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A B S T R A C T   

The combination of climate change and land use change may have profound effects on terrestrial biodiversity in 
more significant ways than either has separately. However, most studies focus largely on the climate change 
impacts, which hampers our ability to develop appropriate conservation strategies in a dramatically changing 
world. Here, we predict the distributions of 191 Chinese endemic Rhododendron species under future climate and 
land use change, combining two dispersal constraint scenarios by using a species distribution model. We then 
assess the vulnerability and extinction risk of these species and identify areas at risk of highest species loss. We 
find that 52% of the species are predicted to expand and shift their geographic ranges, typically to the northwest 
and north. The remaining 48% of species are predicted to contract in geographic ranges under the ’perfect- 
dispersal’ scenario. And only 7% of Rhododendron are predicted to keep ’still’, while the rest of species shrank 
with varying degree under the ’no-dispersal’ scenario. Species lost particularly at lower elevations, and we also 
identify four regions at particularly high risk from the impacts of climate and land use change, namely the 
parallel ridge-and-valley areas of eastern Sichuan, southeastern Tibet, western and eastern Yunnan, southern 
Shaanxi, plus scattered areas in Guangdong, Hainan and Taiwan. We conclude that Chinese endemic Rhodo-
dendron species at lower elevations are highly vulnerable to climate and land use change, facing an elevated risk 
of extinction under varying scenarios. These species therefore call for more attention and protection. We high-
light the critical role of endemic Rhododendron species as good indicators for measuring, evaluating and un-
derstanding the effectiveness of our biodiversity conservation efforts. Our work provides insight into the status, 
trends and threats regarding endemic Rhododendron species, identifying risks and prioritizing conservation in a 
rapidly changing world.   

1. Introduction 

Biodiversity continues to decline across the globe under the effect of 
multiple anthropogenic pressures (Osborn et al., 2019). Climate change 
and land use change are two major threats to global biodiversity. The 
cumulative or synergistic effect of climate change and land use change is 
believed to have an even greater impact on biodiversity over the coming 

century (Brook et al., 2008; Sala et al., 2000). However, biodiversity 
responses to changes in climate and land use certainly appear hetero-
geneous, varying among species and geographical regions (Osborn et al., 
2019). As regional land use change may either exacerbate or alleviate 
climatic impacts on biodiversity, it is important to integrate both factors 
to better understand potential impacts of future climate and land use 
changes on biodiversity (Oliver and Morecroft, 2014). However, most 
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previous studies tend to focus on the impacts of climate change alone, 
with much less consideration given to the synergistic effects of climate 
and land use change, thus potentially hampering our ability to develop 
appropriate conservation strategies (Sirami et al., 2017). 

When conservation resources are limited, identifying priority areas 
for the creation of protected areas is often considered to be the essential 
strategy to halt the decline in biodiversity (Xu et al., 2018). Areas not 
included in existing protected zones, but at high risk of losing species, 
should be considered conservation priority areas (Chen et al., 2017). 
However, due to climate and land use change, species may also shift 
their distribution range and move out of current protected areas (Ala-
gador et al., 2014). It is therefore necessary to assess the suitability of 
protected areas for species in response to future environmental change 
(Chen et al., 2017). Consequently, a better understanding of protected 
areas and biodiversity dynamics under future climate and land use 
change is needed (Thomas et al., 2004; Thuiller et al., 2011). 

Using focal species to determine the status of biodiversity is a po-
tential tool for developing and evaluating conservation strategies (Ye 
et al., 2018). The genus Rhododendron is composed of more than 1000 
species globally, of which nearly 70% is classified as vulnerable, 
threatened, endangered or critically endangered (Gibbs et al., 2011). Of 
the approximately 571 Rhododendron species present in China, 422 are 
endemic (Ma et al., 2014; Wu et al., 2005). It is worth to note that 
Rhododendrons form a major component of the montane ecosystem in 
the Himalayan subalpine and alpine zone (Kumar, 2012). The whole 
Himalayan region, including the Tibetan Plateau is regarded as one of 
the world’s most critical centers of biodiversity (Myers et al., 2000). The 
Himalayan region has displayed a warming trend greater than the global 
average of 0.74 ◦C (IPCC, 2013). As well, the ever-increasing pressures 
on the land to service the needs of an expanding population are placing 
some Rhododendron species at risk of extinction (Ma et al., 2014). As the 
genus Rhododendron has an extremely complex taxonomic structure and 
displays large morphological variation, it is an excellent candidate for 
conservation planning in response to future climate and land use change 
(MacKay & Gardiner, 2016). 

The aim of this study is to understand the synergistic impacts of 
future climate and land use change on Chinese endemic Rhododendron 
species. Specifically, we set out to (1) predict potentially suitable habitat 
for Chinese endemic Rhododendron species as well as their vulnerability 
and risk of extinction; (2) estimate the change in diversity patterns of 
Chinese endemic Rhododendron species; (3) identify priority areas for 
the conservation of Chinese endemic Rhododendron species. 

