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Simple Summary: Beta diversity is considered to be more accurate in reflecting the dynamics of
community structure, as well as community assembly rules. However, many previous studies were
only conducted in islands and lakes, while more attention is still needed for montane ecosystems.
The main objective of the present study was to understand tadpole β diversity in temperate montane
streams. The field work was conducted in 18 streams of Mount Emei, southwestern China, in 2018
and 2019. Our results indicated a high total tadpole β diversity, which was mainly contributed by a
turnover process, and this pattern was shaped by both spatial and environmental factors.

Abstract: Understanding the spatial variation and formation mechanism of biological diversity
is a hot topic in ecological studies. Comparing with α diversity, β diversity is more accurate in
reflecting community dynamics. During the past decades, β diversity studies usually focused on
plants, mammals, and birds. Studies of amphibian β diversity in montane ecosystems, in particular,
tadpoles, are still rare. In this study, Mount Emei, located in southwestern China, was selected
as the study area. We explored the tadpole β diversity in 18 streams, based on a two-year survey
(2018–2019). Our results indicated a high total β diversity in tadpole assemblages, which was
determined by both turnover and nestedness processes, and the dominant component was turnover.
Both the total β diversity and turnover component were significantly and positively correlated with
geographical, elevational, and environmental distances, but no significant relationship was detected
between these and the nestedness component. Moreover, the independent contributions of river
width, current velocity, and chlorophyll α were larger than that of geographical and elevational
distance. Overall, tadpole β diversity was determined by both spatial and environmental factors,
while the contribution of environmental factors was larger. Future studies can focus on functional
and phylogenetic structures, to better understand the tadpole assembly process.

Keywords: amphibian; montane ecosystems; microhabitat variables; turnover; nestedness

1. Introduction

Understanding the spatial variation and the formation mechanism of biological diver-
sity is a hot topic in recent ecological studies [1,2]. Biodiversity is typically classified into
three components, including alpha (α), beta (β), and gamma (γ) diversity [3]. Specifically, α
diversity refers to the species richness in a given area or community. γ diversity represents
the sum of species richness in multiple communities, while β diversity represents the
changes in species composition between different communities [4]. Therefore, β diversity
can provide some compensative information to understand the dynamics of community
structure, and thus has been widely used to examine the spatial and temporal patterns
of diversity at both regional and global scales [5,6]. During the past decades, various ap-
proaches have been proposed to quantify β diversity, such as ploidy partitioning, additive
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partitioning, and similarity (or dissimilarity) indices [7]. These indices can be used to
delineate biogeographic regions [8,9], as well as to conduct the siting of protected areas and
the setting up of a network of protected areas [10]. However, these indices cannot explain
the processes and mechanism of β diversity formation [11].

The existing studies suggest that the differences of species composition among com-
munities can be generated by two main processes, which are species gain and loss and
species replacement [12,13]. In order to quantify the contribution of these two processes
to β diversity, Baselga decomposed the total β diversity (βsor) into nestedness (βsne) and
turnover (βsim) components based on the Sørensen dissimilarity index [11]. Specifically,
βsne reflects species gain and loss, and the underlying mechanism could be selective
colonization, selective extinction, or dispersal limitation [14,15]. βsim indicates species
replacement, which is mainly driven by environmental filtering, geographical barriers, or
competition [16,17]. Since both of the two components play critical roles in determining the
spatial distribution patterns of β diversity, they should not be split in studies [11,18–20].
For instance, Baselga found that the global latitudinal gradients in amphibian β diversity
were determined by a combination of nestedness and turnover components [8]. Specifically,
nestedness was the dominant component at high latitudes with abundant species richness,
associated with the frequent occurrence of species additions and subtractions. In contrast,
species substitution mainly occurred at low latitudes where species richness is relatively
low, indicating the determination of a turnover process.

During the past decades, many other β diversity studies were conducted at the macro-
ecological scale. Based on these results, ecologists tried to understand the general patterns
of β diversity along latitudinal gradients [5,21]. These studies focused on various taxa, and
were conducted in different areas across the world (e.g., bats and insects in the American
continent [22,23], and mammals in North America [24]). These studies concluded that β
diversity may exhibit a significant relationship with latitude. Based on these studies, it can
be suggested that, similar to α diversity, the relationship between β diversity and latitude
can also be summarized into three main patterns, including monotonically increasing,
continuous decline, and non-significant relationships [21]. This is because β diversity
patterns can be affected by many factors, such as the behaviors and life history traits of
organisms per se, as well as external environmental conditions [21,25]. However, some
other studies reported that the relationship between β diversity and latitude may be not
significant, and thus they suggested the conducting of more research [26].

