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Abstract
To document the elevational richness patterns of birds in a biodiversity hotspot in south-western China, the Gaoligong Mountains and assess the role of different spatial factors, climatic factors and landscape composition in shaping the richness patterns.
The east slope of the southern part of Gaoligong Mountains (24.79°N-26.49°N, 98.65°E-98.93°E), which is the western-most part of the Hengduan Mountains, China. We conducted field surveys of birds at each 300-m band from 700 to 3400 m a.s.l., and for the two bands from 3400 to 4000 m a.s.l., we obtained data from historical records. We obtained climatic recording data from local meteorological stations that were located in our study area and calculated the mean annual temperature and precipitation. We also calculated the area, MDE (the mid-domain effect), NDVI (the normalized difference vegetation index), habitat heterogeneity and human disturbance for each 300-m band. We then used multiple regression analysis to test the explanatory power of different factors for the elevational richness patterns of overall, endemic, non-endemic, large-ranged, and small-ranged birds. A total of 277 breeding bird species were recorded. We found consistent hump-shaped patterns of species richness with elevation with varied peaks for different groups. The richness of endemic birds peaked at higher elevation than non-endemic birds. Temperature and human disturbance played important roles in shaping the richness patterns of most bird groups whereas MDE contributed to the richness pattern of large-ranged species. Although none of the seven factors (area, MDE, mean annual temperature, annual precipitation, NDVI, habitat heterogeneity and human disturbance) showed consistent explanatory power among different species groups, temperature and human disturbance correlated well with most bird groups, indicating that more studies are needed in this biodiversity hotspot to clarify the detailed influence of anthropogenic activities and climate change on elevational distributions of birds.
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Introduction
The exceptionally high biodiversity on mountain ranges is now under threat from rapid environmental change (Quintero & Jetz, 2018). Understanding geographic patterns of variation in species richness is critical for biodiversity conservation and for predicting the future consequences of environmental degradation and climate change (Vetaas & Grytnes, 2002; Wu, Yang, et al., 2013). Mountains represent ideal systems to study hypothesized mechanisms underlying changes in species richness because they contain steep environmental gradients in small areas where dispersal limitation (Hubbell, 2001) is unlikely to be a confounding variable. Elevational gradients can also be replicated in different locations and geographical regions, which is difficult to achieve in latitudinal gradients where the same environmental factors such as temperature changes, but over very large geographic areas where other confounding factors also vary (McCain, 2009). 
Previous studies examining elevational richness patterns of montane species have shown that a hump-shaped pattern was the most common one with species richness reaching a peak at middle elevations (Rahbek 1995, 2005). Moreover, peaks of species richness varied among taxonomic groups, mountain ranges, spatial scales (Kluge et al., 2017; Mccain, 2009), and the percentage of an entire gradient that was sampled (Nogués-Bravo, Araújo, Romdal, & Rahbek, 2008). At least seven hypotheses have been proposed to explain the elevational richness patterns in mountain ranges, which can generally be grouped into three categories: spatial factors [species area relationships (SAR), mid-domain effects (MDE)], climatic factors [e.g. mean annual temperature (MAT), annual precipitation (AP) and their combined effect, productivity] and landscape composition [e.g. habitat heterogeneity (HH), human disturbance (HD)] (McCain & Grytnes, 2010).
The classical species-area relationship hypothesis (SAR) proposes that species richness and area are positively correlated (Rosenzweig, 1995). SAR predicts that elevational gradients covering more area on mountain regions should harbour more species (Rahbek, 1997). The MDE, which considers geometric boundary constraints when analyzing species richness, is defined as species ranges that tend to overlap in domain centres due to dispersal limitation, resulting in a mid-domain richness peak (Colwell & Hurtt, 1994; Colwell, Rahbek, & Gotelli, 2004). Subsequent studies found that MDE could explain a substantial proportion of the elevational variation in species richness (Hu et al., 2017; Rowe, 2009; Wu, Colwell, et al., 2013).
MAT and AP (a proxy for ambient water availability), which are the most important climatic factors for species richness (O’Brian 1998, 2006), can influence richness patterns both directly through species’ physiological tolerances and indirectly by affecting energy availability (Currie et al., 2004; Rowe, Heaney, & Rickart, 2015). The combined effect of temperature and water determine energy availability, and previous studies have reported a positive relationship between primary productivity (used as a proxy for energy availability and estimated using the normalized difference vegetation index [NDVI]) and species richness (Hurlbert & Haskell, 2003; Koh, Lee, & Lin, 2006; Pan et al., 2016; Wu, Colwell, et al., 2013). 
High levels of habitat diversity and structural complexity have been hypothesized to increase species richness by increasing availability of resources and niches (the HH Hypothesis: MacArthur & MacArthur, 1961). Extensive HD, however, can modify or destroy some habitat types that are crucial for some species, which may decrease species richness (Koh et al., 2006). Alternatively, limited levels of human disturbance may increase local richness by adding species that depend upon disturbed habitats (Nogués-Bravo et al., 2008; Zhang, Kissling, & He, 2013) without necessarily eliminating species that depend upon undisturbed habitats. Thus, understanding the interaction of HH and HD and their effects on species richness is critical for biodiversity conservation.
Situated in southwest China, the Hengduan Mountains are the most biologically diverse areas in China (Lan & Dunbar, 2000), and are one of the world’s 34 biodiversity hotspots (Mittermeier et al., 2005). Previous studies in this region have reported species richness patterns for mammals (Liu et al., 2005; Ma et al., 2010; Wu, Yang, et al., 2013), birds (He et al., 2019; Hu et al., 2016; Wu, Colwell, et al., 2013; Wu et al., 2014;), reptiles (Fu et al., 2007), and amphibians (Fu et al., 2006), revealing predominantly hump-shaped patterns with richness maxima occurring at different elevations. The hypothesized mechanisms shaping the hump-shaped richness patterns, however, varied among taxa. The Gaoligong Mountains (GM) comprise the western-most and most isolated range of the Hengduan Mountains. The geology, bioclimate, and evolutionary history are the most varied and diverse of the entire Hengduan Mountains, and therefore provide an excellent opportunity to study how these factors interact to affect patterns of biodiversity (Chaplin 2005). Yet, there are few studies of elevational richness patterns and underlying mechanisms along this gradient, except for one study of seed plants (Wang, Tang, & Fang, 2007). Birds are among the best-documented animal groups and ornithological data can help drive conservation priority-setting. Although ornithological surveys of the GM were conducted in the last three decades (Xue, 1995; Lan & Dunbar 2001; Dumbacher, Miller, Flannery, & Yang, 2011, Gao, Wang, He & Luo, 2017), an optimally designed collection of primary field data along an elevational gradient was still lacking. The goal of this study was to elucidate the patterns of species richness along an elevational gradient in the GM using standardized field sampling and to use these data to explore the relative importance of the seven hypothesized mechanisms underlying patterns of species richness described above (SAR, MDE, MAT, AP, NDVI, HH, and HD). 

