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Abstract
Aim: Whether species are most abundant at their geographic range centre and in-
creasingly rare towards range limits (the abundance-centre hypothesis, ACH) has 
weak empirical support in birds along elevational gradients. This may be due to em-
pirical limitations—most studies do not capture the multi-faceted nature of eleva-
tional gradients or species interactions. We examine the ACH and an alternative that 
the abundance maximum of elevational sympatric congeners will occur at different 
elevations along a gradient (the congeneric-competition hypothesis, CCH).
Location: Twelve elevational gradients in Central and Southwest China.
Taxon: Five small mammal species, including three congeneric species.
Methods: The ACH was tested by fitting abundance patterns to Huisman-Olff-Fresco 
(HOF) models and measuring the relative elevational distance between a species' 
abundance-weighted range centre (RCAbu) and its elevational range centre. The CCH 
was tested by calculating the elevational overlap value of each congeneric pair and 
the relative elevational distance (RCAbuDiff) between the RCAbus of congeners.
Results: Abundances of each species showed diverse patterns along different gradients. 
For all species, a unimodal symmetric pattern appeared at most once among the studied 
gradients and found in only four (8.7%) of the total cases. Most (90.9%) of the Apodemus 
congeneric pairs had a high elevational overlap (above 75%). For each of the three conge-
neric pairs, 40.0% to 50.0% of the cases showed RCAbuDiff values > 0.25, suggesting that 
the congeners’ RCAbus were separated by at least one elevational climate zone.
Main conclusions: Species' elevational abundance patterns may vary among differ-
ent elevational gradients in the same geographic region. The elevational abundance 
patterns of five mammalian species were rarely consistent with the ACH after the 
spatial variability of the patterns was considered. The abundance patterns of conge-
neric species showed moderate support for the CCH.
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1  | INTRODUC TION

Ecologists have long been captivated by the patterns and under-
lying mechanisms of geographical variation in abundance (Dallas 
et al., 2017; McGill & Collins, 2003). Across taxa and biomes, one 
of the fundamental yet controversial rules is the abundance-centre 
hypothesis (ACH), which predicts that a species is most abundant 
in the geographical centre of its distribution and becomes increas-
ingly rare towards its range limits (Brown, 1984; Pironon et al., 2017; 
Sagarin & Gaines, 2002a). Several non-exclusive mechanisms have 
been proposed to explain the abundant centre distribution. A widely 
accepted mechanism is that species track the key resources for their 
survival and breeding, and these resources are assumed to be more 
abundant and/or of better quality at the centre of the population's 
range and inferior at the periphery (Virgós et al., 2011). In addition, 
Brown (1984) argued that local abundance is a reflection of how well 
a particular site meets the demands of a species along multiple axes 
(including the species' physiological and ecological characteristics). 
These characteristics are spatially autocorrelated; thus, sites that are 
farther from the optimal site (distributional centre) in any direction 
are less favourable and therefore possess fewer individuals. Given its 
importance in ecology and relevance to evolutionary (e.g. peripheral 
populations are more genetically distinct, Sagarin & Gaines, 2002a; 
Sagarin et al., 2006) and conservation biology (e.g. setting conser-
vation priorities for peripheral populations as they face a higher 
risk of extinction, Pironon et al., 2017), the ACH has received wide-
spread attention for decades. However, existing empirical evidence 
is often inconsistent with the ACH, and species abundance distribu-
tions show diverse patterns along geographical/environmental gra-
dients. This notion has been explicitly illustrated in meta-analyses 
(e.g. Sagarin & Gaines, 2002a) and cross-taxon studies (e.g. Dallas 
et al., 2017; Santini et al., 2019). Considering a wide range of taxa 
and geographic regions, Sagarin and Gaines (2002a) extracted 145 
individual tests from 22 papers and found that only 39% of the tests 
provided direct support for the ACH.

The observed abundance patterns that are in conflict with the 
ACH may be driven by various biotic and abiotic factors, such as in-
terspecific interactions (e.g. Abeli et al., 2014—for plants), constrained 
dispersal (Dallas et al., 2017—for vertebrates and trees), seasonality of 
local abundance (Santini et al., 2019; Sexton et al., 2009 for birds and 
mammals) and nonlinear variations in the amount of suitable habitats 
along the centre-periphery axis (Tam & Scrosati, 2011—for marine 
invertebrates). In addition, methodological limitations can occur. For 
example, areas proximate to species range limits are often undersam-
pled compared to range centres, which results in underestimations of 
abundance at the distribution edge and ultimately an overall biased 
pattern (Sagarin & Gaines, 2002a). Other methodological limitations 
may include unstandardized sampling approaches during investiga-
tion, failure to cover a species' entire distribution and multidimensional 
environmental variations due to the polygonal shape of a species' geo-
graphic range (reviewed in Santini et al., 2019). Considering both the 
ecological and methodological complexity of analysing abundance 
distribution patterns, it remains a challenge to properly test the ACH.