2. Material and methods 

2.1. Chinese endemic Rhododendron species 

We collected the distribution data of Rhododendron species from 
seven Chinese herbaria and botanical museums (for more details, see Yu 
et al., 2015) at county level, and the latest Flora of China (Wu et al., 
2005). After removing ambiguous records, our database included 406 
Rhododendron species out of the 571 species occurring in China. In total, 
we obtained 13,126 geo-referenced records, with each record having a 
spatial uncertainty of less than 1 km. Given the focus on endemic species 
in this study, and the aspiration to assure robustness of the results of the 
species distribution modelling, only endemic species with more than 5 
occurrences were retained. On the one hand, we endeavored to identify 
priority conservation areas under future environmental change, 
including as many Rhododendron species as possible to form a compre-
hensive overview. On the other hand, there should also be a focus on 
selecting conservation priority areas for rare Rhododendron species 
either occupying a small range or enduring low abundance (Synge et al., 
1981), while being careful not to neglect the vast majority of species (ter 
Steege et al., 2013; van Proosdij et al., 2016). Eventually, we narrowed 
the dataset down to 191 endemic species, with 9270 records in total. The 
geographic coordinates of each record were projected onto an Albers 

Equal-area Conic Conformal coordinate system to avoid the latitudinal 
bias of geographic coordinate systems. 

2.2. Environmental variables 

We initially downloaded 19 biologically relevant climatic variables 
from the WorldClim database (http://www.worldclim.org/) with a 
spatial resolution of 30 arc second (approximately 1 km at the equator). 
Based on collinear relationships (Pearson r < 0.7) as well as the physi-
ology and life history requirements of Rhododendron, six climatic vari-
ables comprising isothermality (Bio3), temperature seasonality (Bio4), 
minimum temperature of coldest month (Bio6), annual precipitation 
(Bio12), precipitation of wettest month (Bio13), and precipitation of 
driest month (Bio14) were ultimately selected. Values for recent (the 
average for 1950–2000) and for the 2070s (the average for 2061–2080) 
climatic conditions were derived. Because variability in general circu-
lation model (GCM) projections forms a major source of uncertainty in 
predictive species modelling (Sommer et al., 2010; Thuiller et al., 2005), 
we selected to employ three widely-used general circulation models 
(GCMs), namely the Beijing Climate Center Climate System Model (BCC- 
CSM1-1), the Community Climate System Model (CCSM4), and the 
Hadley Global Environment Model 2 - Earth System (HadGEM2-ES), to 
project future species distributions. For each GCM, four Representative 
Concentration Pathway (RCP) scenarios (RCP2.6, RCP4.5, RCP6.0, 
RCP8.5) were considered, which each make widely differing assump-
tions about possible future socio- economic pathways (van Vuuren et al., 
2011). Of these four RCPs, we selected RCP2.6 and RCP8.5, which 
represent the most “benign” scenario (i.e., a likely increase of 0.3–1.7 ◦C 
for ca. 2081–2100) and the most extreme scenario (i.e., a likely increase 
of 2.6–4.8 ◦C for ca. 2081–2100), respectively, for bracketing the likely 
futures (van Vuuren et al., 2011). In addition, we included topographic 
and edaphic variables, represented by elevation with a resolution of 90 
m (http://www.srtm.csi.cgiar.org) and pH of the top 30 cm of soil 
(Hengl et al., 2014, https://www.isric.org/explore/soilgrids), respec-
tively, to model species distribution. Given that topography and soil 
condition hardly change within short periods of time (Merow et al., 
2014), we kept these two variables consistent for both the current and 
future conditions. 

We derived current (the period around 2010) and future (the period 
around 2070) global land use data at a 30 m resolution from the Finer 
Resolution Observation and Monitoring-Global Land Cover (FROM-GLC 
(Li et al., 2016), available at http://data.ess.tsinghua.edu.cn/), which 
includes 10 general (cropland, forest, grassland, shrubland, wetland, 
water, tundra, impervious, bare land, and snow/ice) and 28 detailed 
land use types. The future land use projections were set up based on the 
set of global change scenarios. For consistency with the climatic data, we 
used the land use datasets under RCP2.6 and RCP8.5 as representative 
for the future land use scenarios. We resampled all land use data using a 
‘majority’ resampling method to the same spatial resolution (1 km × 1 
km) of the other environmental variables in ArcGIS 10.2 (ESRI, 2011). 