The spatial patterns of β diversity were also explored at the regional scale, and these
studies typically focused on ecosystems such as islands and lakes. Despite ecologists focus-
ing on different communities (e.g., bird, lizard, and invertebrate), they all found that spatial
turnover contributed more to total β diversity than the nestedness component in island or
lake ecosystems. Interestingly, this pattern can be determined by environmental variables,
such as the size of the ecosystems, as well as the climate or microhabitat conditions [19].
However, studies related to communities’ β diversity patterns in montane ecosystems
are still relatively rare. Indeed, mountains are important ecosystems maintaining more
than 85% of the world’s species, and they are widely recognized as hotspots for the study
of biodiversity and conservation [27,28]. More importantly, previous β diversity studies
conducted in mountains mainly focused on plants [29], birds [19], and invertebrates [30].
We still need more studies that consider other taxa in mountains to better understand the
general patterns of β diversity [20].

Among all the vertebrates, amphibians play critical functional roles in montane ecosys-
tems. This is especially true for their larvae, tadpoles, which regulate the cycling of
materials and energy flow in montane streams, and consequently strongly influence the
ecosystem’s functioning [31,32]. Therefore, understanding the β diversity patterns of tad-
pole assemblages could provide important insights for maintaining the diversity and the
stability of montane stream ecosystems. In the present study, we investigated the patterns
of tadpole β diversity in temperate montane streams. Specifically, we (1) investigated the
total dissimilarity, turnover, and nestedness components between tadpole assemblages;
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and (2) assessed the environmental determinants of tadpoles β diversity patterns. Since
amphibian composition changes dramatically along an elevational gradient in montane
ecosystems [33], we predicted that tadpole β diversity could be high. Based on tadpoles’
low mobility and migration capacity, we also predicted that turnover may be the main
component. Moreover, based on a previous study showing that tadpole α diversity is
determined by a combination of spatial and microhabitat variables [34], we predicted that
tadpole β diversity patterns are also determined by both spatial and environmental factors.

2. Materials and Methods
2.1. Study Area and Transects Selection

This study was conducted in the region of Mount Emei (29◦16′–29◦43′ N, 103◦11′–
103◦37′ E), a transition zone between the Tibetan Plateau and the Sichuan Basin in south-
western China (Figure 1). The average annual temperature of this region is about 17.29 ◦C,
and the average annual precipitation is about 1790 mm [35]. Vegetation cover can be
classified into four types along an elevational gradient in this area. Those are, ever-
green broadleaf forest (390–1500 m), mixed evergreen and deciduous broadleaf forest
(1500–2100 m), mixed conifer–broadleaf forest (2100–2800 m), and cold–temperate conif-
erous forest (2800–3090 m) [36]. Based on our preliminary investigations, as well as the
distribution and accessibility, we selected a total of 18 streams as the transects, covering an
elevational gradient from 485 to 2865 m (Table S1). These streams contained complex and
diverse microhabitats, providing suitable habitats for different tadpoles. Moreover, all of
the selected streams were permanent, to allow for continuous and long-term surveys. They
were separated by deep mountain gorges and other prominent landmarks to reduce spatial
autocorrelation.
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2.2. Tadpole Sampling

Approximately 300 m length of each montane stream was selected and sampled for
tadpoles. This is because these montane streams were long and topographically complex,
with a distribution of countless tadpoles. In particular, some sections of these streams
were blocked by waterfalls and cliffs, making them difficult to be fully surveyed [37].
Nonetheless, all the selected segments were suitable habitats for tadpoles, with a variety of
different microhabitat conditions. Since tadpoles are nocturnal animals, sampling activities
were conducted at night (between 20:30 and 23:00) using “D-frame” dipnets (opening
diameter: 40 cm; depth: 35 cm; mesh size: 3 mm; RBF326, Renniaofei, Shijiazhuang, China)
from May to June in 2018, with one stream being sampled per night. Specifically, two to
three people walked at the edge of the streams from downstream to upstream at a pace of
about 1 m/s, collecting individuals from all potential microhabitats for tadpoles, including
rocks with or without vegetation and the water column from the surface to the bottom [38].
This approach can effectively prevent the escape of tadpoles to the downstream when they
are facing a disturbance. We repeated the sampling processes between May and June in
2019 to obtain a stronger database, and the two years’ data were merged for further data
analyses. It is worth mentioning that all collection activities were carried out in sunny
weather conditions, as the rain can lead to poor water conditions in these montane streams,
making it difficult for us to find tadpoles. All the tadpoles encountered were sampled
and identified to species based on external morphology. For individuals that we could
easily identified to species based on external morphology (e.g., Quasipaa boulengeri and
Leptobrachium boringii), we recorded their numbers directly, and released them back to the
original habitats. For those that could not be distinguished by morphological traits (e.g.,
Megophrys shapingehsis and Megophrys omeomontis), we took them back to the laboratory
and used DNA barcoding analyses based on a fragment of the mitochondrial 16S rRNA
gene for species identification. More details of the sampling protocols and the species
identification processes can be found in Sun et al. [34].