Materials and Methods
Study area
We conducted field surveys on the east slope of the central part of GM (24.79°N-26.49°N, 98.65°E-98.93°E, Fig. 1). This area covers a total area of 2247.3 km2. Acute topographical relief has created high peaks and deep valleys, which present substantial barriers for species dispersal, leading to the formation and development of high endemism (Li, Guo, & Dao, 2000). The climate of this area is dominated by the southwest monsoon from the Indian Ocean. The wet season lasts from May to October, and the dry season occurs from November to April. Vegetation varies from the valley to the mountaintop. Below 1000 m a. s. l., there is monsoon forest, then evergreen broadleaf forest (1000-2600 m a. s. l.), coniferous broadleaf mixed forest (1000-3000 m a. s. l.), coniferous forest (2700 m-3500 m a. s. l.), alpine meadow and alpine tundra (above 3400 m a. s. l.), and the treeline is around 3500 m a. s. l. (Xue, 1995). 
Bird sampling
We divided the entire gradient from the Nujiang valley (700 m. a. s. l.) to the mountain top (4000 m. a. s. l.) into 11 elevational bands of 300-m. In each of the 9 bands from 700 to 3400 m a. s. l., we designed 2-5 transects that varied in length from 1-4 km and could cover all the habitat types. To ensure that the sampling efforts were equally distributed across the gradient, the total length of all transects in each of the 9 bands was restricted to 7 km. For all transects, bird surveys were conducted six times during the breeding season (April and May in 2016, 2017 and 2018). We used standard line transect methods (Bibby, Burgess, Hill, & Mustoe, 2000) to survey birds and record the presence and abundance of bird species together with their position information according to a handheld GPS. Surveys were only conducted during peak hours of bird activity, (the 4 hours after sunrise and 3 hours before sunset) and were not conducted at mid-day or during inclement weather.
We were unable to census the two highest elevational bands during this study because of the remoteness of the few sites that included these elevational bands and because the harsh, windy weather made standard line transects very difficult to conduct. For these reasons, we used data that we collected in previous years that used different methods that get around the problems with inaccessibility and chronic severe weather. For the highest (3700-4000 m a.s.l.) elevational band, we used data from 20 camera traps set out from May 2015 to June 2016) (Gao et al 2017). For the elevational band between 3400-3700m a.s.l., we recorded the birds observed during in a single trip from Pianma Pass to Tingming Lake, a 22-km transect sampled in July of 2014 (Liang et al., 2015). Birds were so scarce above 3400m a.s.l. that we do not feel that we missed any species that occurred above 3400m a.s.l. in spite of the different methods that we used. The taxonomic system followed the CBR Checklist of Birds of China v5.0 (2017).
For each band from 700 to 3400 m a. s. l., we used species accumulation curves to test whether species diversity was sampled adequately, and assumed an adequate survey of species if the species accumulation curves reach a plateau or an asymptote (Magurran & McGill, 2011). We used EstimateS 9.10 (Colwell, 2013) to randomize the accumulation order of individuals 50 times and obtained the individual-based rarefaction curves. Furthermore, we computed estimated species richness (MMMean and Chao2) for each band based on sample-based rarefaction in EstimateS. Then we performed regression of the observed species richness against the estimated species richness.
Although all bird species were recorded during field surveys, only breeding birds (defined as those birds that breed in the study area) were analyzed in this study, because migrants could lead to a bias in the elevational range size (McCain, 2009). To compute the whole range of birds, we used interpolation methods to compute the range of all bird species; these methods assume species to be present between their highest and lowest recorded elevational bands (Colwell & Hurtt, 1994; Colwell et al., 2004). Although this interpolation method may create potential bias of observed patterns (Grytnes & Vetaas, 2002; Hu et al., 2016), gaps in recorded distribution are more likely due to incomplete sampling rather than to true gaps of species distribution. We further transformed the range size of each species to “n×300” (“n” means the number of elevational bands covered by the interpolated range of this species) for further analyses.
Spatial factors
To explore the effects of SAR, we calculated the amount of three-dimensional surface area for each 300-m band of elevation using ArcGIS 10.2 (ESRI, Redlands, CA, USA). Calculations were based on the GDEM 30-m digital elevation data from the International Scientific & Technical Data Mirror Site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn/). 
To test the MDE hypothesis, we used RangeModel 5 (Colwell, 2006) to estimate predicted species richness under geometric constraints. We randomized the empirical species ranges within the bounded domain (without replacement, see Colwell & Lees, 2000) and computed predicted richness and their 95% confidence intervals for each 300-m band based on the mean of 5,000 simulations.
Climatic factors
We obtained the climatic recording data from 21 selected meteorological stations located in our study area. We used the monthly records (for 3 years, 2013, 2014 and 2015) to calculate MAT (using linear regression) and AP (using LOESS regression) for each 300-m elevational band. MAT and AP for the sites without records were linearly or curvilinearly estimated based on the data from nearby sites with records.
We used the NDVI as proxy for the above-ground net primary productivity. We averaged the NDVI data for the study area for each 300-band over 4 years (2011-2014), using ERDAS IMAGINE 9.2 (ERDAS, Norcross, GA, USA). The data were obtained from the Ministry of Environment Protection of the People’s Republic of China (http://www.zhb.gov.cn).
Landscape composition
To calculate habitat heterogeneity and human disturbance, we downloaded land cover data from the GlobeLand30 product (http://www.globallandcover.com). Land cover types were classified into water bodies, wetland, artificial surfaces, tundra, permanent snow and ice, grasslands, barren lands, cultivated land, shrub lands, and forests and primarily reflect the anthropogenic land use and the different types of vegetation. HH was summarized using the Shannon diversity index of land cover types (Turner & Gardner, 2015). We combined the land cover data and a 30-m digital elevation model (DEM) of the study area to calculate the area for each land-cover type within each 300-m elevational band, using ArcGIS 10.2 (ESRI, Redlands, CA, USA). We calculated proportions of artificial surfaces and cultivated land in each elevational band to quantify HD (Zhang et al., 2013).
Species grouping
 To discern the richness patterns of different species groups of birds and whether they are influenced by different factors, we broke species down into several groups: (1) endemic species that were found only in the Hengduan Mountains and adjacent Himalayas, (2) large-ranged species  “with ranges above median size (elevational range size 1, 650 m, and (3) “small-ranged” species with ranges below median size (following Wu, Yang, et al., 2013).
Statistical analyses
We performed polynomial regressions to discern the elevational distribution pattern of interpolated species richness (for overall and species groupings) as a function of elevation along the gradient, guided by the corrected Akaike’s information criteria (AICc) with smaller AICc values indicating a better fit. 
We computed multiple linear regressions to consider factors in combination to develop an understanding of how diversity patterns are structured. The best model was selected from the 127 models representing all possible combinations of 7 variables (Area, MDE, MAT, AP, NDVI, HH, and HD), guided by lowest AICc (Anderson, Burnham, & White, 1998). However, sometimes it can be challenging to choose the best model due to nearly equivalent support for multiple models (i.e., ΔAICc < 2). We furthermore performed model-averaging to compare with the selected best model and assess the relative importance of different factors by standardized beta coefficients (Anderson & Burnham, 2002; Johnson & Omland, 2004). It is not feasible to apply spatial autoregressive analyses with seven explanatory variables in the case of a limited sample size. Thus, no P-values were reported for the multiple regressions (Brehm, Colwell, & Kluge, 2007). The multicollinearity [as quantified by the variance inflation factor (VIF)] among explanatory variables would affect credibility of results (Graham, 2003). Thus, we used Spearman’s rank correlation to examine the relationships among the seven variables (Area, MDE, MAT, AP, NDVI, HH, and HD). To reduce the multicollinearity in the model, we further conducted multiple OLS models without Area, AP, NDVI and HD (considering the correlation between the seven factors, Table 1).
Polynomial regressions were performed in PAST 2.17 (Hammer, Harper, & Ryan, 2001). Spearman correlation and multiple regression analyses were performed in SAM 4.0 (Rangel, Diniz-Filho, & Bini, 2010).