2.3. Species distribution modeling 

A number of species distribution models as well as the ensemble 
modeling approach have been proposed to model future species distri-
bution and diversity (Franklin, 2010a). Since we had presence-only data 
of Rhododendron species, we built individual models for each species 
using maximum entropy (MaxEnt) modeling (Phillips et al., 2006). The 
MaxEnt model is optimized to work with presence-only data and is 
known to also produce robust results with small sample sizes, e.g., 5 
occurrences (Aguirre-Gutierrez et al., 2015; Pearson et al., 2007; Rana 
et al., 2021; van Proosdij et al., 2016). We kept the maximum number of 
background points for sampling at 10,000, and set the maximum itera-
tion for each run to 1000. We ran a 10-fold cross validation for the 
potential distribution. The relative importance of each of the included 
predictor variables was assessed using a jackknife test, which is a 
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standard output of MaxEnt (Phillips et al., 2006). 
Model performance was evaluated by calculating both the area under 

the receiver operating characteristic curve (AUC), a threshold- 
independent measure of model accuracy (Swets, 1988), and the true 
skill statistic (TSS), a threshold-dependent measure of model accuracy 
(Allouche et al., 2006). AUC has a range from 0.5 to 1, where 1 indicates 
a perfect fit for the model, over 0.7 indicates a good fit, and around 0.5 
suggests randomness (Swets, 1988). TSS ranges from − 1 to 1, where 
values of 1 indicate perfect predictions, 0 indicate random predictions, 
and − 1 indicate perfect inverse predictions. TSS considers the measures 
of both sensitivity and specificity so that both omission and commission 
errors are accounted for. 

The default logistic output of MaxEnt is a continuous variable 
ranging from 0 to 1, where high values indicate higher relative suit-
ability. We created binary distribution maps of suitable and unsuitable 
habitats from the continuous probability predictions of each species by 
using the threshold where TSS was maximal (Liu et al., 2013). The 
MaxTSS threshold can minimize the mean of the error rate and has been 
widely used in species distribution modeling (SDMs, Liu et al., 2013). 
We averaged the final binary result for each species from 10 times’ 
predictions across the three GCMs. 

To investigate how future land use change would affect species dis-
tributions, we repeated the SDMs with two sets: (1) climate change only 
(CC), using the future climate conditions but fixing the land use variable 
to the observed 2010 land use data, (2) both climate and land use change 
(CCLC): using both the future climate and land use conditions of the 
2070s. The relative effect of future land use change was then examined 
by comparing the results from the two different scenarios. 

2.4. Dispersal scenarios 

Given the lack of accurate data to calibrate the dispersal behavior of 
each species, we estimated species shift under two scenarios (Feeley and 
Silman, 2010): (1) ’perfect-dispersal’ scenario, assuming Rhododendron 
are able to occupy all habitat areas that is suitable under future envi-
ronment change. (2) ’no-dispersal’ scenario, assuming Rhododendron are 
incapable to migrate because of the limited dispersal abilities of them-
selves or other limiting factors of environment, and only occupy the 
habitat which is suitable under both current and future environment. 

2.5. Quantifying species responses 

To quantify species’ response to future climate and land use change, 
we estimated the change in distribution range for each species, including 
range contraction, range persistence, and range expansion, by 
comparing the value of each grid cell for each species’ current and future 
distribution range. We further calculated the relative change in the total 
area of suitable habitat (CSH) for estimating species vulnerability with 

CSH =
Af − Ac

Ac
*100  

where Af and Ac are suitable area under future and current conditions, 
respectively. Additionally, the changing distance and direction of spe-
cies’ range shifts were estimated based on range centroids of current and 
future binary SDM prediction distributions. We carried out these two 
steps with SDMtoolbox 2.0 (Brown et al., 2017). 

Fig. 1. Relative change in the total area of suitable habitat (CSH, ranging from − 100% to >100%) to climate change only and to combined climate and land use 
change for RCP2.6 and RCP8.5 for the 2070s (2071–2100) with ’perfect-dispersal’ scenario. 
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2.6. Measure of diversity change 

We used two metrics to evaluate changes in species diversity: species 
richness (i.e. the number of unique species in a geographical unit) and 
weighted endemism (i.e. proportional to the inverse of a species’ range; 
Laffan & Crisp, 2003). To determine the change in species richness, we 
stacked the individual binary species distribution maps (Distler et al., 
2015), producing the total number of species in each geographical unit 
of 10 × 10 km. We chose this grid cell size of 10 × 10 km to measure 
Rhododendron diversity for two reasons. On the one hand, we aspired to 
provide as much detail as possible regarding the spatial patterns of 
Rhododendron diversity, but on the other hand, a practical unit for 
conservation planning was required in order to efficiently allocate 
scarce resources based on previous study (Yu et al., 2017). Next, we 
calculated the richness change as the difference between the current 
number of species and the future number of species. Negative numbers 
indicate losses and positive numbers gain in species occurrences. 