2.3. Environment Variables

We first recorded the elevation, latitude, and longitude coordinates of each transect
using the Ovi Map app (http://www.ovital.com, accessed on 1 May 2018). Then we
selected 12 microhabitat variables that can potentially affect tadpole distribution and
diversity based on previous studies [39,40], including water temperature (°C), water pH,
water conductivity (µs/cm), dissolved oxygen (µmol/L), current velocity (m/s), substrate
type, water depth (cm), river width (m), total phosphorus (mg/L), total nitrogen (mg/L),
ammonium nitrogen (mg/L), and chlorophyll α (mg/L; Table S2). Detailed measurements
were as follows: we used portable instruments (Stra A, 520 M-01A, Thermi Fisher Scientific,
Waltham, MA, USA) to measure the water temperature, water pH, water conductivity, and
water dissolved oxygen. The current velocity was recorded at the upper of the water body
by a portable current meter (LS1206B, Tongda, Huaian, China). Chlorophyll α was recorded
by a water quality detector (Eureka Water Probes, Austin, TX, USA) directly. Substrate
types were divided into four categories based on particle size and type (i.e., sand: <1 cm,
gravels: 1–20 cm, rocks: >20 cm, and humus: mainly composed of leaf litter) [32]. River
width and water depth were measured using a tape measure. Finally, water samples for
each stream were collected in clean polyethylene bottles separately, preserved in a cool box
in the field. They were brought back to the laboratory immediately and measured for total
phosphorus, total nitrogen, and ammonium nitrogen in the Chengdu Institute of Biology,
Chinese Academy of Sciences. These measurements and collections were repeated at 10 m
intervals in each stream, and average values were used for further statistical analyses. All
of these activities were carried out by the same person to ensure the accuracy of the data.

2.4. Statistical Analyses

Following Baselga [8,11], tadpole β diversity was calculated based on species presence
and absence data in the transects. Specifically, total β diversity (i.e., βsor) was represented

http://www.ovital.com
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by the Sørensen dissimilarity index. The turnover component (i.e., βsim) was calculated as
the Simpson dissimilarity index, while the nestedness (i.e., βsne) component was calculated
by the difference between βsor and βsim. Because of the large number of transects (>15),
average values of βsor, βsim, and βsne between pairwise transects were calculated to
represent the total βsor, βsim, and βsne, separately.

The β diversity indices between pairwise transects were calculated as follows:

βsor =
b + c

2a + b + c
(1)

βsim =
min (b, c)

a + min (b, c)
(2)

βsne = βsor − βsim =
| b − c |

2a + b + c
× a

a + min (b, c)
(3)

where a is the number of species observed in both transects, b is the number of species
that can be only found in one transect, and c is the number of species only distributed in
the other transect. Finally, the ratio between βsne and βsor (i.e., βratio = βsne/βsor) was
used to distinguish the main component that determined tadpole β diversity. Specifically, a
βratio less than 0.5 indicated that total β diversity was mainly determined by the turnover
component; otherwise, it meant that total β diversity was mainly contributed to by the
nestedness component. βsor, βsim, and βsne were computed by the “beta.pair” function
in the “betapart” package [41].

Before conducting the Mantel test analyses, we performed a Shapiro test to detect the
normality of each environmental variable, and the correlations of pairwise environmental
variables were tested using Spearman’s rank correlations. Based on our results, elevation
and water temperature were significantly correlated with each other (r = 0.81, p < 0.01). We
removed water temperature, as elevation was a more important filter affecting the distribu-
tion of amphibians [33,42]. This process was carried out via the “varclus” function in the
“Hmisc” package [43]. After that, we used Mantel tests with 9999 permutations to examine
the correlations between βsor, βsim, βsne and geographical, elevational, environmental
distances, respectively. These were conducted by the “mantel” function in the “vegan”
package [44]. Specifically, geographical distances were calculated based on the transects’
latitude and longitude data, using the “distm” function from the “geosphere” package [45].
Elevational distance was calculated by the elevational differences between pairwise tran-
sects. Environmental distances were measured as a Euclidean distance using standardized
environmental variables (standard deviation = 1 and mean = 0) by the “vegdist” function in
the “vegan” package [44]. After that, we used linear regressions to assess the relationships
between multifaceted β diversity indices and geographical, elevational, and environmental
distances, respectively.

Moreover, we used multiple regression on the distance matrices (MRM) to explore
the effects of geographical, elevational, and environmental distances on βsor, βsim, and
βsne, respectively. Before conducting MRM analyses, we standardized each explanatory
distance matrix using the “stdize” function of the “MuMIn” package [46]. We estimated the
p-values of the MRM using 9999-times permutation tests [47]. Finally, we used hierarchical
partitioning analyses to examine the relative contribution of each explanatory distance
matrix to βsor, βsim, and βsne, respectively. These processes were conducted using the
“hier.part” function of the “hier.part” package [48]. All calculations and analyses were
performed in R 4.1.0 [49].