Results
Elevational richness patterns
Overall, we recorded 296 species, including 277 breeding species and 19 migrants. The breeding species were distributed among 14 orders and 55 families (see Appendix S1 in Supporting Information). Of all the breeding birds, 69 were endemic and 208 were non-endemic. Seventy-nine species were assigned to the “large-ranged” group and 198 species were assigned to the “small-ranged” group. For each band from 700 to 3400 m. a. s. l, all the species accumulation curves reached a plateau or an asymptote (Fig. 2), which suggests that sampling was adequate to reflect species richness patterns along this gradient. A further indication that our sampling effort was adequate came from the close correlation of the observed species richness with the estimated species richness (MMMean, r2=0.920, P<0.01; Chao2, r2=0.877, P<0.01, see Appendix S2 in Supporting Information).
The interpolated species richness of all birds together and of each group separately showed hump-shaped patterns along the elevational gradient, indicated by the polynomial regressions (Table 2). Overall bird species richness nearly reached a plateau at 1300-1900 m and reached the peak at the 1600-1900 m elevational band (Fig. 3a). The species richness of endemic species reached a peak at a higher elevational band (2500-2800 m, Fig. 3b) than the non-endemic group (1300-1600 m, Fig. 3c). The richness of large-ranged species increased with elevation and then reached a plateau between elevation 1600-2500 m, and then decreased with elevation (Fig. 3d), whereas the richness of small-ranged species reached a peak at the 1300-1600 m elevational band (Fig. 3e).
Regressions of Explanatory factors
The best-fit models showed that different species groups had different relationships with the seven explanatory factors (Table 3). Not all of the species groups were correlated with area. MDE best explained the richness pattern of large-ranged species whereas MAT best explained overall, endemic and non-endemic species richness. AP played a secondary role in shaping the richness pattern of large-ranged species but was the most important explanatory factor for the richness pattern of small-ranged species. NDVI only played a minor role in shaping the richness pattern of endemic species. HH didn’t play a key role in shaping species richness patterns of all the groupings. HD was negatively correlated with species richness of overall, non-endemic, and small-ranged birds whereas not correlated with species richness of endemic and large-ranged brids (Table 3). 
The results of the model-averaging analysis were in some ways different from the best-fit models (Table 4). Generally, MAT best explained patterns of overall, large-ranged and small-ranged species richness. AP played an important role in shaping the richness patterns of non-endemic species. Species richness of large-ranged birds was negatively correlated with NDVI and HD (Table 4). 
The multiple OLS regressions with three selected factors demonstrated some differences from the results of best-fit models and model-averaging analyses. Based on the standardized beta coefficient, MDE was a strong explanatory factor among all the bird groups. MAT played an important role in shaping the richness patterns of endemic and large-ranged species. HH best explained the richness pattern of small-ranged species (Table 5).