To determine the change in weighted endemism, weighted ende-
mism was calculated according to the same method as outlined by Herkt 
et al. (2016): 

Weighted endemism =
∑

t∈T

1
Rt  

where T is the total number of species found in the study area, t is a 
species in T, and Rt is the range size of species t. Endemism change was 
then estimated from the difference between future and current weighted 
endemism cell by cell similarly to the way this was achieved for species 
richness. 

In addition, we explored the relationship between diversity change 

and elevation by calculating the distribution of species loss and species 
gain with regards to elevation. Specifically, we extracted elevation from 
change in both species richness and weighted endemism, and plotted 
this change against elevation. We also calculated the degree of change in 
species richness and weighted endemism as elevation increased. 

2.7. Conservation gap analysis 

Conservation gaps were identified by overlapping the modelled 
changes in species richness and weighted endemism with the existing 
protected area system (i.e., 2139 Chinese nature reserves). The top 1% 
area of loss in species richness or weighted endemism was intersected 
with the Chinese nature reserves. The priority areas for protecting 
Rhododendron species were the areas losing most Rhododendron species 
or weighted endemism, but were not yet covered by a protected area. 

All spatial analyses were conducted using R 3.3.2 (R Core Team, 
2015) and ArcGIS 10.2 (ESRI, 2011). 

3. Results 

3.1. Changes in suitable habitat area 

We obtained vigorous species distribution models for the 191 Chi-
nese endemic Rhododendron species with AUC values ranging from 0.70 
to 0.99, and TSS varying from 0.50 to 0.99 under RCP2.6. RCP8.5 
showed similar results, with AUC ranging from 0.50 to 0.99, and TSS 
varying from 0.48 to 0.99 (Fig. S1). 

Under the ’perfect-dispersal’ scenario, in general, we predicted an 
average of 48% of species would lose habitat, while 52% of species 

Fig. 2. Relative change in the total area of suitable habitat (CSH, ranging from − 100% to 100%) to climate change only and to combined climate and land use 
change for RCP2.6 and RCP8.5 for the 2070s (2071–2100) with ’no-dispersal’ scenario. 
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would gain habitat under different scenarios. Under the RCP2.6 sce-
nario, 88 and 94 species were predicted to experience a contraction of 
their suitable habitats under the climate change and under the combined 
climate and land use change scenarios, respectively; While 103 and 97 
species, were predicted to expand their suitable habitats under the two 
scenarios, respectively (Fig. 1a and b). By contrast, with the RCP8.5 
scenario, we predicted nearly equal numbers would lose (92 and 96 
species, respectively) and gain (99 and 95 species, respectively) suitable 
habitats under the climate change and the combined climate and land 
use change scenarios (Fig. 1c and 1d). 

If Rhododendron are incapable to migrate with future environment, 
they generally were predicted to lose their habitats under varying sce-
narios (Fig. 2). Under the ’no-dispersal’ scenario, about 13 

Rhododendron (7% of total) species would keep ’still’, and the remaining 
species were projected to lose their habitats under climate and land use 
change of RCP2.6 and RCP8.5. Meanwhile, about 3 Rhododendron spe-
cies might go extinction because of completely loss of habitat. Consistent 
with the ’perfect-dispersal’ scenario, species were inclined to lose more 
habitats under the combined climate and land use scenarios and RCP 8.5 
then the climate-only and RCP2.6 scenario. 

3.2. Distribution shifts 

Under the ’perfect-dispersal’ scenario, on the whole, most Rhodo-
dendron species were projected to shift in a north-westerly direction, 
under both RCP2.6 and RCP8.5, with the shifting speed being relatively 

Fig. 3. Centroid changes in direction and distance of species range between current and projected distributions under a climate change only scenario [(a) and (c)] 
and a combined climate and land use change scenario [(b) and (d)] of RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] for the 2070 s (2071–2100) with ’perfect- 
dispersal’ scenario. The centroid change of each species was assigned to one of eight directions. Different colours in the figures represent the distance of species range 
shifts, while the length of each colour bar indicates the number of species at that projected range shift distance interval. 

F. Yu et al.                                                                                                                                                                                                                                       



Ecological Indicators 126 (2021) 107699

6

slower under climate change alone than under combined climate and 
land use change, as well as under RCP2.6 than under RCP8.5. Under RCP 
2.6, a total of 71 (37%) and 80 (42%) species were projected to shift 
northwestwards over a distance of 78 km under climate change alone 
and 67 km under combined climate and land use change, while, 48 
(25%) and 35 (18%) species would shift in a westerly direction, over a 
distance of 87 and 107 km, respectively (Fig. 3a and b). 

By contrast, more species would shift northwestwards and north-
wards under the RCP8.5 scenario, with 87 (46%) and 89 (47%) species 
moving in a northwestward direction, respectively, when considering 
climate change alone and combined climate and land use change. The 
shifting distances were also relatively longer than for RCP2.6, with 

distances of 83 and 82 km, respectively, covered in a northwesterly di-
rection. As well, 45 (24%) and 40 (21%) species were projected to move 
northwards, over distances of 35 and 29 km (Fig. 3c and d). 

