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been evaluated in different systems (Cottenie 2005, Beisner 
et al. 2006, Mykrä et al. 2007). However, the ways in which 
environmental factors interact with spatial factors to shape 
biodiversity patterns remains a controversial issue in ecology, 
and the results might shed light on the balance of underly-
ing deterministic versus stochastic processes. This balance, 
in turn, may determine the relative importance of different 
metacommunity processes, such as species sorting, mass 
effects, and neutral dynamics (Leibold et al. 2004).

In many landscapes environmental factors and spatial 
factors are intertwined as complex environmental gradi-
ents can result in complex spatial structure, both of which 
likely influence local diversity and patterns of metacom-
munity composition. For example, strong environmental 
gradients not only filter species locally, but might also act 
on spatial structure facilitating or limiting the dispersal of 
species among local communities, and therefore leading to 
a more complex metacommunity structure. Mountainous 
landscapes are a perfect example of this: species are usually 
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Untangling the ecological and evolutionary processes that 
regulate spatial biodiversity patterns is a central goal of 
basic and applied biology (Ricklefs 1987, Rosenzweig 1995, 
Holyoak et al. 2005). Both theory and empirical studies have 
shown that environmental gradients and spatial processes are 
important factors underpinning species distributions and 
community composition (Hubbell 2001, Chase and Ryberg 
2004, Leibold et al. 2010, Vellend 2010, Chase and Myers 
2011, HilleRisLambers et al. 2012). It is well-established 
that environmental tolerances can limit which species from 
a regional source pool are able to co-occur in a given local-
ity (Leibold 1998, Van der Gucht et al. 2007, Allen et al. 
2011, Kraft et al. 2015). Likewise, spatial patterns of habitat 
connectivity can either promote or inhibit the movement 
of species among environmentally similar habitat patches, 
with potential effects on alpha and beta diversity (Forbes and 
Chase 2002, Chase and Ryberg 2004). The relative contribu-
tion of environmental factors and spatial factors in shaping 
species richness as well as community structure patterns have 
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Understanding what drives biodiversity patterns across scales is a central goal of ecology. Both environmental gradients 
and spatial landscape structure have been found to be important factors influencing species distributions and community 
composition, and partly reflect the balance of underlying deterministic and stochastic community processes. In some 
systems, environmental gradients and spatial connectivity are intertwined in that steep environmental gradients serve 
as boundaries on species movements and impose environment-derived complex spatial structure to metacommunities. 
Mountainous landscapes are prime examples of this, and recent theory has linked principles of geomorphology, 
environmental gradients, and spatial structure to make predictions for resulting community patterns. In this context, we 
examine variation in taxonomic and phylogenetic ant diversity patterns along a geographic transect spanning  5000 m 
in elevational range in the Hengduan mountains of southern China. We found that environmental gradients dominate 
variation in both alpha and beta diversity in this landscape, with alpha diversity strongly declining with elevation and beta 
diversity driven by elevational differences. However, within an elevational band spatial connectivity predicts beta diversity 
better than geographic distance. Our findings deviate from theoretical predictions in several ways, notably alpha diversity 
is monotonically declining and within-band beta diversity is invariant with increasing elevation. The discrepancies between 
theory and observation may be explained by differences in the Hengduan landscape from idealized fluvial landscapes, 
such as a lack of a mid-elevation peak in connectivity, as well as evolutionary limits on the source pool of species available 
to populate metacommunities at different elevations. The latter is supported by variation in phylogenetic community 
structure with elevation. Our results demonstrate the power of conceptual, statistical, and theoretical frameworks that 
integrate the roles of environment and spatial structure in metacommunities, but that additional work is needed to bridge 
the gap between abstract theory and real systems.
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limited to certain elevational ranges (Rahbek 1995), due to 
their ecophysiological tolerances, rather than existing at all 
elevations, and therefore their movement is limited to com-
plicated networks of environmentally similar and variably 
connected habitat. This imposes a complex spatial structure 
to the metacommunity at each elevation, and that spatial 
structure (e.g. area, connectivity) itself may vary with eleva-
tion and impact diversity patterns.

The majority of studies examining biodiversity patterns 
along elevational gradients have focused on the effects of 
environmental covariates with elevation (e.g. temperature, 
precipitation, or environmentally driven biotic variables 
such as productivity), which have consistently been shown to 
have an effect on both physiological tolerances (Bishop et al. 
2016) and community composition (Rahbek 1995, Graham 
et al. 2009, Sanders and Rahbek 2012). The effects of spatial 
structure such as elevation–area correlations and geometric 
constraints have received some attention, mainly through 
the decline of area with increasing elevation and the species–
area relationship as well as the mid-domain effect caused by 
overlapping ranges in a bounded domain (Sanders 2002). 
However, less attention has been paid toward elevational gra-
dients in connectivity.