3. Results

During the two years of sampling, we collected a total of 1470 tadpoles, which be-
longed to 19 species from 6 families (Table S3). Specifically, L. boringii, Oreolalax omeimontis,
and M. omeimontis were the dominant species, accounting for 64.11% of the total number
of individuals. Rare species were M. shapingensis, O. major, O. schmidti, Microhyla fissipes,
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Amolops chunganensis, A. granulosus, and O. popei, accounting for only 1.82% of the to-
tal number of individuals. Because no tadpoles were collected from three transects (i.e.,
Heishuicun, Shuangshuijing, and Jingding), they were excluded from further analyses.

3.1. β Diversity and Its Components

Tadpole total β diversity (βsor) was 0.78 ± 0.18 (mean ± SD). The turnover component
(βsim) was 0.66 ± 0.28 (mean ± SD), and the nestedness component (βsne) was 0.12 ± 0.15
(mean ± SD; Figure 2). In addition, the βratio value was 0.16 ± 0.15 (mean ± SD).
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Figure 2. Tadpole β diversity indices in Mount Emei. βsor: total β diversity; βsim: turnover
component; βsne: nestedness component.

3.2. The Influencing Factors of β Diversity and Its Components

Results of the Mantel test showed that both environmental and spatial variables were
important factors in determining tadpole β diversity in the streams of Mount Emei (Table 1;
Table S4). Specifically, both βsor and βsim were significantly and positively correlated with
geographical, elevational, and environmental distances (Figure 3). However, there were no
significant relationships between the nestedness component and geographical, elevational,
and environmental distances, respectively (Figure 3).

Table 1. The correlation between multifaceted tadpole β diversity indices and geographical, eleva-
tional, and environmental distances. The bold values indicate p < 0.05. (Mantel tests were performed
with 9999 permutations).

Distance Matrixes Total Dissimilarity Turnover Nestedness

Geography 0.007 0.008 0.952
Elevation 0.010 0.008 0.962

Environment 0.006 0.007 0.959
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3.3. Relative Contribution of Independent Factors to Tadpole β Diversity

A large proportion of tadpole β diversity variability can be explained by the MRM
models. For the total dissimilarity and turnover component, the MRM model explained
more than 40% of the variability. In contrast, the MRM model only explained 22% of the
variability of the nestedness component. Specifically, river width (Rw) had a positive effect
on the total dissimilarity and turnover component, while water depth (Wd) had a positive
effect on the nestedness component (Table 2).
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Table 2. The effects of environmental and spatial factors on tadpole β diversity.

Components Total Dissimilarity Turnover Nestedness

R2 0.41 0.40 0.22
p 0.05 0.04 0.31

Geo 0.33 0.39 0.78
Ele 0.23 0.16 0.23
pH 0.96 0.86 0.61
Con 0.68 0.38 0.20
Do 0.58 0.62 0.83
Rw 0.03 0.04 0.29
Wd 0.82 0.39 0.04
Cv 0.41 0.13 0.09

chl.a 0.14 0.23 0.81
TN 0.39 0.25 0.25
NN 0.66 0.65 0.79
TP 0.29 0.45 0.96
Sub 0.88 0.78 0.43

Note: R2 represents the effect of the model that is explained by all variables. The partial regression coefficients (b)
and associated p values of the model are obtained from the permutation test (9999 runs). The bold values indicate
p < 0.05. (Abbreviations: Geo, geographical distance; Ele, elevational distance; pH, water pH; Con, conductivity;
Do, dissolved oxygen; Rw, river width; Wd, water depth; Cv, current velocity; chl.a, chlorophyll α; TN, total
nitrogen; NN, ammonium; TP, total phosphorus; Sub, substrate types).

Based on the hierarchical partitioning analyses (Figure 4; Table S5), total dissimilarity
was best explained by chlorophyll α, followed by river width and geographical distance.
The turnover component was best explained by chlorophyll α, followed by river width
and current velocity. In addition, the nestedness component was best explained by current
velocity, followed by water depth and conductivity.
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4. Discussion

The present study revealed a high level of total β diversity for tadpole assemblages in
Mount Emei, which was mainly driven by the turnover component. This indicated a strong
occurrence of tadpole replacement between montane streams. Our observations were
consistent with previous β diversity studies for other taxa conducted in montane ecosys-
tems showing the determination of the turnover component (e.g., amphibian adults [20];
ants [50]; and beetles [51]). Therefore, we argue that species turnover should be the main
driver contributing to the β diversity spatial patterns in montane ecosystems. This is not
surprising, as the climatic environment and habitat conditions change rapidly with the in-
creasing of the elevation in these mountains. In the present study, Fejervarya multistriata, M.
fissipes, and Pelophylax nigromaculatus were low-elevational specialists, while M. shapingensis,
O. major, and O. schmidti were high-elevational specialists. This is because the distribution
of these species was strongly associated with distinct external environments [34]. However,
this is not the case for β diversity conducted in island ecosystems. For example, Zhou et al.
found that the β diversity of ant assemblages in the Thousand Island Lake, China, was
mainly contributed to by the nestedness component [52]. Similarly, nestedness also domi-
nated the β diversity of butterfly assemblages in the Zhoushan Archipelago of China [53].
This is because these island ecosystems are close to each other with similar environmental
conditions, which are created by the rise of water levels. Therefore, species specificity be-
tween communities was low, and the substitution of species occurred infrequently between
these ecosystems.