Under the ’no-dispersal’ scenario, the shifting direction were 
generally consistent with the ’perfect-dispersal’ scenario, typically to 
the northwest, north and west direction. However, the shifting distance 
were only less than 5 km (varying from 4 km to 7 km) under various 
climate and land use change of RCP2.6 and RCP8.5 scenarios (Fig. 4). 

3.3. Spatial changes of species richness and weighted endemism 

Under the ’perfect-dispersal’ scenario, the change map of species 

Fig. 4. Centroid changes in direction and distance of species range between current and projected distributions under a climate change only scenario [(a) and (c)] 
and a combined climate and land use change scenario [(b) and (d)] of RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] for the 2070 s (2071–2100) with ’no-dispersal’ 
scenario. The meaning of colour and bar are explained in Fig. 3. 
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richness showed that the central and southeastern part of China become 
less suitable, while the southwestern part becomes more suitable for a 
number of endemic Rhododendron species under the different future 
climate and land use change scenarios of RCP2.6 (Fig. 5a and b) and 
RCP8.5 (Fig. 5c and d). Specifically, areas that would lose species 
richness were mainly located between eastern Sichuan and western 
Chongqing, southern Shaanxi, southeastern Guizhou, and the central 
mountainous areas of Taiwan. Southeastern Tibet and western Sichuan 
were the regions which would gain most (top 10%) species under the 
two scenarios. When comparing RCP2.6 to RCP8.5, some areas would 
lose species according to RCP2.6, that would expand under RCP8.5, 
especially in the regions of eastern Sichuan and northwestern Yunnan. 
Overall, the joint effect of climate plus land use change on Rhododendron 
species richness was stronger than the effect of climate change alone. 

It is worth noting that Sichuan province showed a contrasting 
pattern: while the eastern part would lose many Rhododendron species, 

the western part would gain more species than the other provinces in 
China. The negative effect of land use change on the distribution of 
Rhododendron in Sichuan was prominent. 

Under the ’no-dispersal’ scenario, areas (top 5%) of southern 
Shaanxi, eastern Sichuan, western Chongqing, and northwestern 
Yunnan would lose species richness severely, and the combined climate 
and land use scenarios and RCP8.5 then the climate-only and RCP2.6 
scenario, which were in line with the ’perfect-dispersal’ scenario 
(Fig. 6). In addition, under either ’perfect-dispersal’ or ’no-dispersal’ 
condition, we found that species loss occurred at relatively low eleva-
tions (<2000 m), while species gain occurred at higher elevations, 
especially between 3000 and 5000 m for both the climate change and 
the climate and land use change scenarios of RCP2.6 (Fig. 7a and b) as 
well as RCP8.5 (Fig. 7c and d) of ’perfect-dispersal’ scenario. The mean 
elevation of areas, which would see a decrease in species richness, was 
970 m (varying from 50 to 1200 m) and 880 m (varying from 600 to 

Fig. 5. Spatial pattern of changes in Chinese endemic Rhododendron species richness under climate change alone [(a) and (c)] and under combined climate and land 
use change [(b) and (d)] for RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] of ’perfect-dispersal’ scenario in China for the 2070 s (2071–2100). 
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2400 m) for the climate change scenario and the climate and land use 
change scenario of RCP2.6, respectively. The mean elevation of regional 
lost and gained species under climate and land use change was about 
100 m higher for RCP8.5 than for RCP2.6. Under the ’no-dispersal’ 
scenario, species lost occurred at the elevation of about 1400 m under 
climate and land use change for both RCP2.6 (Fig. 8a and b) and RCP8.5 
(Fig. 8c and d). 

Under the ’perfect-dispersal’ scenario, the projected change of 
weighted endemism was consistent with the change pattern of species 
richness (Fig. 9). The variation in weighted endemism also mainly 
occurred in the southern part of China. The decline of weighted ende-
mism was most remarkable in northern Yunnan, southeastern Tibet, 
along the border of Sichuan and Shaanxi. The change in weighted 
endemism was also more striking when considering both climate and 
land use change than when considering climate change alone. 

The projected change of weighted endemism for RCP2.6 and RCP8.5 

of ’no-dispersal’ scenario was similar with the ’perfect-dispersal’ to a 
large extent (Fig. 10). However, more endemic species lost occurred at 
the southwest mountains, including Mt. Daba (i.e., the border of Sichuan 
and Shaanxi), Mt. Wandou and Mt. Dalou (i.e., the border of Sichuan and 
Chongqing). 

Interestingly, under the ’perfect-dispersal’ scenario, loss of weighed 
endemism occurred over a broad range (from 100 m to 3000 m), while 
gain of weighed endemism mainly occurred at higher elevation (1000 ~ 
2500 m and 3500 ~ 6000 m) under both the climate and the climate and 
land use change scenario of RCP2.6 (Fig. 11a and b) and RCP8.5 
(Fig. 11c and d). Noteworthy is that the region’s lost weighted ende-
mism occurs at a 100 m higher elevation under RCP8.5 than under 
RCP2.6. 