Recently, theory has been developed that synthesizes 
how aspects of landscape geomorphology, namely eleva-
tional gradients in the area and connectivity of environ-
mentally similar habitat, may drive biodiversity patterns 
(Bertuzzo et al. 2016, henceforth ‘BEA’). The premise of 
this work is that mountains are not ‘cones’, but exist in 
a complicated ‘fluvial’ landscapes shaped by geohydrology, 
the statistical properties of which are well understood. This 
theory made two predictions: first, habitat area actually 
peaks at mid-elevations in fluvial landscapes rather than 
the lowest elevations. Second, sites from mid-elevations are 
considered to be more interconnected than low and high 
elevation sites (e.g. valleys and mountain tops) because of 
the higher connectivity among the mid-elevational sites 
within the fluvial landscape. As a consequence of these 
two predictions, species richness (alpha diversity) should 
be highest at mid-elevations, showing a hump-shaped 
pattern (Bertuzzo et al. 2016), because alpha diversity 
should be promoted both by increased area and connectiv-
ity (Economo and Keitt 2010). In addition, although it 
was not explicitly considered by BEA, one can also infer 
that beta-diversity within elevational bands should show 
a mid-elevation minimum, because beta-diversity is sensi-
tive to spatial connectivity and dispersal limitation among 
environmentally similar habitats. This occurs because dis-
persal has a homogenizing effect on communities, and in 
the absence of dispersal the dynamics of local communities 
can lead to divergence in community structure. This is true 
in models where dynamics are governed by stochastic pro-
cesses such as ecological drift (Hubbell 2001, Economo and 
Keitt 2008) and those governed by deterministic dynam-
ics such as predator–prey, host–parasite, competition, or 
consumer–resource dynamics (Mouquet and Loreau 2003, 
Cadotte and Fukami 2005, Cadotte 2006). However, other 
potentially relevant factors were not included by the BEA 
model, for example evolutionary history could limit the 
lineages available to colonize different elevational ranges, 

meaning that species arrival rate could be different across 
elevations. These intruiguing theoretical advances have not 
yet been addressed empirically.

In this study we examine the drivers of species diver-
sity patterns in complex mountainous landscapes, and par-
ticularly in context of the new theoretical developments, 
using a case study of ant communities in the Hengduan 
mountains, China. Ant biodiversity along elevational gra-
dients have been explored by numerous studies, with two 
major patterns reported: hump-shaped patterns with a 
mid-elevation species richness peak (Sanders 2002, Sanders 
et al. 2003, Bishop et al. 2014, Colwell et al. 2016), or 
monotonically decreasing species richness with elevation 
(Robertson 2002, Sanders et al. 2007, Machac et al. 2011, 
Kwon et al. 2014). Different factors have been suggested 
as important drivers of ant diversity patterns across eleva-
tion by various studies, such as temperature (Sanders et al. 
2007, Machac et al. 2011, Kwon et al. 2014), area (Sanders 
2002), and geometric constraints (Sanders 2002, Colwell 
et al. 2016). However, the underlying causes of ant eleva-
tional diversity gradients is complicated in that multiple 
factors could interact with other processes such as landscape 
geomorphology, and therefore more comprehensive studies 
on the interactions of those factors are needed (Szewczyk 
and McCain 2016).

The Hengduan Mountains region, which forms the 
southeastern section of the Qinghai-Tibet Plateu, is located 
within the south-central China biodiversity hotspot (Myers 
et al. 2000). The region is characterized by its steep topo-
graphic gradients resulting from a series of mountain ranges 
and deep gorges oriented from north to south. A number 
of factors including landscape geomorphology, microhabi-
tat differentiation, and geographic isolation are thought to 
make this region one of the most diverse temperate regions 
in the northern hemisphere (Wu and Wang 1983). Due to 
high levels of diversity and endemism, this region has drawn 
significant research interest over the years (Fu et al. 2006, 
Wu et al. 2013a, b, Wen et al. 2016).

We evaluated the effects of environmental gradients and 
spatial factors on ant community patterns in this complex 
mountainous landscape. Toward this end, we investigated 
ant taxonomic and phylogenetic diversity patterns by sur-
veying ants along a transect spanning a 5000 m elevational 
gradient, and performed a multifaceted analysis of drivers 
of alpha and beta diversity using a combination of variance 
partitioning, beta diversity partitioning, and null model-
ing. First, we examined whether species richness declines 
monotonically or exhibits a hump-shaped relationship 
with elevation. Second, we tested whether beta diversity 
(and its nestedness and turnover components) is driven 
more by environmental gradients or spatial factors overall, 
and secondarily whether spatial connectivity metrics pre-
dict beta diversity better than geographic distance alone 
within similar elevations. Third, we compared the patterns 
we observed to the predictions of the BEA model (i.e. mid-
elevation maximum in alpha diversity and minimum in 
beta diversity) and investigated whether the assumptions of 
the model (i.e. mid-elevation peak in area and connectiv-
ity) derived from idealized fluvial landscapes apply to this 
real-world system.
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Methods

Study area and ant community survey

This study was carried out within Hengduan Mountains 
region (range from 24°40′N to 34°00′N and 96°20′E to 
104°30′E, Fig. 1A). Our ant community data are based on 
comprehensive surveys in the Hengduan Mountains region 
carried out from 2009 to 2011, including three expedi-
tions to Sejila Mountain, Demula Mountain, and Galongla 
Mountain. During each survey, ants were sampled along 
an interval of roughly every 250 m elevation. In total, 17 
sites from Sejila mountains (2000 to 4500 m), 24 sites 
from Demula mountain (1500 to 4750 m), and 20 sites 
from Galongla Mountains (740 to 4300 m) were sampled 
(Fig. 1D). Details on each sampling site are provided in 
Supplementary material Appendix 1.