Geographical distance also had positive effects on tadpole β diversity in this study.
Geographical distance has always been considered as one of the most important factors
affecting the composition of biological communities [54]. Generally, communities showed
a significant distance attenuation pattern with an increase in geographical distance (i.e.,
increasing geographical distance is accompanied by a decrease in the similarity of bio-
logical communities) [55]. This is because the variation in environmental conditions will
increase with the increase in geographical distance [56]. Our results were consistent with a
previous study showing that aquatic angiosperm β diversity was determined by geograph-
ical distance in China [57]. However, this pattern usually occurs in groups of organisms
with a low mobility and migration capacity [58]. For those more-intense-dispersal-activity
animals such as birds, geographical distance was not so important for determining com-
munity composition [59]. This may be because a large home range can compensate for the
environmental differences between the habitats of different species [60].

Besides spatial factors, environmental distances were also crucial in generating the
β diversity of tadpole assemblages. These results supported our initial prediction that
tadpoles β patterns were determined by both spatial and environmental factors in montane
streams. However, the relative importance of the two processes still requires further
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exploration. Specifically, the independent contributions of river width, current velocity, and
chlorophyll α were larger than that of geographical distance and elevational distance. In our
studies, some tadpoles were observed in streams with a wider river, low velocity, and high
chlorophyll α (e.g., P. nigromaculatus, M. fissipes, and F. multistriata), while others may prefer
to live in streams with a fast velocity, narrow river width, and low chlorophyll α (e.g., L.
boringii, O. omeimontis, and M. omeimontis). Our previous study recognized that chlorophyll
α was highly correlated with potential food resources for some specific tadpoles in montane
streams (e.g., algae for M. fissipes and F. multistriata [34]), supporting their ability to breed
and live in the ecosystems. Therefore, the two completely different types of microhabitat
conditions supported totally different compositions of tadpole assemblages, and thus a high
β diversity. This phenomenon can be observed in other animals distributed in mountains.
For instance, the β diversity of aquatic insects in the Rocky Mountains of the southern
United States was determined by the stream conditions, such as stream size and hydrologic
connectivity [61]. The β diversity of tropical fish assemblages in the Bita River Basin in
eastern Colombia was determined by environmental variables such as water parameters
(e.g., conductivity and water temperature) and substrate type [62].

A large number of studies have shown that the formation of β diversity is the result
of the integrated effects of two ecological processes, namely the niche process and neutral
process [63,64]. The former holds that environmental differences (i.e., environmental filter-
ing) are the main factors that lead to a change in community structure [64], while the latter
emphasizes that dispersal limitations will lead to a change in species composition [65].
Our tadpole β diversity patterns were influenced by both spatial and microhabitat factors,
supporting a previous study showing that both dispersal limitations and environmental
filtering may play important roles in shaping tadpole assembly processes in montane
streams [34,37]. However, functional traits and phylogenetical analyses are still needed
to better understand the mechanism underlying the community assembly processes for
tadpoles. Our results also supported a previous study suggesting that interspecific competi-
tion may play an important role in determining β diversity [66], as environmental filtering
and dispersal limitations are associated with species interactions.

5. Conclusions

Overall, the present study investigated the patterns of tadpole β diversity in temperate
montane streams. Our results indicated that tadpole total β diversity in the streams of
Mount Emei was high, which was mainly contributed to by the turnover component.
Interestingly, similar to tadpole α diversity, the β diversity patterns were shaped by both
spatial and environmental factors. This supported previous claims that tadpole assembly
processes were shaped by both dispersal limitations and environmental filtering. However,
microhabitat features were more crucial in determining tadpole β diversity patterns. Our
results also showed that a large proportion of β diversity indices (βsor, βsim, and βsne) was
explained by neither environmental nor spatial distance, suggesting that other ecological
processes, such as biotic interactions, may also affect tadpole β diversity. This can be
verified in future studies. In addition, this study only considered taxonomic β diversity;
functional and phylogenetic β diversity studies should be conducted to better understand
the assembly process of tadpoles in montane streams. This study provides important
information to better understand general β diversity patterns in mountains, as well as the
conservation of amphibian diversity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14081240/s1, Table S1: Geographical information on the
18 selected transects in Mount Emei. Table S2: The average and standard deviation values of micro-
habitat variables. Table S3: Species distribution (relative number of individuals, %) in each transect.
Table S4: Relationships between distance of predictor variables (i.e., geographical, elevational, and
environmental distance) and multifaceted β diversity based on liner regression models. Table S5:
Independent contribution of each explanatory distance matrix to the variations in multifaceted
β diversity.

https://www.mdpi.com/article/10.3390/ani14081240/s1
https://www.mdpi.com/article/10.3390/ani14081240/s1


Animals 2024, 14, 1240 11 of 13

Author Contributions: Conceptualization, D.K., Y.H. and T.Z.; methodology, D.K., Z.S. and T.Z.;
formal analysis, D.K., J.T. and T.Z.; investigation, D.K., Z.S. and T.Z.; resources, J.T. and T.Z.; writing—
original draft preparation, D.K.; writing—review and editing, T.Z., D.K. and Y.H.; visualization,
T.Z. and D.K.; supervision, T.Z.; project administration, T.Z.; funding acquisition, T.Z. and Y.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (32370553,
31700353, 32270461) and China Biodiversity Observation Networks (Sino BON).