Elevational gradients have been frequently used for testing and 
developing ecological hypotheses regarding abundance and distri-
bution and their relationship (Brown, 1984; Elsen et al., 2017; Wen, 
Cheng, et al., 2018). However, several recent studies (only two to our 
knowledge) have explored the validity of the ACH along elevational 
gradients, with the elevational abundance patterns of the studied 
taxa (birds in both studies) showing relatively low support for the 
hypothesis (Burner et al., 2019; Freeman & Beehler, 2018). Studies 
along elevational gradients present a number of merits. First, sam-
pling across different elevation sites is easily standardized. Second, 
environmental variations (e.g. temperature differences) are mostly 
one-dimensional along elevational gradients, which provides more 
straightforward insights into the mechanism underlying the abun-
dance pattern (Sagarin & Gaines, 2002b). Third, habitat is relatively 
continuous along elevational gradients, which minimizes the impact 
of dispersal limitations (Burner et al., 2019). However, our under-
standing of the ACH along elevational gradients could be skewed by 
the fact that much of the evidence so far is drawn from a single ani-
mal group. More importantly, these studies have tested the hypothe-
sis along a single gradient and ignored the possible spatial variability 
in species' elevational abundance patterns. For small mammals, both 
the abundance and elevational range of the same species could vary 
among different elevational gradients in the same geographic region 
(Li et al., 2003; Sánchez-Cordero, 2001). Consequently, the eleva-
tional abundance pattern could also vary spatially. Testing the ACH 
based on empirical evidence from multiple gradients within or among 
regions is critical for investigating the generality of this assumption.

In addition to abiotic factors and resource availability, species' 
elevational range limits can be simultaneously determined by inter-
specific competition. As a result of strong competition, congeneric 
species that are morphologically and ecologically similar often show 
abutting or non-overlapping elevational distributions on the same 
mountain, which has been documented in mammals (Brown, 1971; 
Kohli et al., 2018; Pasch et al., 2013; Patterson et al., 1998) and birds 
(Elsen et al., 2017; Freeman, 2015; Terborgh & Weske, 1975). The 
impact of competition on the range limits of congeneric species has 
been clearly evidenced by the range expansion of a species in the 
absence of its congener (e.g. Rickart, 2001). However, some previous 
studies that reported congeneric species showing parapatric or allo-
patric elevational distributions also detected sympatric distributions 
(i.e. having highly overlapping elevational ranges; Elsen et al., 2017; 
Terborgh, 1971) in a portion of the surveyed taxa. Such sympatry is 
possibly driven by partitioning of space, time and food resources. 
For example, two species of coati differentiated in activity times at 
sympatric elevation sites, which facilitated their coexistence along 
an Andean elevational gradient (Mena & Yagui, 2019). Nevertheless, 
the geographic abundance patterns of congeners should, to some 
extent, be a spatial reflection of competition. Benítez-López 
et al. (2014) found that the abundance of a sandgrouse species 
(Pterocles orientalis) was negatively affected by the abundance of its 
congener, Pterocles alchata, at sympatric sites. Following the same 
rationale, it is expected that areas with the abundance maximum of 
elevational sympatric congeners should be at different elevations of 
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a gradient (the congeneric-competition hypothesis, CCH). This novel 
hypothesis can be tested along with the ACH by examining conge-
ners' elevational abundance patterns.

In this study, we explored the elevational abundance patterns 
of five commonly distributed and abundant small mammal species, 
three of which are congeneric species with highly overlapping eleva-
tional ranges, along 12 elevational gradients. Based on the obtained 
patterns and using these gradients as spatial replicates, we simulta-
neously tested two hypotheses: (a) species is most abundant at its 
elevational range centre and becomes increasingly rare towards el-
evational range limits (Freeman & Beehler, 2018); (b) the abundance 
maximum of elevational sympatric congeners will occur at different 
elevations along a gradient.

2  | MATERIAL S AND METHODS

2.1 | Study areas

Small mammal abundance data were collected from 12 elevational 
gradients located in Central and Southwest China, including two 
in the Qinling Mountain Region (Foping [FP], Pingheliang [PHL]), 

nine in the Hengduan Mountain Region (Tangjiahe [TJH], Wolong 
[WL], Jiajin [JJ], Gongga [GG], Emei [EM], Luoji [LJ], CangshanErhai 
[CSEH], Baima [BM] and Yongde [YD]) and one (Sejila [SJL]) in the 
Nyainqentanglha Mountain Region (Figure 1). The Qinling Mountain 
Region, Hengduan Mountain Region and Nyainqentanglha Mountain 
Region are among the most biologically diverse ecoregions in China 
because of their high heterogeneity of climates and habitats, ex-
tensive elevational ranges, complicated geological structures and 
unique biogeographic histories (Tang et al., 2006). For small mam-
mals, despite a considerable number of endemic species in each 
region, some species (e.g. Niviventer confucianus, Sciurotamias davidi-
anus and Ochotona thibetana) are widespread across the regions and 
occur in most of the elevational gradients previously investigated in 
the three regions (Wen, Cheng, et al., 2018; Yan et al., 2019).