Compared to the ’perfect-dispersal’ scenario, the variation of pro-
jected change of weighted endemism along elevation under the ’no- 
dispersal’ scenario were slighter, but showed a similar trend. Loss of 

Fig. 6. Spatial pattern of changes in Chinese endemic Rhododendron species richness under climate change alone [(a) and (c)] and under combined climate and land 
use change [(b) and (d)] for RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] of ’no-dispersal’ scenario in China for the 2070 s (2071–2100). 
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weighed endemism occurred at lower elevation (about 1100 m ~ 1300 
m), while gain of weighed endemism mainly occurred at higher eleva-
tion (about 2700 m ~ 3000 m) under both the climate and the climate 
and land use change scenario of RCP2.6 (Fig. 12a and b) and RCP8.5 
(Fig. 12c and d). 

3.4. Priority areas for conservation 

Areas shown to be at high risk of losing Rhododendron species under 
various scenarios were only partly (ranging from 0.4% to 12.5%) 
covered by the current 2139 Chinese nature reserves (Table 1, Fig. 13 & 
Fig. 14). 

Specifically, under both ’perfect-dispersal’ and ’no-dispersal’ sce-
nario, an area of 16666 km2, including southeastern Tibet, the border of 

Sichuan and Shaanxi (Mt. Daba), and southern Taiwan, would be at high 
risk of decline in species richness under the climate change only of 
RCP2.6 scenario. While an area of 21620 km2, mainly at Dazhou, 
Guangan (Sichuan), Kunming and Mengzi (Yunnan), was not covered by 
any existing protected areas under the climate and land use change of 
RCP2.6 scenario. The priority areas not covered by the existing nature 
reserves were even larger under RCP8.5, involving areas at Motuo 
(southeastern Tibet), Dali and Tengchong (western Yunnan), from 
Guangyuan to Xichang (eastern Sichuan), as well as the priority areas 
revealed under RCP2.6. The areas at a high-risk of losing weighted 
endemism were almost equivalent to those for species richness under 
RCP2.6 and RCP 8.5, but the ratio covered by existing nature reserves 
are higher (varying from 7.1% to 11.2%) than for species richness. Our 
prediction showed that Zhangzhou (southern Fujian) Huizhou, 

Fig. 7. Distribution of change in species richness for increasing elevation (m) under climate change alone [(a) and (c)] and under combined climate and land use 
change [(b) and (d)] of RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] of ’perfect-dispersal’ scenario. 
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Shenzhen (central Guangdong), and south Taiwan would tend to lose 
many rare and common species under the climate change only scenario, 
just as in the locations we mentioned above. 

4. Discussion 

4.1. Divergence of species response to future climate and land use change 

Our results showed that generally 52% of the Chinese endemic 
Rhododendron species would expand their geographic range, while 48% 
of the species would contract their geographic range under different 
climate and land use change of ’perfect-dispersal’ scenarios. However, 
species showed varying spatial changes when considering different 
greenhouse gas emissions, and change ratios were generally higher 
under RCP8.5 than under RCP2.6. To some extent, this result of equal 
losses and gains was unexpected in light of earlier evidence from Europe 
(Thuiller et al., 2011, 2005) and North America (McKenney et al., 2007; 
Zhang et al., 2017), which predicted that the majority of plant species 

would experience large contractions in response to climate change. As 
well, land use change was expected to aggravate species loss (Di Marco 
et al., 2019; Sirami et al., 2017; Titeux et al., 2016). 

However, a number of studies did show that many species may also 
’benefit’ from future climate change, deeming it likely that they expand 
their habitats. Forest herbs (Skov and Svenning, 2004), beech in Europe 
(Harrison et al., 2006), fungus species in the Nepali Himalaya (Shrestha 
and Bawa, 2014) and shrubs in the Arctic, high-latitude and alpine 
tundra ecosystems (Myers-Smith et al., 2011) forming examples of this. 
Cannone et al. (2007) found that shrubs showed rapid expansion rates of 
5.6% per decade at elevations between 2400 and 2500 m in site of Eu-
ropean Alps. In our case, we speculate that the relatively high proportion 
of Rhododendron species that experience gains in suitable areas rather 
than losses is caused by Rhododendron being a typical alpine and sub-
alpine genus of mostly shrubs. Therefore, they fit the profile of species 
that have been identified in earlier studies to benefit from the shortening 
of the snow cover season (Keller et al. 2005). A 1–2 ◦C warming of the air 
temperature combined with increasing summer precipitation may result 

Fig. 8. Distribution of change in species richness for increasing elevation (m) under climate change alone [(a) and (c)] and under combined climate and land use 
change [(b) and (d)] of RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] of ’no-dispersal’ scenario. 
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in the expansion of plant species (Cannone et al., 2007). Therefore, we 
suggest that species may respond to future environmental change indi-
vidually (Wang et al., 2019; Yu et al., 2019), but climate and land use 
change caused by differences in greenhouse gas emissions will have 
great influence on the diversity pattern of Rhododendrons, making them 
valuable indicators of environmental change for alpine and subalpine 
ecosystems. 