Institutional Review Board Statement: The animal study was reviewed and approved by the Animal
Ethical and Welfare Committee of the Chengdu Institute of Biology, Chinese Academy of Sciences
(CIB2011032201).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets presented in this study are available from the correspond-
ing authors on reasonable request. The data are not publicly available due to privacy restrictions.

Acknowledgments: We thank Chunlin Zhao, Wenbo Zhu, Jianyi Feng, and Dan Xu for their help in
the field.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chase, J.M.; Blowes, S.A.; Knight, T.M.; Gerstner, K.; May, F. Ecosystem decay exacerbates biodiversity loss with habitat loss.

Nature 2020, 584, 238–243. [CrossRef] [PubMed]
2. Li, G.; Fang, C.; Li, Y.; Wang, Z.; Sun, S.; He, S.; Qi, W.; Bao, C.; Ma, H.; Fan, Y.; et al. Global impacts of future urban expansion on

terrestrial vertebrate diversity. Nat. Commun. 2022, 13, 1628. [CrossRef] [PubMed]
3. Whittaker, R.H. Vegetation of the Siskiyou Mountains, Oregon and California. Ecol. Monogr. 1960, 30, 279–338. [CrossRef]
4. Legendre, P.; De Cáceres, M. Beta diversity as the variance of community data: Dissimilarity coefficients and partitioning. Ecol.

Lett. 2013, 16, 951–963. [CrossRef] [PubMed]
5. Qian, H.; Ricklefs, R.E. A latitudinal gradient in large-scale beta diversity for vascular plants in North America. Ecol. Lett. 2007,

10, 737–744. [CrossRef] [PubMed]
6. Wang, J.; Soininen, J.; Zhang, Y.; Wang, B.; Yang, X.; Shen, J. Patterns of elevational beta diversity in micro- and macroorganisms.

Glob. Ecol. Biogeogr. 2012, 21, 743–750. [CrossRef]
7. Anderson, M.J.; Crist, T.O.; Chase, J.M.; Vellend, M.; Inouye, B.D.; Freestone, A.L.; Sanders, N.J.; Cornell, H.V.; Comita, L.S.;

Davies, K.F.; et al. Navigating the multiple meanings of β diversity: A roadmap for the practicing ecologist. Ecol. Lett. 2011, 14,
19–28. [CrossRef] [PubMed]

8. Baselga, A. The relationship between species replacement, dissimilarity derived from nestedness, and nestedness. Glob. Ecol.
Biogeogr. 2012, 21, 1223–1232. [CrossRef]

9. Mouillot, D.; De Bortoli, J.; Leprieur, F.; Parravicini, V.; Kulbicki, M.; Bellwood, D.R. The challenge of delineating biogeographical
regions: Nestedness matters for Indo-Pacific coral reef fishes. J. Biogeogr. 2013, 40, 2228–2237. [CrossRef]

10. Socolar, J.B.; Gilroy, J.J.; Kunin, W.E.; Edwards, D.P. How Should Beta-Diversity Inform Biodiversity Conservation? Trends Ecol.
Evol. 2016, 31, 67–80. [CrossRef]

11. Baselga, A. Partitioning the turnover and nestedness components of beta diversity. Glob. Ecol. Biogeogr. 2010, 19, 134–143.
[CrossRef]

12. Barton, P.S.; Cunningham, S.A.; Manning, A.D.; Gibb, H.; Lindenmayer, D.B.; Didham, R.K. The spatial scaling of beta diversity.
Glob. Ecol. Biogeogr. 2013, 22, 639–647. [CrossRef]

13. Mori, A.S.; Isbell, F.; Seidl, R. β-diversity, community assembly, and ecosystem functioning. Trends Ecol. Evol. 2018, 33, 549–564.
[CrossRef] [PubMed]

14. Ponisio, L.C.; M’Gonigle, L.K.; Kremen, C. On-farm habitat restoration counters biotic homogenization in intensively managed
agriculture. Glob. Change Biol. 2016, 22, 704–715. [CrossRef] [PubMed]

15. Wang, Y.; Bao, Y.; Yu, M.; Xu, G.; Ding, P. Biodiversity Research: Nestedness for different reasons: The distributions of birds,
lizards and small mammals on islands of an inundated lake. Divers. Distrib. 2010, 16, 862–873. [CrossRef]

