated by the turnover component (Soininen 
et al., 2018), suggesting that conserving a large number of sites might be 
optimal for protecting regional diversity. However, due to restricted 
financial budgets, it is often impractical to protect numerous sites 
simultaneously. In this scenario, LCBD index, valuing ecological 
uniqueness of individual sites, could be useful in guiding biodiversity 
conservation (Heino et al., 2022). However, sites with high LCBD are 
typically those characterized by low species richness (Legendre and De 
Cáceres, 2013), which would partly compromise the application of 
LCBD approach in conservation planning. A practical solution is to 
protect high LCBD sites and species-rich sites together (Heino and 
Grönroos, 2017). For example, using pond macroinvertebrates as a 
model organism group, Hill et al. (2021) found that significant LCBD 
sites and sites with high taxonomic richness together supported more of 
the regional species pool (70%–97%) than sites with high taxonomic 
diversity alone (54%–94%) or what could be protected by the random 
selection of sites. Additionally, our results showed that ecologically 
unique sites are also functionally unique, and species-rich communities 
probably have high functional richness, functional divergence, and 
functional dispersion. Therefore, combined protection of highly unique 
sites and species-rich sites may preserve not only high proportions of 
regional species diversity, but also functional diversity, which is 
important for ecosystem functioning and services. On the other hand, 
SCBD correlated with occupancy and abundance, although the shape of 
the relationship was dependent on data type. However, if only SCBD is 
used for species conservation, rare species in terms of occupancy and 
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abundance would be ignored (Vilmi et al., 2017), since they contribute 
little to total β diversity. Collectively, we are of the opinion that a 
simultaneous application of LCBD, species richness, SCBD, and rare 
species would be the most suitable approach for conservation planning. 

As we are facing the Anthropocene, global freshwater biodiversity is 
threatened by multiple stressors (e.g. climate change, habitat fragmen-
tation, water pollution, and overexploitation) and is declining at un-
precedented rates (Dudgeon et al., 2006). Therefore, it is urgent to 
develop and test effective bioassessment indices in freshwater assess-
ment, restoration ecology, and conservation planning. However, most 
bioassessment programs are usually conducted at the local scale. That is, 
they consider community structure is primarily driven by local-scale 
habitat features (Heino, 2013), which agrees with the species sorting 
hypothesis in metacommunity (Leibold et al., 2004). Yet, it is important 
to point out that ecological communities could also be affected by 
spatially driven processes (Heino et al., 2015; Leibold et al., 2004). For 
instance, in the Chishui River basin, we found that fish LCBD was jointly 
controlled by environmental and spatial factors, with the latter being 
slightly more influential. Hence, our study reinforces the findings from 
prior studies (Li et al., 2020; Vilmi et al., 2016), suggesting that an ideal 
biological index for bioassessment should discriminate the influence of 
environmental variables from those of spatial factors. On the other hand, 
our results advocate the importance of environmental conditions and 
between-site connectivity for effective conservation of riverine fish di-
versity (Henriques-Silva et al., 2019; Shao et al., 2019). 
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García-Navas, V., Martínez-Núñez, C., Tarifa, R., Molina-Pardo, J.L., Valera, F., 
Salido, T., et al., 2022. Partitioning beta diversity to untangle mechanisms 
underlying the assembly of bird communities in Mediterranean olive groves. Divers. 
Distrib. 28, 112–127. 

Gaston, K.J., Borges, P.A., He, F., Gaspar, C., 2006. Abundance, spatial variance and 
occupancy: arthropod species distribution in the Azores. J. Anim. Ecol. 75, 646–656. 

Heino, J., 2011. A macroecological perspective of diversity patterns in the freshwater 
realm. Freshw. Biol. 56, 1703–1722. 

Heino, J., 2013. The importance of metacommunity ecology for environmental 
assessment research in the freshwater realm. Biol. Rev. 88, 166–178. 

Heino, J., Alahuhta, J., 2019. Knitting patterns of biodiversity, range size and body size 
in aquatic beetle faunas: significant relationships but slightly divergent drivers. Ecol. 
Entomol. 44, 413–424. 

Heino, J., de Mendoza, G., 2016. Predictability of stream insect distributions is 
dependent on niche position, but not on biological traits or taxonomic relatedness of 
species. Ecography 39, 1216–1226. 
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metacommunity across small freshwater lakes: driving mechanisms, β-diversity and 
ecological uniqueness. Hydrobiologia 828, 183–198. 

Tales, E., Keith, P., Oberdorff, T., 2004. Density-range size relationships in French 
riverine fishes. Oecologia 138, 360–370. 
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