The 12 elevational gradients were selected because they met 
the following four criteria: (a) each had at least five elevation sites 
that were sampled during the field investigation (average: 6.9 ± 1.5 
[mean ± SD], range: 5–9); (b) the sampling sites spanned an eleva-
tional range of more than 1,000 m (average: 2065.7 ± 799.9 m, range: 
1,272–4,200 m) that covered most of the elevational range of the 
mountain slope where the sampling transect was set (see Appendix S1 
in Supporting Information, Table S1); (c) the gradients allowed the 

F I G U R E  1   Locations of the 12 studied elevational gradients (green triangles) in Central and Southwest China. The Map was projected 
under the WGS84 system. (Our map did not display area data at a continental, hemispheric, or world scale; and we want to provide the 
readers the longitude and latitude information of study sites). 
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investigation to be implemented with a trap-night method, in which 
more than 1,000 trap-nights (average: 11,382.8 ± 9,023.5, range: 
1,248–28,800) were implemented to survey the mammals along the 
gradient; and (d) both glires (Rodentia and Lagomorpha) and insec-
tivores (Erinaceomorpha and Soricomorpha) could be investigated. 
Among the gradients, five (GG, BM, SJL, LJ and WL) were surveyed 
by our group. Each of the sampling sites along the GG gradient (n = 8, 
1,550–3,500 m) contained 12 standardized trapping quadrats, and 
each quadrat was made up of 25 snap traps (150 × 80 mm) arranged 
in a square design (5 × 5) to investigate local small mammal commu-
nities. Trapping at each site of GG was conducted in two seasons 
(early wet season: April to June; late wet season: July to September), 
and all traps were set for six consecutive nights in each season. At 
each sampling site along the BM (n = 6, 2,500–3,970 m) and SJL 
(n = 9, 2000–4,400 m) gradients, we established six quadrats to trap 
mammals, with each quadrat encompassing 50 (10 × 5) traps. All sites 
along these two gradients were surveyed twice over the duration of 
the study: once in the early wet season and once in the late wet 
season. The traps were set for five consecutive nights during each 
season. The LJ gradient was surveyed from April to August 2009. A 
total of seven sites were surveyed at 400 m-elevation intervals from 
1,800 to 4,150 m, and these sites were surveyed only once during 
the study. Sampling at each site was performed in the same way as 
that along the Gongga gradient, except the trapping duration was 
five nights. The WL gradient (eight sampling sites, 1,550–3,500 m) 
was surveyed on two separate occasions (July–October 2014 and 
March–June 2015). The taxa at each site were investigated over a 
three to five-night period on each sampling occasion using 100–240 
traps that were arranged into two to five trapping quadrats. For all 
five gradients, the traps in each quadrat were placed 3–5 m apart 
and baited with fresh peanuts and dried bean curd. They were set 
in areas with the most undisturbed habitat at each elevation and 
covered different microhabitats to record as many species as possi-
ble. Small mammal data of the seven other gradients were extracted 
from the literature (Appendix S1; Tables S2–S13; a list of the data 
sources is found in Appendix S1).

2.2 | Selected species

To test the spatial variability in the extent to which a species' eleva-
tional abundance pattern follows the ACH, we focused on the most 
commonly distributed and abundant small mammal species across 
gradients. The selected species should meet the following three cri-
teria: (a) present in more than half of all gradients (n > 6); (b) at least 
10 individuals have been sampled along each occupied gradient and 
(c) present in at least three elevation sites along the gradients. These 
criteria ensured a more rigorous test of the ACH and a sufficient 
number of gradients to assess spatial variability. Finally, a total of 
five species satisfied the conditions for use in subsequent analyses: 
four rodents (Apodemus chevrieri, Apodemus draco, Apodemus latro-
num and N. confucianus) and one shrew (Anourosorex squamipes). The 
number of elevational gradients in which we examined abundance 

patterns for individual species was as follows: 9 for A. chevrieri, 
11 for A. draco, 8 for A. latronum, 11 for N. confucianus and 7 for 
A. squamipes. The number of samples along each gradient covered 
most of the elevational variation of the species selected. The abun-
dance information of each species along each gradient is provided 
in Appendix S1.

2.3 | Testing the ACH

For each elevation site within a particular gradient, the relative 
abundance of a species was calculated as its percentage of trap suc-
cess (the number of individuals captured divided by the number of 
total trap-nights × 100; Balete et al., 2009; Nor, 2001; Wen, Cheng, 
et al., 2018). For each species, we used a general linear mixed model 
(GLMM) to test whether the number of captures (response variable) 
was correlated with the sampling effort (trap-nights, fixed effect), 
and elevation, gradient and survey year were included as the random 
effects. The GLMM was implemented using the R package ‘lme4’ (v 
1.1-12; Bates et al., 2016). The results showed that the number of 
captures was significantly positively correlated with sampling effort 
for A. chevrieri (Z = 8.488, p < 0.001, n = 65), A. draco (Z = 4.061, 
p < 0.001, n = 74), A. latronum (Z = 3.836, p < 0.001, n = 61) and 
N. confucianus (Z = 6.536, p < 0.001, n = 74). A significant relation-
ship was only absent for A. squamipes (Z = 1.2, p = 0.235, n = 48; 
Appendix S1; Table S14). Therefore, the percentage of trap success 
was a robust measure to represent the relative abundance of small 
mammals and could allow for comparability of the patterns among 
elevational gradients and taxa in this study.