16. Angeler, D.G. Revealing a conservation challenge through partitioned long-term beta diversity: Increasing turnover and
decreasing nestedness of boreal lake metacommunities. Divers. Distrib. 2013, 19, 772–781. [CrossRef]

17. Legendre, P. Interpreting the replacement and richness difference components of beta diversity. Glob. Ecol. Biogeogr. 2014, 23,
1324–1334. [CrossRef]

18. Carvalho, J.C.; Cardoso, P.; Gomes, P. Determining the relative roles of species replacement and species richness differences in
generating beta-diversity patterns. Glob. Ecol. Biogeogr. 2012, 21, 760–771. [CrossRef]

19. Si, X.; Baselga, A.; Ding, P. Revealing Beta-Diversity Patterns of Breeding Bird and Lizard Communities on Inundated Land-Bridge
Islands by Separating the Turnover and Nestedness Components. PLoS ONE 2015, 10, e0127692. [CrossRef] [PubMed]

https://doi.org/10.1038/s41586-020-2531-2
https://www.ncbi.nlm.nih.gov/pubmed/32728213
https://doi.org/10.1038/s41467-022-29324-2
https://www.ncbi.nlm.nih.gov/pubmed/35338145
https://doi.org/10.2307/1943563
https://doi.org/10.1111/ele.12141
https://www.ncbi.nlm.nih.gov/pubmed/23809147
https://doi.org/10.1111/j.1461-0248.2007.01066.x
https://www.ncbi.nlm.nih.gov/pubmed/17594429
https://doi.org/10.1111/j.1466-8238.2011.00718.x
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://www.ncbi.nlm.nih.gov/pubmed/21070562
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1111/jbi.12194
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/geb.12031
https://doi.org/10.1016/j.tree.2018.04.012
https://www.ncbi.nlm.nih.gov/pubmed/29807839
https://doi.org/10.1111/gcb.13117
https://www.ncbi.nlm.nih.gov/pubmed/26542192
https://doi.org/10.1111/j.1472-4642.2010.00682.x
https://doi.org/10.1111/ddi.12029
https://doi.org/10.1111/geb.12207
https://doi.org/10.1111/j.1466-8238.2011.00694.x
https://doi.org/10.1371/journal.pone.0127692
https://www.ncbi.nlm.nih.gov/pubmed/25992559


Animals 2024, 14, 1240 12 of 13

20. Wang, X.; Zhong, M.; Yang, S.; Jiang, J.; Hu, J. Multiple β-diversity patterns and the underlying mechanisms across amphibian
communities along a subtropical elevational gradient. Divers. Distrib. 2022, 28, 2489–2502. [CrossRef]

21. Koleff, P.; Lennon, J.J.; Gaston, K.J. Are there latitudinal gradients in species turnover? Glob. Ecol. Biogeogr. 2003, 12, 483–498.
[CrossRef]

22. Stevens, R.D.; Willig, M.R. Geographical Ecology at the Community Level: Perspectives on the Diversity of New World Bats.
Ecology 2002, 83, 545–560. [CrossRef]

23. Dyer, L.A.; Singer, M.S.; Lill, J.T.; Stireman, J.O.; Gentry, G.L.; Marquis, R.J.; Ricklefs, R.E.; Greeney, H.F.; Wagner, D.L.; Morais,
H.C.; et al. Host specificity of Lepidoptera in tropical and temperate forests. Nature 2007, 448, 696–699. [CrossRef] [PubMed]

24. Qian, H.; Badgley, C.; Fox, D.L. The latitudinal gradient of beta diversity in relation to climate and topography for mammals in
North America. Glob. Ecol. Biogeogr. 2009, 18, 111–122. [CrossRef]

25. Tang, Z.; Fang, J.; Chi, X.; Feng, J.; Liu, Y.; Shen, Z.; Wang, X.; Wang, Z.; Wu, X.; Zheng, C.; et al. Patterns of plant beta-diversity
along elevational and latitudinal gradients in mountain forests of China. Ecography 2012, 35, 1083–1091. [CrossRef]

26. Gaston, K.J.; Davies, R.G.; Orme, C.D.L.; Olson, V.A.; Thomas, G.H.; Ding, T.-S.; Rasmussen, P.C.; Lennon, J.J.; Bennett, P.M.;
Owens, I.P.; et al. Spatial turnover in the global avifauna. Proc. R. Soc. B Biol. Sci. 2007, 274, 1567–1574. [CrossRef] [PubMed]

27. Rahbek, C.; Borregaard, M.K.; Colwell, R.K.; Dalsgaard, B.; Holt, B.G.; Morueta-Holme, N.; Nogues-Bravo, D.; Whittaker, R.J.;
Fjeldså, J. Humboldt’s enigma: What causes global patterns of mountain biodiversity? Science 2019, 365, 1108–1113. [CrossRef]
[PubMed]

28. Körner, C. Why are there global gradients in species richness? mountains might hold the answer. Trends Ecol. Evol. 2000, 15,
513–514. [CrossRef]