Discussion
The hump-shaped richness pattern
The elevational patterns of species richness for all bird groups (overall, endemic, non-endemic, large-ranged and small-ranged birds) are hump-shaped, which is consistent with most previous elevational diversity studies of birds in the Hengduan mountains and the adjacent Himalayas (He et al., 2019; Liang et al., 2015; Pan et al., 2016; Price et al., 2014; Wu, Colwell, et al., 2013; Wu et al., 2014), indicating that the hump-shaped pattern might be the dominant pattern in this region. Many studies have documented that species richness along elevational gradients for endemic species often peaked at higher elevation than that of non-endemic species (Fu et al., 2006; Grytnes & Vetaas, 2002; Kluge et al., 2017; Wu, Yang, et al., 2013). In our analysis, endemic species reached their maximum diversity at the 2500-2800 m elevational band (Fig. 3b), higher than the richness peak of non-endemic species (1300-1600 m band, Fig. 3c). Considering that isolation is an important factor for speciation, the more fragmented topography and isolation at higher elevations may thus lead to an increase of endemism with elevation (Lee, Ding, Hsu, & Geng, 2004).
Interpolation of species presence between their highest and lowest recorded elevational bands used in this study may also generate the hump-shaped pattern. One study of Himalayan plants (Grytnes & Vetaas, 2002) found that using the interpolation method tended to underestimate species richness at the endpoints because the richness towards the endpoints consists only of observed species whereas at the center they include both observed and interpolated species. However, compared to other taxa, birds are generally of high vagility and tend to be continuously distributed between their highest and lowest elevational record, implying that the effect of the interpolation method on the elevational richness patterns in our study may not be substantial and that pattern of species diversity described in this study may be a real feature of bird diversity.
Explanatory factors
Previous studies showed mixed support for the SAR hypothesis. In some cases area showed a strong effect on species richness (Fu et al., 2007; McCain, 2010; Williams, Shoo, Henriod, & Pearson, 2010), whereas in other cases area showed no effect (Mccain, 2007; Wu, Colwell, et al., 2013) or even a negative relationship with species richness (Pan et al., 2016). In our study, the results of regression models showed that area was not an explanatory factor for the richness patterns. We propose that at small scales habitat diversity and the strong ties of particular species to habitat could drive local SAR (Rosenzweig, 1995). A region with larger area is expected to harbour more habitats and thus can support more species to coexist. The low elevational bands of GM harbored a larger area but there are more artificial surfaces, cultivated land and high human density, resulting in low proportion of suitable habitats. 
In our study, MDE showed strong explanatory power for large-ranged birds, which was consistent with most previous studies (Colwell et al., 2004; Liu et al., 2018; Pan et al., 2016). When accounting for multicollinearity, MDE became a strong explanatory factor for richness patterns of all bird groups, indicating that this area is strongly isolated and geometric boundary constraints played an important role in shaping the species richness patterns of birds. Furthermore, Colwell et al. (2004) proposed that when studying the effect of MDE, the limits of the domain should be “hard” boundaries for organisms (the limits of adaptation of the organisms). In the present case, the study area ranged from the bank of Nujiang River to the ridge of the mountains, both of which are hard elevational boundaries for birds. Our study adds support for the importance of sampling the whole gradient when evaluating the role of MDE on richness patterns. 
Climatic variables appeared to be important explanatory factors for richness patterns of birds in our study (Table 3, 4, 5). Hawkins et al. (2003) proposed that at low latitudes water-related variables (e.g. precipitation) would show higher impact, whereas at high latitudes energy-related variables (e.g. temperature) could be more influential. This could match the same mechanistic explanations for the elevational gradient in our study. In the low elevational bands of the GM, the climate is hot and dry, thus water was the limiting factor. At the highest elevations, the climate is harsh (cold, wet, and windy); thus, temperature is likely to be the limiting factor. At mid-elevations, the climate is neither too cold nor too dry, resulting in highest bird species richness in this region. Our results also coincided with the conclusion of Kluge et al. (2017) that the temperatures supporting most richness were situated between extremes of energy input. Generally, temperature and water do not affect richness separately but interact in a way that under sufficient and stable moisture regimes, where water is the key resource, is regulated by temperature, known as the water-energy dynamic hypothesis (O’Brien, 1998, 2006; Vetaas, 2006). Productivity (NDVI) did not demonstrate consistent explanatory power across all bird groups but only played an important role in shaping the richness pattern of endemic birds. This could probably be attributed to fact that the endemic birds tend to live at high elevations, where productivity was low and thus was a limiting factor.
HH only showed weak explanatory power for bird richness patterns in our study. This might be attributed to two issues: (1) the data that we used here to classify habitats were too coarse to capture the critical microhabitat differences that might influence diversity; and (2) at low elevations, there were more habitat types and high HH, but most of the habitats were artificial surfaces, such as buildings and farmland, which were not suitable for most forest birds. Furthermore, in our study area, human disturbance was negatively correlated with richness patterns of most bird groups (Table 3 & 4). Like most regions in the Hengduan Mountians, in our study area most of the cities, villages, and farms were distributed at low elevations and have been for thousands of years. This long history of disturbance may have eliminated the natural bird community of this vegetation type—that of monsoonal forest (Lan & Dunbar, 2000). This, the hump-shaped distributions of species along this gradient may reflect not just a MDE, but may also reflect the loss of some lowland forest species.