Then, we fitted the species' elevational abundance pattern to 
Huisman-Olff-Fresco (HOF) models (x axis: elevation; y axis: rela-
tive abundance) using the R (v 3.5.1; R Core Team) package ‘eHOF’ 
(v 1.8; Jansen & Oksanen, 2013), which allowed for testing of var-
ious responses to ecological/environmental gradients. Seven po-
tential HOF distribution models (no response, monotonic, plateau, 
unimodal symmetric, unimodal skewed, bimodal symmetric and 
bimodal skewed) were ranked according to their Bayesian informa-
tion criteria (BIC), with a lower BIC value indicating a better model 
fit (Raftery, 1995). Following the strategy of Freeman and Beehler 
(2018), all models with similar likelihoods (△BIC ≤ 2 from the top 
model) were considered to have obtained a good fit. The ACH was 
considered supported when the distribution followed a unimodal 
symmetric model (taking into account both the model-fitting results 
and a visual inspection of the actual elevational abundance pattern). 
The number of surveyed elevation sites varied from five to nine 
across the 12 gradients. Usually, it is expected that linear patterns 
(no response or monotonic) will be favoured with small samples. We 
therefore built a GLMM to examine whether there was an associa-
tion between the sample size of the elevation sites and the best-fit 
abundance distribution. In the model, the best-fit abundance distri-
bution (seven types) was used as the response variable, and number 
of elevation sites was included as the fixed effect. Species, gradient 
and survey year were included as random effects.
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As the support for the ACH may vary with the spatial scale of 
analysis (Blackburn et al., 1999; Dallas et al., 2017), we also fitted the 
species' regional elevational abundance patterns to the HOF mod-
els. The abundance and elevation data for the same species were 
pooled across all elevational gradients (A. chevrieri: nine gradients; A. 
draco: eleven gradients; A. latronum: eight gradients; N. confucianus: 
eleven gradients; A. squamipes: seven gradients) to obtain the re-
gional pattern.

As another prediction of the ACH, the species' elevational range 
centre (i.e. the midpoint between observed upper and lower range 
limits) should be highly consistent with the elevation site where the 
species had the highest relative abundance (i.e. abundance-weighted 
range centre; Menéndez et al., 2014; Wen, Wu, et al., 2018). To test 
this prediction, we calculated the species abundance-weighted 
range centre:

where m.n represent the elevation sites occupied by species a, Ei rep-
resents the elevation (m) of elevational site i, and Pai represents the 
ratio of individuals of species a collected at site i to the total number 
of its individuals collected across the elevational gradient. We then 
proposed a new metric to measure the relative elevational distance 
between two types of range centres for individual species:

where RCAbu is the abundance-weighted range centre (m), RCEle is 
the elevational range centre (m), and ERSp is the species' elevational 
range (m). RCDiff ranged from −0.5 to 0.5, where values closer to 
zero indicated a small difference between RCAbu and RCEle, a positive 
value indicated that RCAbu is higher than RCEle, and a negative value 
means the opposite. RCDiff was calculated for each species along 
each gradient. Then, we used Wilcoxon signed-rank tests to assess 
whether a general trend occurred in the relative elevational posi-
tions between the species' RCAbu and RCEle by pooling data across 
different gradients. In our dataset, three elevational gradients (JJ, 
GG and SJL) were sampled with regular sampling intervals (i.e. the 
elevation intervals between sites were consistent along the whole 
gradient), while others had irregular intervals. To test whether the 
species' RCDiff was affected by the irregularity of sampling intervals, 
we conducted Pearson's correlation analyses between the RCDiff and 
standard deviation of the sampling intervals of a gradient for each of 
the five species. The Wilcoxon tests and Pearson's correlation anal-
yses were performed in the R environment.

2.4 | Testing the CCH

The data for three congeneric species (A. chevrieri, A. draco and A. 
latronum) were used to test the CCH. As a result, a maximum of 
three congeneric pairs was observed along an elevational gradient. 

However, due to species absences (certain Apodemus species were 
not caught during investigation) and data deficiency (species with 
less than 10 individuals) in a given gradient, the number of conge-
neric pairs for further analyses varied among gradients (1–3, Table 1).