29. Condit, R.; Pitman, N.; Leigh, E.G.; Chave, J.; Terborgh, J.; Foster, R.B.; Núñez, P.; Aguilar, S.; Valencia, R.; Villa, G.; et al.
Beta-Diversity in Tropical Forest Trees. Science 2002, 295, 666–669. [CrossRef] [PubMed]

30. Zhao, Y.; Sanders, N.J.; Liu, J.; Jin, T.; Zhou, H.; Lu, R.; Ding, P.; Si, X. β diversity among ant communities on fragmented habitat
islands: The roles of species trait, phylogeny and abundance. Ecography 2021, 44, 1568–1578. [CrossRef]

31. Ramamonjisoa, N.; Natuhara, Y. Contrasting effects of functionally distinct tadpole species on nutrient cycling and litter
breakdown in a tropical rainforest stream. Freshw. Biol. 2018, 63, 202–213. [CrossRef]

32. Strauß, A.; Reeve, E.; Randrianiaina, R.-D.; Vences, M.; Glos, J. The world’s richest tadpole communities show functional
redundancy and low functional diversity: Ecological data on Madagascar’s stream-dwelling amphibian larvae. BMC Ecol. 2010,
10, 12. [CrossRef] [PubMed]

33. Zhu, W.B.; Zhao, C.L.; Liao, C.L.; Zou, B.; Xu, D.; Zhu, W.; Zhao, T.; Jiang, J.P. Spatial and temporal patterns of amphibian species
richness on Tianping Mountain, Hunan Province, China. Zool. Res. 2020, 41, 182–187. [CrossRef] [PubMed]

34. Sun, Z.; Zhao, C.; Zhu, W.; Zhu, W.; Feng, J.; Su, S.; Zhao, T. Microhabitat features determine the tadpole diversity in mountainous
streams. Ecol. Indic. 2021, 126, 107647. [CrossRef]

35. Wang, X.; Yang, S.; Guo, C.-P.; Tang, K.; Jiang, J.-p.; Hu, J. Amphibian diversity and conservation along an elevational gradient on
mount Emei, southwestern China. Amphib. Reptile Conserv. 2020, 14, 46–56.

36. Tang, C.Q.; Ohsawa, M. Altitudinal distribution of evergreen broad-leaved trees and their leaf-size pattern on a humid subtropical
mountain, Mt. Emei, Sichuan, China. Plant Ecol. 1999, 145, 221–233. [CrossRef]

37. Sun, Z.; Su, S.; Feng, J.; Zhao, C.; Zhu, W.; Fan, W.; Lan, J.; Zhao, T. Functional and phylogenetic analyses of tadpole community
assembly in temperate montane streams. Ecol. Indic. 2023, 146, 109822. [CrossRef]

38. Vasconcelos, T.d.S.; dos Santos, T.G.; Rossa-Feres, D.d.C.; Haddad, C.F.B. Spatial and temporal distribution of tadpole assemblages
(Amphibia, Anura) in a seasonal dry tropical forest of southeastern Brazil. Hydrobiologia 2011, 673, 93–104. [CrossRef]

39. Golden, D.; Smith, G.; Rettig, J. Effects of age and group size on habitat selection and activity level in Xenopus Laevis tadpoles.
Trans. Neb. Acad. Sci. 2000, 26, 23–27.

40. Negovetic, S.; Anholt, B.R.; Semlitsch, R.D.; Reyer, H.-U. Specific Responses of Sexual and Hybridogenetic European Waterfrog
Tadpoles to Temperature. Ecology 2001, 82, 766–774. [CrossRef]

41. Baselga, A.; Orme, D.; Villeger, S.; De Bortoli, J.; Leprieur, F.; Logez, M.; Henriques-Silva, R. Betapart: Partitioning beta diversity
into turnover and nestedness componts. R Package Version 1.5.4. 2021. Available online: https://CRAN.R-project.org/package=
betapart (accessed on 20 May 2023).

42. Khatiwada, J.R.; Zhao, T.; Chen, Y.; Wang, B.; Xie, F.; Cannatella, D.C.; Jiang, J. Amphibian Community Structure along Elevation
Gradients in Eastern Nepal Himalaya. BMC Ecol. 2019, 19, 19. [CrossRef] [PubMed]

43. Harrell, F.E., Jr. HMISC: Harrell Miscellaneous. R Package Version 4.1-1. 2018. Available online: https://CRAN.R-project.org/
package=Hmisc (accessed on 21 March 2022).

44. Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; Minchin, P.; O’Hara, B.; Simpson, G.; Solymos, P.; Stevens, H.; Wagner, H.
Vegan: Community Ecology Package. R Package Version 2.3-0. 2015. Available online: https://CRAN.R-project.org/web/
packages/vegan/index.html (accessed on 21 May 2023).

45. Hijmans, R.J.; Karney, C.; Williams, E.; Vennes, C. Geosphere: Spherical Trigonometry. Available online: https://CRAN.R-project.
org/package=geosphere (accessed on 1 January 2022).
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