Conservation implications
In the GM, nature reserves have been placed where human density is lowest, whereas areas with high density of human settlement (mainly from the low to middle elevations) are avoided (Lan & Dunbar, 2000). Thus, those lower elevational bands with high biodiversity are less conserved. For example, the overall bird richness reaches a plateau between 1300-1900 m elevation. However, there are many villages distributed in this region. Thus, there is pressing need for increasing conservation effort in the lower elevations. Besides, at elevations around 1000-1900, there are several bird hides where local people offer water, corn and meal worms to attract birds for photographing and birdwatching. This kind of ecotourism could reduce village hunting, and in some ways supply extra water and food for some bird species. However, the effect of these bird hides is currently unknown; the food they provide, for example, might favor some birds more than others. Long-term monitoring and applied research are needed to clarify whether and how might these bird hides affect the biodiversity and functional diversity in this area.
In this study, temperature played a major role in shaping the species richness patterns, indicating that the biodiversity in this area could be affected by climate change. Warming temperatures have been hypothesized to cause upslope shifts and the species restricted to mountaintops could face local extinctions (Colwell, Brehm, Cardelús, Gilman, & Longino, 2008, (Freeman, Scholer, Ruiz-Gutierrez, & Fitzpatrick, 2018). High elevation species are especially vulnerable to temperature increases (Freeman et al., 2018). We found that the endemic birds tend to be distributed at high elevations and that their richness was negatively correlated with temperature (Table 3, 4, 5); thus, the endemic birds in this area may be more threatened by global warming. In this context, it may be important that the GM and the Hengduan Mountains all run from south to the north. Such mountains may facilitate the northward movement of species (Dumbacher et al., 2011). However, it is yet fully understood that whether the endemic birds of high isolated grasslands (e.g. Sclater’s Monal Lophophorus sclateri, Fire-tailed Myzornis Myzornis pyrrhoura) will be able to shift range northward along the mountain ridge under climate warming because their habitat will become increasingly more fragmented and isolated. 
Altogether, our results show that conserving birds in the GM Mountains will require plans that deal with several of the mechanisms that we have identified as important in this region. Monsoonal forests in the lowlands may have to be systematically restored to bring back their original bird communities. The very few species that inhabit high-elevation grasslands, may need to be actively relocated northward as warming temperatures reduce the remaining grassland patches to sizes that are too small to sustain their populations. Middle-elevation birds in the zones of maximal species richness may need to be protected by working with local communities to make bird conservation more profitable than expanding agriculture. Additional work to identify plant communities such as bamboo that contribute to HH may be critical for the conservation of some of the endemic birds of this region. The Gaoligongshan National Nature Reserve provides an extremely promising start for conserving birds in this region, especially as it preserved the best forest areas in the upper elevational bands. Expanding this reserve into the lower elevations will add greatly to its conservation value. 