For each congeneric pair along each gradient, we calculated their 
elevational overlap value as the percentage of the elevational distri-
bution of the smaller-ranged species that overlapped with that of the 
larger-ranged species. The elevational overlap value varied from 0 
(representing a scenario where two species had non-overlapping el-
evational ranges) to one (the elevational range of the smaller-ranged 
species was entirely contained within the elevational range of its 
larger-ranged congener; see Freeman, 2015; Freeman et al., 2019). 
Pairs that had an elevational overlap value > 0.75 were considered 
to have elevational ranges that were highly overlapped in this study. 
Next, we calculated the relative elevational distance between their 
abundance-weighted range centres as follows:

where RCmAbu and RCnAbu are the abundance-weighted range centres 
(m) of two congeneric species m and n, respectively; and EROccupy is the 
elevational range (m) of the portion of the elevational gradient that spe-
cies m and n occupy. RCAbuDiff ranged from zero, which indicated that 
both species had the same abundance-weighted range centre, to one, 
where which indicated that the two points were located at two ends 
of the portion of the elevational gradient that the two species occupy. 
Here, we considered RCAbuDiff values > 0.25 to indicate that the CCH 
was supported by the congeners’ elevational abundance patterns. This 
criterion indicated that even with highly overlapping elevational distri-
butions, their abundance-weighted range centres were at least 300 m 
(average: 450.8 ± 108.0 m, range: 318.0–700.0 m; n = 20) apart and 
thus separated by one or more elevational climate zones in the moun-
tainous region of Central and Southwest China (Li & Zhang, 2010).

3  | RESULTS

3.1 | ACH

For A. chevrieri, the HOF model-fitting results indicated that spe-
cies abundances showed a unimodal symmetric pattern along two 
of the nine (22.2%, only the best model was considered) gradi-
ents (Figure 2a). Considering the equally well-supported models 
(△BIC ≤ 2 from the top model), two additional gradients presented 
species abundance distributions that followed a unimodal symmet-
ric pattern (see Appendix S2 in Supporting Information; Tables S1). 
However, this pattern was actually found only along the PHL gradi-
ent when we plotted species abundance against elevation, and this 
result was consistent with the ACH. A. draco displayed four types 
of abundance patterns (unimodal symmetric: two gradients [18.2%], 
other three patterns: nine gradients) along the 11 elevational gra-
dients (Figure 2b). When a visual inspection was performed, the 

(1)
∑

m.n

Ei ∗Pai,

(2)RCDiff=
RCAbu−RCEle

ERSp
,

(3)RCAbuDiff=
RCmAbu−RCnAbu

EROccupy
(RCmAbu>RCnAbu),
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F I G U R E  2   Frequencies of each of the six Huisman-Olff-Fresco (HOF) models (no response, monotonic, unimodal symmetric, unimodal 
skewed, bimodal symmetric, bimodal skewed) in depicting the elevational abundance patterns of (a)Apodemus chevrieri(n = 9), (b)Apodemus 
draco(n = 11), (c)Apodemus latronum(n = 8), (d)Niviventer confucianus(n = 11), (e)Anourosorex squamipes(n = 7) and (f) all species combined 
(n = 46) along the studied gradients. Only the best HOF model (having the lowest BIC value) is considered. A blank spot is shown if the 
abundance patterns of a species do not fit a particular HOF model

F I G U R E  3   Elevational abundance patterns of (a)Apodemus chevrieri(n = 65), (b)Apodemus draco(n = 74), (c)Apodemus latronum(n = 61), 
(d)Niviventer confucianus(n = 74), (e)Anourosorex squamipes(n = 48) at the regional scale (xaxis: elevation; y axis: relative abundance). The 
pattern for each species was obtained by pooling the abundance and elevation data across all elevational gradients (Apodemus chevrieri: 
nine gradients;Apodemus draco: eleven gradients;Apodemus latronum: eight gradients;Niviventer confucianus: eleven gradients;Anourosorex 
squamipes: seven gradients)
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species abundance results showed a strict unimodal symmetric dis-
tribution only along the YD gradient. For A. latronum, three types 
of distribution patterns were detected and none of the gradients 
presented a unimodal symmetric pattern (Figure 2c). The elevational 
abundance pattern of N. confucianus showed the most diverse (six) 
forms (unimodal symmetric: one gradient [LJ, 9.1%]; other patterns: 
ten gradients) among the five species (Figure 2d). For A. squamipes, 
a unimodal symmetric pattern was observed only along one (WL, 
14.3%) of the seven gradients (Figure 2e). The detailed HOF model-
fitting results and elevational abundance patterns for each species 
are provided in Appendix S2 (Tables S2–S47; Figure S1). In summary, 
a strict unimodal symmetric pattern was found for species' eleva-
tional abundance distribution in only four of our cases (8.7%, four 
of forty-six), suggesting very limited overall support for the ACH. 
According to the GLMM, the sample size of the elevation sites had 
little effect on the best-fit abundance distribution across the 12 gra-
dients (Z = 0.487, p = 0.626; Appendix S2; Table S48).

At the regional scale, the elevational abundance distributions of 
A. chevrieri and N. confucianus were best fitted by a unimodal skewed 
pattern. A. draco was the only species for which a unimodal sym-
metric pattern was observed. No response and bimodal symmetric 
patterns best described the elevational abundance distributions of 
A. latronum and A. squamipes, respectively (Figure 3; Appendix S2; 
Tables S49–S53).