At each sampling site, our goal was community charac-
terization, rather than a complete or ‘strict’ inventory sensu 
Longino and Colwell (1997). In other words, we sought to 
survey a large number of communities in a standardized and 
repeatable way so that they can be compared across gradi-
ents, but we do not attempt to comprehensively survey every 
species at each site. We thus established a 10-m-side-quadrat 
(100 m2), and randomly selected five 1-m2 quadrats within 
the 100 m2 quadrat. Within each 1-m2 quadrats, we first 
collect leaf litter ants using Davis Sifter. We then collect soil 
ants by digging and sifting 20 cm deep soil. Furthermore, we 
collected ants from 10 sub-sites within the 100 m2 quadrat 
by using Davis Sifter, hand collection, and beating sheet for 
5-person-hours to cover different microhabitats to get more 
accurate data on species richness and composition of each 
site. All the ants were pooled together as a single sample for 
each site. We used species richness estimators for four sites 

from different elevations, to ensure that the richness variation 
we measure is correlated with variation in the estimated total 
richness (Supplementary material Appendix 2). All the ant 
samples were then point-mounted and identified to species 
or (if undescribed) morphospecies level. All the specimens 
are located in Xu’s collection at Southwest Forestry Univ. in 
China.

Geomorphology and elevational connectivity

Elevation information was acquired from the USGS (2006) 
Shuttle Radar Topography Mission (SRTM) 1 Arc-Second 
data with 30 m spatial resolution and projected to Universal 
Transverse Mercator Zone 47N. The UTM projection mini-
mizes distortions among area, distance, and geometry for a 
given zone of interest. Area for each elevational band was 
calculated by summing pixels falling within the bands, and 
with an alternate method by summing the total surface area 
of each elevational band in a triangulated irregular network 
(TIN) model, which we confirmed gave near-identical results 
(Supplementary material Appendix 3). Before evaluating 
habitat connectivity, we first define a 400 m elevation range 
buffer that species can move without any cost (hypothetic 
species niche width along elevation). We evaluate habitat 
connectivity by calculating cost distance among all locali-
ties that are within the 400 m buffer (the analyses were also 
performed at 300 and 500 m buffers to test for sensitivity 
in buffer size). This is achieved by calculating path lengths 
between pairs of sites, weighting as more costly steps and 
paths that leave the 400 m elevational range. Input rasters 
were calculated for each survey location by subtracting the 
origin elevation from the DEM and taking the absolute 
value. In this way, all points start from a local zero and resist 

Figure 1. Landscape geomorphology of the study area. (A) Location of sampling region; (B) frequency distribution of area at each elevation; 
(C) elevational connectivity (represented by cost distance) between pairs that are within 400 m elevational difference of 3000 randomly 
simulated sites across the landscape; (D) digital elevation map (DEM) of the study area; (E–I) landscape connectivity in different 400 m 
elevational bands centered on the values in the legend. Blue dots indicate sampling localities.
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phylogenies. We first pruned those trees to only include the 
number of species in each genus collected in our fieldwork. 
Then we randomly placed all the species (both described and 
undescribed) in each genera (see also the Methods in Liu 
et al. 2016 for details).

Phylogenetic alpha diversity

Phylogenetic alpha diversity of each ant assemblage was esti-
mated by calculating the mean phylogenetic distance (MPD) 
(Webb et al. 2002). In order to test for non-random patterns 
of ant phylogenetic structure, we calculated standardized 
effect size of MPD (net relatedness index, NRI) by the equa-
tion below, where Meanobs is the observed MPD within each 
site, Meannull and s.d.null are the mean and standard deviation 
of MPD distribution of the null communities. Null model 
communities were generated by randomizing the commu-
nity data matrix using ‘independent swap’ method with 
1000 iterations. We conducted this calculation across all 100 
phylogenies and then extracted the arithmetic mean of the 
NRI distribution. MPD and NRI were calculated by using 
‘ses.mpd’ function in R Package ‘Picante’ (Kembel et al. 
2010). We multiplied NRI by –1 and therefore, a positive 
value indicates phylogenetic overdispersion, and a negative 
value indicates phylogenetic clustering.

SES Mean Mean s dobs null null= −( )/ . .

Taxonomic and phylogenetic beta diversities

Taxonomic beta diversity (TBD) between ant assemblages 
was calculated using pairwise Sørensen dissimilarity (TBDsor) 
and was further partitioned into turnover (TBDsim) and 
nested-resultant (TBDsne) components following the frame-
work of Baselga (2010). TBDsim is the dissimilarity only due 
to species turnover, while TBDsne is nested-resultant dissimi-
larity which only captures the richness differences among 
nested communities (Baselga 2010). It is worth noticing 
that TBDsne measures the fraction of total dissimilarity that 
is not due to species replacement, instead of nestedness  
per se (Baselga 2012).