Conclusion
Our data suggest that many factors contribute to the species richness patterns observed in the GM, a global biodiversity hotspot. We found evidence that the MDE and MAT both correlate strongly with the hump-shaped distributions that dominate mountain ranges in these communities. Endemic birds, which are often of greatest conservation concern, tend to be concentrated at higher elevations. In these respects, our results are consistent with many other studies of patterns of species richness along elevational gradients in Asia. Yet, another factor that we identified, human disturbance, may also play a major role in creating the hump-shaped distributions that are so characteristic of the mountains of Asia. Nearly all elevational transects from Asian mountains are characterized by a scarcity of native vegetation and plant communities at lower elevations where large populations of humans have lived for several millenia (Elsen, Tingley, Kalyanaraman, Ramesh , & Wilcove, 2017). The natural forests of these elevational bands tend also to be drier, which might account for some of their reduced diversity (see Table 4), but monsoonal forests can have very high species richness during the wet breeding season when conditions are favorable (Lan & Dunbar, 2000). Monsoonal forests that have been converted to agriculture, on the other hand, likely only retain a relatively small fraction of the original bird community of this habitat. In Andean transects where human disturbance has been much less extreme in the lowlands, the mid-domain effect is also much less extreme and the diversity of lowland forests is much higher than it is anywhere along adjacent elevational transects in the Andes (Terborgh & Weske, 1975; Terborgh, Robinson, Parker, Munn, & Pierpont, 1990). Thus, it is essential to consider HD when interpreting elevational patterns of species richness in this region. 
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FIGURE LEGENDS 
Figure 1. Location of the study area, the Gaoligong Mountains in south-western China. 