For both A. chevrieri and N. confucianus, RCDiff had a constant 
negative value across gradients (A. chevrieri, Wilcoxon signed-rank 
test: n = 9, Z = −2.67, p = 0.008; N. confucianus: n = 11, Z = −2.93, 
p = 0.003), indicating the species' RCAbus were located at a lower 
elevation than their RCEles. The same trend was observed in 
A. latronum (n = 8, Z = −2.1, p = 0.036) and A. squamipes (n = 7, 
Z = −2.2, p = 0.028), although a positive RCDiff value was observed 
in one of the occupied gradients for both species. Only A. draco 
did not show a constant trend in the relative elevational position 
between RCAbu and RCEle (positive RCDiff: six gradients, negative 
RCDiff: five gradients, Z = −0.267, p = 0.79). The values of RCDiff for 
the five species increased in the order A. chevrieri (−0.207 ± 0.13), 
A. squamipes (−0.178 ± 0.128), A. latronum (−0.108 ± 0.102), 
N. confucianus (−0.094 ± 0.025) and A. draco (0.005 ± 0.148; 
Figure 4). In the four cases where species abundances showed a 
unimodal symmetric distribution, the values of RCDiff were −0.136 
(A. chevrieri along the PHL gradient), 0.06 (A. draco along the YD 
gradient), −0.063 (N. confucianus along the LJ gradient) and −0.15 
(A. squamipes along the WL gradient). Pearson's correlation anal-
yses demonstrated that RCDiff was only significantly correlated 
with the standard deviation of the sampling intervals for A. latro-
num (r = −0.738, p = 0.036). However, these two variables were 
not correlated for the other four species (A. chevrieri: r = 0.264, 
p = 0.493; A. draco: r = 0.424, p = 0.194; N. confucianus: r = 0.016, 
p = 0.963; A. squamipes: r = 0.682, p = 0.092). Overall, the irregu-
larity of the sampling intervals had limited effects on the species' 
RCDiff. The values of RCAbu and RCEle of each species are given in 
Appendix S1 (Tables S2–S13), and the RCDiff values are given in 
Appendix S2 (Table S1).

3.2 | CCH

A total of 22 Apodemus congeneric pairs (chevrieri–draco: n = 8; draco–
latronum: n = 7; chevrieri–latronum: n = 7) recovered across the 12 el-
evational gradients. Among them, 20 pairs (90.9%) had an elevational 
overlap value >0.75; therefore, they were used to test the CCH by 
calculating their RCAbuDiff values (Table 1). No congeneric pairs showed 
a constant trend in the relative size of elevational ranges (Wilcoxon 
signed-rank test, chevrieri–draco: Z = −1.153, p = 0.249; draco–latro-
num: Z = −1.472, p = 0.141; chevrieri–latronum: Z = 0, p = 1).

A comparison of the elevational positions of RCAbu for each conge-
neric pair type showed that A. chevrieri tended to have a lower RCAbu 
than both A. draco (Wilcoxon signed-rank test: Z = −2.1, p = 0.036) 
and A. latronum (Z = −2.366, p = 0.018), while the draco–latronum pair 
showed inconstant trends in the relative position of RCAbu (Z = −1.014 
p = 0.31). The chevrieri–draco pair had a RCAbuDiff value > 0.25 along 
four of the eight (50.0%) gradients. For the draco–latronum pair, 
three gradients had RCAbuDiff values > 0.25 (42.9%). For the chevri-
eri–latronum pair, two of the five gradients (40.0%) showed RCAbuDiff 

F I G U R E  4   Strip charts showing the values ofRCDiff(the 
elevational distance between a species’ abundance-weighted 
range centre and its elevational range centre relative to its 
elevational range) for each small mammal species across the 
studied gradients. The numbers of elevational gradients in which 
we examined abundance patterns for individual species were 9 
(Apodemus chevrieri), 11 (Apodemus draco), 8 (Apodemus latronum), 
11 (Niviventer confucianus) and 7 (Anourosorex squamipes). The black 
diamond and whiskers illustrate the mean and standard deviations 
of the values ofRCDiff, respectively
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values > 0.25 (Table 1). We considered congeners’ elevational abun-
dance patterns in these nine cases to be consistent with the predic-
tions of the CCH. Among the three congeneric pairs, draco–latronum 
had a lower RCAbuDiff value (0.170 ± 0.122) than chevrieri–draco 
(0.226 ± 0.178) and chevrieri–latronum (0.224 ± 0.162; Figure 5).