Phylogenetic beta diversity (PBD) was calculated using 
PhyloSor distance matrix (PBDsor) and was also decom-
posed into turnover (PBDsim) and nestedness (PBDsne) com-
ponents, where PBDsne measure the differences due to the 
differences in Faith’s PD, and PBDsim is measure of ‘true’ 
lineage turnover (Leprieur et al. 2012).

The relative importance of turnover and nestedness of 
TBD and PDB was calculated as the proportion of total 
beta diversity explained by turnover using multiple-site dis-
similarity indices (TBDSIM/TBDSOR, and PBDSIM/PBDSOR, 
Baselga 2010, Leprieur et al. 2012). Spatial turnover is 
associated with deterministic niche-based processes, while 
nestedness is more related to dispersal limitation (Baselga 
2010). All the pairwise dissimilarity indices were calculated 
using R package ‘betapart’ (Baselga and Orme 2012). The 
standardized effect size of all pairwise taxonomic and phy-
logenetic dissimilarities (SES.TBDsor, SES.TBDsim, SES.
TBDsne, SES.PBDsor, SES.PBDsim, and SES.PBDsne) was 
also calculated using SES equation mentioned before. Null 

moving either higher or lower in elevation uniformly in the 
cost distance calculation. The resulting raster was binned by 
400 m to create bands of elevation values with no impact 
on the cost distance relationship. Bins were reclassified to 
integers, by ones, up to the maximum elevation value, such 
that the first bin of 0–400 is 1, and 400–800 is 2 and so on. 
The costs were then assigned based on the bins, for example, 
0–400 m away will have the cost of 1 and 400–800 m away 
will have the cost of 2 and so forth. Raster processing and 
cost distance analysis was done using ArcGIS Desktop ver. 
10.3, which calculates cost distance from each survey site to 
all other sites as distance traveled multiplied by weight, in 
this case, the reclassified raster, to find the optimum least 
cost path. In order to account for the potential sampling bias 
when evaluating habitat connectivity, we also calculate the 
cost distance based on 3000 randomly generated sites across 
the entire landscape.

Climatic and spatial variables

We tested whether local climate would affect taxonomic 
and phylogenetic biodiversity patterns of ants in Hengduan 
Mountains. We used the 19 bioclimatic variables from 
WorldClim (Hijmans et al. 2005) coincident with the 
GPS coordinates of our study sites. We first divided those 
variables into precipitation- and temperature-related sub-
sets. Second, for each subset, we remove all climatic vari-
ables with weak explanatory power (Spearman’s correlations 
between variables and responses |r|  0.1). Third, for each 
climatic subset, we addressed collinearity by investigat-
ing the bivariate correlations between all possible pairs of 
variables. If |r|  0.7, the variable with lower explanatory 
power was removed (see Dormann et al. 2013 for detail). 
We finally selected annual mean temperature (Bio1), mean 
diurnal range (Bio2), isothermality (Bio3), annual precipita-
tion (Bio12), and precipitation seasonality (Bio15) as unique 
sets of temperature- and precipitation-related variables for 
our study area. In a fourth step, for the climate character-
ization of each site, separate principal component analyses 
for the precipitation- and temperature-related variables were 
conducted to further reduce the dimensionality. Since PC1 
explained  99% of the variance for both variables, the oth-
ers components were discarded. For estimation of climatic 
distance among sites, Euclidean climate distance matrix was 
generated based on the five climatic variables.

Phylogeny

The community phylogenies were derived from a separate 
project to reconstruct large-scale ant phylogenies with all 
described ant taxa (and associated phylogenetic uncertainty) 
represented (Economo et al. unpubl.). By integrating the 
molecular data generated by other ant-wide phylogenies 
(Moreau et al. 2006, Moreau and Bell 2013, Brady et al. 
2014, Ward et al. 2015), those trees provide reliable relation-
ships between subfamilies and genera, but represent uncer-
tainty within genera and among species. For the analyses 
in our study, we generated subset of phylogenies by using 
the 100 trees from the posterior sets of the large-scale ant 



5-EV

TBDsne) and SES.PBD (SES.PBDsor, SES.PBDsim, and SES.
PBDsne), using an identity link function. To determine the 
relative contribution of each variable to predict SES.TBD 
and SES.PBD, we conducted a series of partial GAM to par-
tition the explained deviance into three fractions: explained 
by purely geographic distance, explained by purely climatic 
distance, explained by shared geographic and climatic dis-
tance. The GAM analyses were conducted using R package 
‘mgcv’ (Wood 2006). Generalized cross validation (GCV) 
optimization was used to choose the degree of freedom, and 
gamma penalty was set to 1.4 in order to reduce over-fitting 
(Wood 2006).

We also used GAM to examine how connectivity (cost 
distance), taxonomic beta diversity, and phylogenetic beta 
diversity among site pairs at similar elevations changes across 
elevation. GAM was also used to model the effect of cost 
distance and geographic distance on TBD and PDB within 
similar elevational ranges. Corrected version of Akaike 
information criterion (AICc) was used to test whether cost 
distance can predict TBD and PBD better than simple geo-
graphic distance. All statistical analyses were performed in R 
3.3.1 (R Development Core Team).

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.b258r > (Liu et al. 2017).