Figure 2. Individual‐based rarefaction curves for bird data sets for each elevational band in the Gaoligong Mountains. The numbers from 1 to 9 represent the nine 300-m elevational bands from 700 to 3400 m a. s. l.


Figure 3. Elevational patterns of interpolated species richness (dark solid lines). (a): overall species; (b): endemic species; (c): non-endemic species; (d): large-ranged species; (e): small-ranged species. The gray solid lines indicate the predicted species richness under the assumption of MDE (the mid-domain effect) and the gray dotted lines indicate the upper and lower 95% confidence interval simulation limits.
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Table 1 Spearman correlation coefficients for the seven selected factors.
	
	Area
	MDE
	MAT
	AP
	NDVI
	HH

	Area
	
	
	
	
	
	

	MDE
	0.509
	
	
	
	
	

	MAT
	0.736**
	0.064
	
	
	
	

	AP
	-0.727*
	-0.018
	-0.964**
	
	
	

	NDVI
	0.618*
	0.973**
	0.218
	-0.191
	
	

	HH
	0.136
	-0.436
	0.691*
	-0.673*
	-0.327
	

	HD
	0.707*
	-0.023
	0.977**
	-0.968**
	0.126
	0.726*


MDE, the mid-domain effect; MAT, mean annual temperature; AP, annual precipitation; NDVI, normalized difference vegetation index; HH, habitat heterogeneity; HD, human disturbance. *P < 0.05; **P < 0.01. 