4  | DISCUSSION

4.1 | Abundance-centre hypothesis

Our study of species' elevational abundance patterns, including 
evidence from five commonly distributed and abundant small mam-
mal species along 12 elevational gradients, provides a rigorous as-
sessment of the ACH along the elevational centre-periphery axis, 
which is largely underrepresented in the ACH literature (Burner 
et al., 2019). We found very limited evidence supporting the con-
sistent relationship between species abundance distributions and 
the ACH. Among the five species, A. draco, N. confucianus and A. 
squamipes occupy a wide range of habitats (e.g. forest, shrubland 
and farmland) and lifestyles (urban and wildland) in Central and 
Southwest China while A. chevrieri and A. latronum are typical for-
est species that restricted to mountainous areas (Liu & Wu, 2019). 
However, a unimodal symmetric pattern appeared at most once 
among the studied gradients for all of them, suggesting the gener-
ality of our findings. Weak support for the ACH has also been noted 

in birds. Freeman and Beehler (2018) found that only one-third of 
avian species showed a unimodal symmetric abundance distribu-
tion along a New Guinean elevational gradient. A similar propor-
tion (30%) of species displayed such spatial patterns on a Bornean 
mountain (Burner et al., 2019). These previous findings together 
with our research demonstrate that species may show heterogene-
ous abundance patterns along an elevational gradient. A typical ex-
ample is the WL gradient, where four types of abundance patterns 
were detected for five species. In addition to interspecific variabil-
ity, our study further indicates that species' elevational abundance 
patterns vary among different gradients (see the results for N. con-
fucianus as a representative species; Figure 2d). Such spatial varia-
bility may be due to several factors, including unique biogeographic 
histories, climatic differences, different levels of interspecific 
competition within a species' elevational range and demographic 
stochasticity. It is therefore important to include spatial replicates 
within or among geographic regions to test for the generality of a 
species' elevational abundance patterns.

The lack of support for the ACH could be driven by multiple fac-
tors. First, a species' ecological optimum along the gradient may not 

TA B L E  1   Elevational overlap value and RCAbuDiff (elevational 
distance between abundance-weighted range centres of two 
congeneric species relative to the elevational range of the 
corresponding elevational gradient) values for each Apodemus 
congeneric pair along 12 gradients. RCAbuDiff values > 0.25 are 
in bold, suggesting that congeners’ abundance-weighted range 
centres are separated by an elevational distance >300 m and at 
least one elevational climate zone in the study region

Gradient chevrieri---draco draco--latronum
chevrieri--
-latronum

FP NA NA NA

PHL 1.0/0.357 NA NA

TJH 1.0/0.335 1.0/0.186 1.0/0.181

WL 1.0/0.015 1.0/0.072 1.0/0.084

JJ NA 1.0/0.262 NA

GG 1.0/0.518 1.0/0.067 0.50/NC

EM 1.0/0.056 NA NA

LJ 1.0/0.056 0.77/0.302 0.52/NC

CSEH 1.0/0.181 1.0/0.295 1.0/0.476

BM 1.0/0.287 1.0/0.005 1.0/0.283

YD NA NA NA

SJL NA NA 1.0/0.097

Gradient abbreviations: FP: Foping; PHL: Pingheliang; TJH: Tangjiahe; 
WL: Wolong; JJ: Jiajin; GG: Gongga; EM: Emei; LJ: Luoji; CSEH: 
CangshanErhai; BM: Baima; YD: Yongde; SJL: Sejila.
NA: not available; NC: not calculated.

F I G U R E  5   Strip charts showing the values ofRCAbuDiff(the 
elevational distance between the abundance-weighted 
range centres of two congeneric species relative to the 
portion of the elevational gradient that they occupy) for 
threeApodemuscongeneric pairs across the gradients. The numbers 
of gradients in which we calculated theRCAbuDifffor each congeneric 
pair were 8 (chevrieri–draco), 7 (draco–latronum) and 5 (chevrieri–
latronum). The black diamond and whiskers illustrate the mean and 
standard deviations of the values ofRCAbuDiff, respectively
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coincide with its elevational range centre; rather, it may occur any-
where, including the range periphery (Pironon et al., 2017; Wilson 
et al., 2005). Under the assumption that abundance is higher at sites 
where the ecological conditions are more favourable, a pattern dis-
tinct from that predicted by the ACH may arise (Abeli et al., 2014; 
Sexton et al., 2009). In our study, four small mammal species showed 
a consistent trend of RCAbu < RCEle, suggesting that their ecologi-
cal optima are possibly located at the lower part of the elevational 
range. The departure of RCAbu from RCEle was most notable for A. 
chevrieri, which represents a helpful insight for guiding management 
work and specimen collection of this species (e.g. resulting in a higher 
potential for capturing more individuals at the lower part of its eleva-
tional range with similar efforts). Second, interspecific interactions 
could have a comparable and even greater effect on species abun-
dance than ecological factors (Brown, 1984; Santini et al., 2019), in-
cluding along elevational gradients (Ferenc et al., 2016; Wen, Wu, 
et al., 2018). For example, Ferenc et al. (2016) argued that competi-
tive release caused by a decreasing number of species is responsible 
for the increasing abundance of avian species at higher elevations 
because each species can obtain a higher share of environmental 
resources. Third, temporal variation in local abundance may cause 
the perceived pattern to be unstable (Freeman et al., 2019; Sexton 
et al., 2009), and a solution is to conduct a long-term survey to evalu-
ate the temporal consistency of the pattern. Other potential reasons 
for the weak support for the ACH include human disturbances (e.g. 
land use change can alter species abundance distributions, Freeman 
& Beehler, 2018) and the spatial variability of abundance patterns.