Results

Of the 61 localities surveyed, 127 ant species/morphospecies 
from 46 genera and eight subfamilies were detected across 
55 sites. Six high elevation sites (above 4500 m) lacked ants 
altogether (Supplementary material Appendix 1).

Geomorphology

In this landscape, area peaks at middle elevations, however, 
this peak is above the maximum elevation ants were detected 
(Fig. 1B, Supplementary material Appendix 3). There is 
complex spatial structure found at different elevational 
bands (Fig. 1E–I), but we did not detect a systematic cor-
relation between connectivity and elevation in this landscape 
according to our 3000 randomly chosen sites (Fig. 1C).

Alpha diversity along elevation

The relationship between species richness and elevation was 
strong and monotonically negative (R2  0.92, p  0.001, 
Fig. 2A). A strong decline of phylogenetic alpha diversity 
(–1  NRI) was also found along the elevational gradi-
ent (R2  0.70, p  0.001, Fig. 2B). The effect of spatial 
autocorrelation was not significant for both taxonomic and 
phylogenetic alpha diversity (with p  0.073, and p  0.081, 
respectively). Among these ant assemblages, 19 communi-
ties with most of them below 2500 m showed phylogenetic 
overdispersion (with positive –1  NRI value). Of these, 
three communities which below 1000 m were significantly 

model assemblages for computing standardized taxonomic 
beta diversities were generated by using the same method 
(‘independent swap’) as we calculated NRI, while the ran-
dom communities for calculating standardized phylogenetic 
diversities were generated by randomly shuffling the name 
of taxa across the tips of phylogeny for 1000 times following 
the R code in Swenson (2014).

For testing the relative role of geographic distance and 
environmental gradients, beta diversities between all pair-
wise sites were calculated. The species pool for the null 
model was defined as all the ant species we collected from 
all sites. Alternatively, in order to test the elevational con-
nectivity, we calculated beta diversities between all the pairs 
that are within the 400 m elevational buffer (300 and 500 m  
elevational buffers were also calculated). Species pools for 
each calculation were defined as the ant species that present 
or potentially present in each locality according to the spe-
cies elevational distribution. Species elevational distribution 
was defined as the elevation between the lowest locality and 
highest locality they have been collected. For those species 
only been collected from one locality, we assume its eleva-
tional distribution as the elevation of that locality  200 m 
(150 m for the 300 m elevational buffer, and 250 m for the 
500 m elevational buffer).

Statistical analyses

We evaluated whether climatic variables (precipitation, tem-
perature) and elevation are associated with ant species rich-
ness (SR) and phylogenetic structure (NRI) using generalized 
additive models (GAM). GAM extends generalized linear 
models (GLM) by incorporating smooth functions that are 
more flexible in modeling nonlinear relationships (Hastie 
and Tibshirani 1990). GAM has been used widely in eco-
logical studies such as species distribution modeling (Elith 
et al. 2006) as well as studies of alpha and beta diversity pat-
terns (Davey et al. 2013, La Sorte et al. 2014). Since there 
is very high collinearity between elevation and the first prin-
cipal component temperature and precipitation (Spearman’s 
correlations, |r|  0.9), we chose elevation as the surrogate 
predictor of environmental conditions. Potential spatial 
autocorrelation was controlled by using a smoothing func-
tion on the coordinates (latitude and longitude) of sampling 
sites (see also La Sorte et al. 2014). For alpha diversity, the 
GAM was specified as:

g (alpha diversity)  b0  s(lat, long)  s(elevation)

where g (alpha diversity) is the link function, alpha diversity is 
taxonomic alpha diversity (species richness) or phylo genetic 
alpha diversity (NRI), b0 is the intercept, and s is a thin plate 
regression spline (Wood 2006). As species richnesses are 
counts, we modeled the response as a Poisson distribution 
using a log link function, while NRI was modeled as normal 
distribution with identity link function.

We also used GAM to examine the effects of two pre-
dictor variables (geographic distance and Euclidean climatic 
distance) hypothesized to correlate with ant taxonomic and 
phylogenetic beta diversities among ant assemblages in the 
region. A GAM was conducted separately to the three com-
ponents of SES.TBD (SES.TBDsor, SES.TBDsim, and SES.
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between standardized taxonomic and phylogenetic beta 
diversity components (SES.TBDsim, SES.TBDsne, SES.
PBDsim, and SES.PBDsne) and climatic distance, while the 
relationship between these beta diversity components and 
geographic distance is not strong (Fig. 3). The results from 
GAM fitting showed that climatic distance and geographic 
distance together explained 53 and 72% of the variation 
in standardized taxonomic and phylogenetic beta diver-
sity (SES.TBDsor and SES.PBDsor, respectively). Overall,  
climatic distance has a larger effect on the beta diversity pat-
terns than the geographic distance (Supplementary material 
Appendix 4).

different from a null expectation at 0.05 level (Fig. 2B). 
Other communities showed phylogenetic clustering (with 
negative –1  NRI value) with 12 that were significant at 
0.05 level.