Table 2 Polynomial regressions of the interpolated species richness patterns along the elevational gradients for all the species groups.
	Regressions
	Overall species
	Endemic
Species
	Non-endemic
species
	Large-ranged species
	Small-ranged species

	First-order r2
	0.497*
	0.468*
	0.697**
	0.400*
	0.507*

	AICc
	8514.6
	557.1
	5642.5
	3859.3
	1640.8

	Second-order r2
	0.885**
	0.956**
	0.881**
	0.947**
	0.649*

	AICc
	1960.9
	54.9
	2226.4
	350.7
	1173.3

	Third-order r2
	0.970**
	0.977**
	0.979**
	0.971**
	0.846**

	AICc
	517.4
	38.60
	408.1
	200.0
	514.5


AICc, corrected Akaike information criterion. *P < 0.05, **P < 0.01; Bold numbers indicate the best regression model with lowest AICc value.
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Table 3 Parameter estimates for the best-fit multiple regression models.
	
	Standard coefficient of the best model

	Species groups
	Area
	MDE
	MAT
	AP
	NDVI
	HH
	HD
	r2adj

	Overall birds
	
	
	1.614
	
	
	
	-1.135
	0.949

	Endemic species
	
	
	-0.976
	
	0.771
	
	
	0.972

	Non-endemic species
	
	
	1.517
	
	
	
	-0.853
	0.947

	Large-ranged species
	
	0.773
	
	-0.646
	
	
	
	0.969

	Small-ranged species
	
	
	
	-1.327
	
	
	-0.745
	0.77


MDE, the mid-domain effect; MAT, mean annual temperature; AP, annual precipitation; NDVI, normalized difference vegetation index; HH, habitat heterogeneity; HD, human disturbance. r2adj is the adjusted r2 value for multiple regressions. For each species group (overall, endemic, non-endemic, large-ranged and small-ranged species), the best model was selected from the 127 models obtained by forming all possible combinations of seven variables (Area, MDE, MAT, AP, NDVI, HH, HD), guided by the lowest corrected Akaike information criterion value (AICc). All 127 models with their Δ AICc and AICc weights for all species groups are reported in Appendix Table S3 in Supporting Information.















Table 4 Parameter estimates averaged across 127 ordinary least squares (OLS) models.
	
	Standard coefficient of the model averaging

	Species groups
	Area
	MDE
	MAT
	AP
	NDVI
	HH
	HD
	r2adj
	AICc

	Overall birds
	-0.091
	0.700
	1.589
	-0.737
	-0.232
	0.165
	-1.117
	-0.38
	305.856

	Endemic species
	-0.309
	0.675
	-0.969
	0.671
	0.772
	-0.369
	0.321
	-1.383
	281.151

	Non-endemic species
	-0.188
	0.515
	1.509
	-0.881
	-0.415
	0.218
	-0.887
	-0.185
	305.212

	Large-ranged species
	0.593
	0.947
	1.205
	-0.646
	-0.934
	-0.262
	-0.888
	0.521
	283.571

	Small-ranged species
	-0.704
	0.67
	1.342
	-1.173
	0.189
	0.762
	-0.851
	-2.867
	299.265


MDE, the mid-domain effect; MAT, mean annual temperature; AP, annual precipitation; NDVI, normalized difference vegetation index; HH, habitat heterogeneity; HD, human disturbance; AICc, corrected Akaike information criterion. r2adj is the adjusted r2 value for multiple regressions.













Table 5: Multiple ordinary least squares (OLS) regression of interpolated species richness against three selected factors for different species groups. 
	Species groups
	MDE
	MAT
	HH
	r2
	P

	Overall birds
	0.775
	0.330
	0.438
	0.916
	<0.001

	Endemic species
	0.607
	-0.459
	-0.264
	0.967
	<0.001

	Non-endemic species
	0.594
	0.429
	0.475
	0.917
	<0.001

	Large-ranged species
	0.768
	0.580
	0.060
	0.959
	<0.001

	Small-ranged species
	0.684
	-0.067
	0.913
	0.789
	=0.009


MDE, the mid-domain effect; MAT, mean annual temperature; HH, habitat heterogeneity. Bold numbers indicate the parameters for each multiple regression model that were significant at P < 0.05.
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