Although no response was the dominant pattern when describing 
the abundance distributions of all five species at the local scale (ele-
vational gradients, Figure 2), different abundance patterns emerged 
for four species at the regional scale. A. draco exhibited a unimodal 
symmetric pattern, which was consistent with the ACH. From the pro-
spective of elevational abundance patterns, our results reinforced the 
point that ACH may only be pertinent at certain spatial scales (Pironon 
et al., 2017; Sagarin et al., 2006). One possible explanation for the dis-
parity between local and regional patterns is that they are governed 
by different mechanisms. Local climate, interspecific interactions and 
micro-topographic variations may shape populations and commu-
nities of small mammals along a local elevational gradient (Patterson 
et al., 1989). However, habitat type and biogeographic history may have 
a stronger effect on the regional pattern (Wen, Cheng, et al., 2018).

4.2 | Congeneric-competition hypothesis

Previous studies have noted that interspecific aggression among 
congeners is evidence of competition, which in combination with the 
environment shape the elevational range limits of congeneric pairs 
(Jankowski et al., 2013). In the present study, we focused on three 
congeneric small mammal species that are both morphologically and 
ecologically similar (Li et al., 2012; Wang & Hu, 1999). The results 
indicated that their elevational ranges substantially overlapped 
across multiple gradients. Although elevational sympatry instead of 

parapatry or allopatry for congeneric species has been reported in 
previous studies on small mammals (McCain, 2004; Rowe et al., 2010) 
and birds (Elsen et al., 2017), our study presents robust evidence of 
high spatial overlap. Niche partitioning is a principal mechanism al-
lowing stable coexistence among competing taxa within a local com-
munity (Chesson, 2000; Monterroso et al., 2020; Schoener, 1974). 
Sympatric congeneric species have similar ecological preferences 
or phenotypes, and they are likely to show differentiation in at 
least one of the major niche dimensions (e.g. space [habitat], time 
and food resources) to reduce competition (Andersen et al., 2013; 
Siemers & Schnitzler, 2004). Niche partitioning may also explain the 
elevational sympatric distributions of the three Apodemus species in 
our study. At a certain elevation site, species can achieve coexist-
ence by utilizing different volumes of space (e.g. ground vs. tree) or 
adapting to different food resources. Alternatively, their activities 
may be separated in time, which was a primary factor underlying the 
sympatric distributions of two carnivores in northeastern Argentina 
(Di Bitetti et al., 2009). Li et al. (2012) compared the summer habitats 
between A. chevrieri and A. draco in the Tangjiahe Nature Reserve, 
which is located within the same geographic region as ours, and they 
found that habitats of the two species were characterized by strong 
differences in herb height and distance to water resource, which 
may explain their elevational sympatry in the current study.

Interspecific competition between congeneric species may influ-
ence their abundances at sympatric sites, where a negative correla-
tion between abundances often exists (Benítez-López et al., 2014). 
Following this reasoning, the maximum abundances of elevational 
sympatric congeners should occur at different sites within their shared 
range. We obtained some support for this prediction along elevational 
gradients. For each Apodemus congeneric pair type that had a high ele-
vational overlap (above 75%), 40.0% to 50.0% of the cases had RCAbuDiff 
values > 0.25, indicating that the congeners’ RCAbus were separated by 
a substantial elevational distance (>300 m). Although such elevational 
abundance patterns could also be explained by environmental factors 
(Elsen et al., 2017), such as temperature (e.g. the RCAbu of A. chevrieri was 
consistently lower than that of both A. draco and A. latronum, which may 
reflect the former's preference for warmer areas), competition may also 
play a role here since no inconsistent trend in the relative position of 
the RCAbu was observed between A. draco and A. latronum while spatial 
separation was found along three gradients in which they co- occurred. 
With spatially separated RCAbus, elevational sympatric congeners are 
able to attain greater fitness at the scale of the whole elevational gra-
dient, which may contribute to the high species diversity (encompass-
ing many congeneric species) of montane small mammals in Southwest 
China from the perspective of coexistence (Du et al., 2017).

5  | CONCLUSIONS

Species' elevational abundance patterns may vary among different el-
evational gradients in the same geographic region. In our study, the 
elevational abundance patterns of five mammalian species were rarely 
consistent with the ACH after the spatial variability of the pattern 
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was considered. However, the abundance patterns of congeneric spe-
cies showed moderate support for the CCH. Elevational abundance 
patterns may differ at different spatial scales, thus leading to differ-
ent degrees of support for the ACH. Our study indicates that spatial 
replicates (e.g. investigating multiple gradients or performing meta-
analysis) can offer opportunities to test for the generality of related 
patterns and processes. Despite great sampling difficulty, small mam-
mals represent taxa with broad interest in elevational studies world-
wide (McCain, 2005) and within specific ecoregions (Wen, Cheng, 
et al., 2018). Nevertheless, new empirical studies on such species and 
other vertebrates (e.g. birds and snakes) are still needed for theoreti-
cal advances in understanding the patterns of species abundance and 
distribution and the underlying mechanisms.
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