Environmental and spatial drivers of beta diversity

Taxonomic and phylogenetic beta diversity among ant 
assemblages in Hengduan Mountains was largely due to 
species and lineage replacement (TBDSIM/TBDSOR  0.94; 
PBDSIM/PBDSOR  0.92). A strong relationship was found 

Figure 2. The relationship between ant alpha diversity and elevation. (A) Species richness with elevation, (B) phylogenetic alpha diversity 
(represented by –1  NRI) declining with elevation. The size of circle is proportional to species richness in the community. Red color indi-
cates phylogenetic overdispersion, while the blue indicates clustering.

Figure 3. Relationships of standardized beta diversities with climate distance and geographic distance (dot color). (A–C) Standardized 
taxonomic beta diversities (represented by SES.TBDsor, SES.TBDsim, SES.TBDsne); (D–F) standardized phylogenetic beta diversities 
(represented by SES.PBDsor, SES.PBDsim, and SES.PBDsne). The pie charts depict the fraction total explained deviance in beta diversities 
explained by climatic distance only, geographic distance only, and the combination of both (letter c, g, and b, respectively). The numbers 
indicate the deviance in beta diversities explained by climatic distance alone.
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phylogenetic beta diversities were significantly correlated 
with cost distance (GAM, TBDsor: p  0.001, R2  0.31; 
PBDsor: p  0.001, R2  0.23, n  322; Fig. 4A, B), indi-
cating that elevational connectivity has an important role 
in shaping ant diversity patterns within similar environ-
ments. Although TBD and PBD were also correlated with 
geographic distance (GAM, TBDsor: p  0.001, R2  0.27, 
PBDsor: p  0.001, R2  0.13, n  322; Fig. 4C, D), cost 
distance is the better predictor of species and phyloge-
netic composition within the similar elevational buffer 
(ΔAICc  –11.36 for TBDsor; ΔAICc  –35.14 for PBDsor). 
Cost distance, TBD, and PBD between each pairs within 
400 m elevational difference are largely consistent within 
elevation (GAM, cost distance: p  0.15, R2  0.003; 
TBDsor: p  0.054, R2  0.008; PBDsor: p  0.002, 
R2  0.030; n  322; Fig. 5), indicating that the habitat 

Partial GAM analyses also showed that the variance in 
taxonomic and phylogenetic beta diversity components 
(SES.TBDsim, SES.TBDsne, SES.PBDsim, and SES.PBDsne) 
explained by climatic distance was much larger than 
explained by geographic distance (Fig. 3, Table 1), indicat-
ing that climatic distance between sites have played a much 
greater role than geographic distance in shaping taxonomic 
and phylogenetic composition of ant assemblages.

Elevational connectivity

Since the results from different elevational buffers were 
largely consistent (Supplementary material Appendix 5), 
we only present the results based on the 400 m elevational 
buffer. Within the 400 m elevational buffer, taxonomic and 

Table 1. Summary of each partial generalized additive model with F statistics, effective degree of freedom (edf), p-value and adjusted R2 for 
the relationship of taxonomic and phylogenetic beta diversity components to the two variables (geographic distance and climatic distance). 
See Methods for details on predictors and models. n  1394.

Climate distance Geographic distance

Beta diversities F edf p R2 F edf p R2

TBDsor 169.1 5.763  0.001 0.441 51.72 8.37  0.001 0.234
TBDsim 169.2 5.819  0.001 0.443 51.88 8.4  0.001 0.235
TBDsne 165.5 5.603  0.001 0.445 37.26 8.49  0.001 0.19
PBDsor 410.4 7.413  0.001 0.699 22.94 8.265  0.001 0.119
PBDsim 3275 1  0.001 0.688 20.23 7.905  0.001 0.105
PBDsne 133.5 7.125  0.001 0.423 4.121 6.664  0.001 0.0191

Figure 4. The fit of generalized additive models (GAM) with 95% confidence interval examining the relationship between standardized beta 
diversities and cost distance (A, B), and between standardized beta diversities and geographic distance (C, D). Taxonomic beta diversity and 
phylogenetic beta diversity are represented by SES.TBDsor and SES.PBDsor, respectively. All the pairwise comparisons are the local 
communities within 400 m elevational buffer.
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environmental constraints at higher elevation influence the 
assembly of communities by filtering out the ant species or 
lineages that cannot persist there. For example, most ant 
species found at high-elevation sites ( 4000 m) are from 
the genera Formica and Myrmica (Supplementary material 
Appendix 1 Table A1.2). Phylogenetic overdispersion in low-
lands has been interpreted as evidence that intense interspe-
cific competition between species with similar traits shapes 
the structure of communities (Graham et al. 2009, Machac 
et al. 2011).

Overall, across our study region the strongest variable 
controlling ant taxonomic and phylogenetic beta diversity 
was the elevational/environmental difference between locali-
ties. Ant beta diversities were lower than the null expectation 
when ant assemblages are inhabiting similar environments, 
while higher than expected when ant communities are from 
more different environments. Those results highlight the role 
of species sorting processes (Leibold et al. 2004), where the 
local ant species and phylogenetic composition are largely 
determined by local environmental conditions rather than 
dispersal limitation.