By comparison, about 7% (ranging 5%~9%) of Rhododendron spe-
cies would keep ’still’ while the remaining species would lose habitats to 
a varying degree under different future climate and land use of ’no- 
dispersal’ scenario. The relatively pessimistic predictions may change if 
a more realistic dispersal scenario incorporated (Feeley and Silman, 
2010). How species respond to future environmental change in reality is 
a complicated issue which would be influenced by genetic variation 
(evolution), disturbance (including climate and land-use change), 
dispersal ability (Travis et al., 2013), and interaction of all the factors 

(Harmon et al., 2009). Therefore, we emphasize the importance of 
including sound variables (scenarios, e.g., dispersal ability) or applying a 
species-specific model for predicting species distribution under further 
environmental change, especially aiming to make conservation 
recommendations. 

4.2. Higher extinction risk at lower elevations 

A relatively low proportion (48%) of Rhododendron species was 
predicted to lose habitat in the future. However, we did find that the 
decrease in species richness and weighted endemism of Chinese endemic 
Rhododendron species would be more severe under combined climate 
and land use change than under climate change alone for both the 
emission (i.e., RCP2.6 and the RCP8.5) and dispersal (i.e., ’perfect-’ and 
’no-dispersal’) scenario. This result is in line with previous findings that 
the joint effect of climate change and land use change on species 

Fig. 9. Spatial patterns of change in weighted endemism under climate change alone [(a) and (c)] and under combined climate and land use change [(b) and (d)] for 
the RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] of ’perfect-dispersal’ scenario for the 2070s (2071–2100). 
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distribution and biodiversity is more pronounced, leading to a greater 
risk of species extinction, than when climate change in considered on its 
own (Frishkoff et al., 2016; Oliver and Morecroft, 2014). We therefore 
emphasize that land use change remains a threat to biodiversity (Ost-
berg et al., 2015), also in China, and should be included as an important 
factor when predicting future distribution of species and changes in 
diversity patterns (Newbold et al., 2018). 

An important result of this study is the prediction that the loss of 
species richness and weighted endemism will primarily occur at lower 
elevations, while gains are predicted to occur at higher elevations. This 
result is also consistent with previous studies. Oliver and Morecroft 
(2014) concluded that species richness of Californian butterflies had 
declined at lower elevations where land use was more intensive. And a 
recent study concluded that higher species vulnerability occurred at the 
lower elevations and mountain bases as a result of intense human 

pressures globally (Elsen et al., 2020). We infer that for Rhododendron 
species that experience contraction of suitable habitat at low elevation, 
this contraction would mainly stem from the effect of land use change. 
Human activity, including road construction, agricultural encroach-
ment, and expansion of the urban environment, has largely been 
occurring at low elevation (Ma et al., 2014), causing habitat loss as has 
been demonstrated worldwide (Feeley and Silman, 2010). Hence, we 
emphasize the importance of protecting species at lower elevation, and 
especially areas of southeastern China. 

4.3. Conservation priority areas 

As one of the largest and oldest genera in China (Ma et al., 2014; 
MacKay and Gardiner, 2016), the genus Rhododendron, with its complex 
taxonomic structure and morphological variation, is an excellent 

Fig. 10. Spatial patterns of change in weighted endemism under climate change alone [(a) and (c)] and under combined climate and land use change [(b) and (d)] 
for the RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] of ’no-dispersal’ scenario for the 2070s (2071–2100). 

F. Yu et al.                                                                                                                                                                                                                                       



Ecological Indicators 126 (2021) 107699

13

candidate for conservation planning (MacKay and Gardiner, 2016). Our 
results show that spatially representative and complementary sites for 
Rhododendron diversity are poorly covered by the existing protected 
areas, and that a fairly large proportion (>89%) of protected areas is not 
designed to efficiently protect Rhododendron species in their natural 
habitat on a national scale. Projected future gaps in conservation areas 
concerning Chinese endemic Rhododendron species were identified using 
species richness and weighted endemism. Large gap areas in the existing 
protected area network pose a great challenge for biodiversity conser-
vation. This is consistent with a previous study by Xu et al. (2017), 
which showed that current Chinese protected areas only cover 13% of 
threatened plant species and are not able to provide the long-term 
protection of biodiversity and ecosystem services necessary to achieve 
sustainable development. The areas prioritized regarding the need for 

protection include the parallel ridge-and-valley area of eastern Sichuan, 
southeastern Tibet, western Yunnan, the southern part of Shaanxi, and 
scattered areas of Guangdong, Hainan and Taiwan. 