Ant taxonomic beta diversity was mainly driven by 
species replacement along elevational gradients as demon-
strated by the remarkably high proportion of the turnover 
component (94%), rather than nestedness component, 
of beta diversity. Similarly, ant phylogenetic beta diversity 
was largely determined by lineage replacement, with a high 
percentage of phylogenetic turnover (93%). These findings 
indicate that the ability to persist at high elevations is highly 

connectivity was overall similar between different elevations 
in our study.

Discussion

Our analysis of ant communities in China’s Hengduan 
Mountains revealed a number of patterns that provide 
insight into metacommunity processes. Overall, our results 
highlight the predominant role of elevation-driven environ-
mental gradients in shaping ant species distribution patterns 
in the region, with a secondary role for spatial connectivity 
detected within similar elevations. However, on the whole 
our findings are inconsistent with theoretical predictions, 
but even when theory does not match empirical patterns, 
it can be a useful framework for learning from empirical 
results.

We found a monotonic decline in local ant species rich-
ness with increasing elevation. While not an unusual find-
ing for ant elevation–richness patterns, this result is not 
consistent with the theoretical prediction of a mid-elevation 
richness peak (Bertuzzo et al. 2016). Ant phylogenetic alpha 
diversity showed a shifting pattern along the elevational gra-
dient from phylogenetic overdispersion in warm lowlands 
to phylogenetic clustering at cool high-elevation sites. A 
similar phylogenetic trend along elevation has been reported 
in many taxa including ants (Graham et al. 2009, Machac 
et al. 2011, Hoiss et al. 2012, Brehm et al. 2013). Clustered 
phylogenetic structure at high elevation indicates that strong 

Figure 5. The fit of generalized additive models (GAM) with 95% confidence interval examining the changes in cost distance (A), geo-
graphic distance (B) as well as standardized taxonomic and phylogenetic beta diversities (C, D) along elevation. Dots are pairs of localities 
located within a maximum of 400 m elevational distance, with the x-axis representing the average elevation between two sites. Taxonomic 
beta diversity and phylogenetic beta diversity are represented by SES.TBDsor and SES.PBDsor, respectively.
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area. This assumption is the most sensible starting point for 
generalized theory, but there are reasons why this may not 
hold in our system (or others). Species enter the landscape 
either through speciation or colonization from the outside, 
but this rate may vary with elevation due to a number of 
factors. First, environmental tolerances are highly conserved 
in ants (Pie 2016, Economo et al. unpubl.), with high eleva-
tion habitats dominated by a few ant genera (e.g. Formica, 
Myrmica) that also dominate at low-elevations at high-
latitudes. Physiological limits apparently preclude persis-
tence of ant populations above 4500 m in our system. The 
strong phylogenetic clustering found at high elevations in 
the Hengduan Mountains and high phylogenetic turnover 
across elevations implies that only a relatively few lineages 
are able to colonize high elevations, and overall lineages are 
limited in their ability to evolve across elevational ranges. 
This, in turn, could limit the steady-state number of species 
persisting at high elevations.

The issue of species pools is also intertwined with the 
issue of spatial scale. In the BEA model, area peaks at inter-
mediate elevations, and this is one factor promoting high 
species richness at mid-elevations. This expectation assumes 
that the whole relevant area for the species pool is within 
the mountainous landscape. However, a previous study 
(Sanders 2002) on elevational gradients in ants made a dif-
ferent argument; that richness followed species–area rela-
tionships, and area declines with elevation using empirical 
data (e.g. not just based on a simple ‘mountain cone’ anal-
ogy). The difference is that the latter study used entire US 
states (e.g. Colorado, Wyoming) to be the focal areas, where 
mountain ranges may be surrounded by vast expanses of 
low-elevation plain, and thus area has an overall declining 
relationship with elevation. This could be a factor in our 
study as well, the lower-elevation areas within the mountain 
landscape are essentially connected to vast expanses of the 
Indo-Gangetic Plain, greatly increasing the potential species 
pool and increasing colonization rate of species into lower 
elevations relative to mid-and high-elevations. The above 
factors could all systematically change the rate of species 
input into the system across elevation and affect elevational 
richness gradients.

Overall, despite the discrepancies between the BEA model 
and our empirical system, we think the former represents a 
promising first step toward an integrative metacommunity 
approach to biodiversity patterns in mountainous land-
scapes. The issues addressed above, particularly more explicit 
treatment of species pools, colonization rates, niche lability, 
and the issue of spatial scale, could be addressed in future 
extensions and iterations of theory. If such advances can be 
made to tie general theory more closely to empirical systems, 
it would facilitate a more penetrating comparison of this 
class of theory with other qualitatively different explanatory 
frameworks. For example, the BEA model is based on the 
more general idea in metacommunity theory, tracing back 
to the island biogeography theory (MacArthur and Wilson 
1967) and later neutral theory (Hubbell 2001), that species 
input and extinction interact with habitat area and connec-
tivity to drive diversity patterns. Environment is included, 
but only to limit species distributions rather than having 
a direct influence on community level structure. A wholly 
different kind of explanation would be that environmental 

phylogenetically conserved and evolutionary history strongly 
limits elevational distribution of species.

While elevation was the dominant variable explaining 
beta diversity across all communities, within elevational 
bands we found a significant correlation between spatial 
variables and beta diversity, indicating that habitat connec-
tivity affects the pattern of species distribution significantly 
within tracts of relatively homogeneous environment. The 
fact that cost distance (elevational connectivity) was a better 
predictor of beta diversities (TBD and PBD) than simple 
geographic distance among pairs of communities highlights 
the role of dispersal limitation interacting with the complex 
spatial geometry of the landscape. This structure, in turn, 
is driven by elevation-driven environmental gradients. The 
strength of beta diversity within elevational bands did not 
itself vary with elevation, a finding that is inconsistent with 
theoretical predictions that connectivity varies systematically 
with elevation and drives biodiversity patterns (Bertuzzo 
et al. 2016).

The theory developed by BEA is based on the well-
justified premises that habitat area, dispersal limitation, 
and environmental gradients all contribute to biodiversity 
patterns in metacommunities (Leibold et al. 2004). These 
premises, combined with the geomorphological features of 
fluvial landscapes, lead to predictions about biodiversity pat-
terns. So, what explains the discrepancy between theoretical 
predictions and our case study of ant metacommunities in 
Tibet?

First, we note that the geomorphology of our study land-
scape does not completely match features from idealized flu-
vial landscapes. In the BEA model both mountain valleys 
and mountain peaks are less connected than mid-elevations. 
In our landscape, spatial connectivity does not have a mid-
elevation peak, and does not vary strongly with elevation 
(Fig. 1C). This could be in part because of a general trend in 
elevation from south to north across the landscape (Fig. 1D), 
such that corresponding geomorphological features – moun-
tain peaks, mid-elevations, and valleys – do not correspond 
to the same elevations as one moves across the landscape. 
Second, in the BEA model habitat area also peaks at mid-
elevations. This is also true in our landscape (Fig. 1B), how-
ever the area-peak is very high at around 5000 m, which 
is above the maximum elevation that ants were detected  
(4500 m). This means that area was monotonically increas-
ing with elevation within the elevational ranges that were 
tolerable to our study taxon, rather than declining (as would 
be implied by the simple mountain ‘cone’ analogy), or peak-
ing at mid-elevation as predicted by idealized fluvial land-
scapes. We also note that despite the predictions derived 
from idealized fluvial landscapes, a recent study found that 
only 39% of mountain ranges exhibited mid-elevation 
peak in area after investigating the topography among 182 
mountain ranges globally (Elsen and Tingley 2015).

The fact that no ant species were able to establish in high 
elevation habitats hints at a potential mismatch between cur-
rent theory and the real-world system: the process by which 
species enter the metacommunity and the species pools 
from which they are drawn. In the BEA model, new spe-
cies enter the system randomly and at the same rate at all 
elevations, which could be interpreted as either a speciation 
process and/or colonization process from outside the focal 
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Colwell, R. K. et al. 2016. Midpoint attractors and species richness: 
modelling the interaction between environmental drivers and 
geometric constraints. – Ecol. Lett. 19: 1009–1022.

Cottenie, K. 2005. Integrating environmental and spatial  
processes in ecological community dynamics. – Ecol. Lett. 8: 
1175–1182.

Currie, D. J. 1991. Energy and large-scale patterns of animal- and 
plant-species richness. – Am. Nat. 137: 27–49.
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revealing species’ contribution. – J. Anim. Ecol. 82: 551–561.

Dormann, C. F. et al. 2013. Collinearity: a review of methods to 
deal with it and a simulation study evaluating their performance. 
– Ecography 36: 27–46.
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neutral metacommunities: a network approach. – Ecol. Lett. 
11: 52–62.
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1355–1363.

Elith, J. et al. 2006. Novel methods improve prediction of  
species’ distributions from occurrence data. – Ecography 29: 
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factors such as temperature (possibly through energy and 
productivity) have a direct influence on local species coexis-
tence, which provides local constraints on richness that scale 
up to landscape-level patterns (Currie 1991, Waide et al. 
1999, Clarke and Gaston 2006, Hessen et al. 2007).

Conclusions

Mountainous areas are significant centers for biodiversity, 
endemism, and conservation around the world (Myers et al. 
2000, Fjeldså et al. 2012). Understanding the mechanisms 
that shape biodiversity patterns is necessary for designing 
effective conservation strategies as climate change alters the 
spatial and environmental structure of mountain landscapes 
worldwide (Elsen and Tingley 2015). However, inferring 
underlying processes from observed diversity patterns can 
be difficult due to the fact that multiple processes can con-
tribute to the patterns simultaneously (e.g. environmental 
gradients and spatial structure, Leibold et al. 2004). Theory 
can help increase understanding and generate predictions 
linking pattern to process. By investigating ant taxonomic 
and phylogenetic diversity patterns in a complex moun-
tainous landscape, our study showed that elevation-driven 
environmental gradients, spatial factors, as well as landscape 
geomorphology together affect ant biodiversity patterns in 
a mountainous biodiversity hotspot. Taken together, our 
study highlights the power of a pluralistic approach integrat-
ing field surveys with conceptual, statistical, and theoretical 
frameworks to understand the drivers of species distribution 
patterns. Future research bridging the gap between theory 
and the real-world systems will enhance our understanding 
of the mechanisms that govern biodiversity patterns.
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