It is worth noting that the change in species richness and weighted 
endemism in Sichuan can be attributed to its unique topography and 
climate. Western Sichuan consists of numerous mountain ranges (e.g., 
the Daxue Mountains and Gongga Shan) forming the easternmost part of 
the Tibetan Plateau (Wu et al., 2017), which are able to provide more 
suitable habitat areas for Rhododendrons under environmental change 
(Liang et al., 2018). However, eastern Sichuan is mostly within the 
fertile Sichuan basin, which is one of the most densely populated regions 
of China influenced by rapid urbanization as well as a statistically sig-
nificant warming trend (approximately 4 ◦C by the end of the twenty- 
first century), with the greatest warming occurring over the central 

Fig. 11. Distribution of change in weighted endemism for increasing elevation under climate change alone [(a) and (c)] and under combined climate and land use 
change [(b) and (d)] of RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] of ’perfect-dispersal’ scenario. 
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Fig. 12. Distribution of change in weighted endemism for increasing elevation under climate change alone [(a) and (c)] and under combined climate and land use 
change [(b) and (d)] of RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] of ’no-dispersal’ scenario. 

Table 1 
High-risk areas and areas covered by existing nature reserves under climate change as well as the combination of climate and land use change of both ’perfect-’ and ’no- 
dispersal’ scenarios for the 2070s (2071–2100).  

Indices Scenarios Total of high-risk areas (km2) Gap areas (km2 Areas covered by nature reserves (km2) Percentage covered by nature reserve (%) 

Species richness RCP2.6 CC 16,666 16,600 66  0.4 
CCLC 21,800 21,620 180  0.8  
CC 18,360 17,500 860  4.7 

RCP8.5 CCLC 28,000 26,200 1800  6.4 
Weighted 

endemism 
RCP2.6 CC 13,300 12,000 1300  9.8 

CCLC 14,000 13,000 1000  7.1 
RCP8.5 CC 13,100 12,000 1100  8.3 

CCLC 16,900 15,000 1900  11.2 

CC: Climate Change only. CCLC: Climate Change and Land use Change. 
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plains of the Sichuan basin (Bannister et al., 2017). Tang et al. (2006) 
showed that the Sichuan basin is one of the hotspots regarding endan-
gered plants in China. And Tang et al. (2017) concluded that new nature 
reserves need to be established urgently in the mountainous margins of 
the Sichuan basin to protect a tertiary relict tree species threatened 
under future climate change. Lu et al. (2020) also concluded that 
Sichuan is one of the biodiversity hotspots most threatened by climate 
warming and geological disasters, soil erosion, and agricultural recla-
mation. We therefore propose that protected areas in China should 
include more mountainous terrain as well as part of southern China, 
which is experiencing dramatic land use changes, to ensure future 
environmental change can be better withstood. 

4.4. Uncertainty 

Although our study addressed some shortcomings of previous 
studies, there are still a number of uncertainties that would benefit from 
more thorough investigation. Firstly, although we used the most com-
plete Rhododendron genus database available to model the endemic 
species as a representative subset of all plant species in China, having a 
more complete coverage of all flora at country level would allow for 
greater insight into the spatial structure and to sensitivity to changes 
regarding China’s flora, aiding the ability to highlight priority areas of 
species richness and endemism. Secondly, there are distribution model 
algorithm uncertainties. Many different algorithms exist to model the 
distributions of species (Wiens et al., 2009). Since our species database 
contains only presence data, using MaxEnt was an ideal choice, but 
every static modelling approach has its limitations and uncertainties 

Fig. 13. Predicted priority areas for the conservation of Chinese endemic Rhododendron species determined by species richness under climate change only [(a) and 
(c)] and under combined climate and land use change [(b) and (d)] for the RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] scenarios in China for the 2070 s 
(2071–2100). ND: no-dispersal; PD: perfect-dispersal. 
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(Franklin, 2010b). Last but not least, our models assumed all species are 
affected only by climate and land use change, combining two potential 
extreme dispersal (i.e., ’perfect-dispersal’ and ’no-dispersal’) scenarios. 
This is a simplification of the real effects of environmental change and 
species growth. And a more realistic dispersal scenario, or the other 
variables playing a role in the process of establishment and growth of 
Rhododendron were not included in the current analysis. 

5. Conclusions 

In this study, we estimated the potential synergistic impacts of future 
climate and land use change on 191 Chinese endemic Rhododendron 
species. We found that 52% of endemic Rhododendron species were 
predicted to expand and shift their geographic ranges, typically to the 
northwest and north, under the future emission (i.e., RCP2.6 and 

RCP8.5) and ’perfect-dispersal’ scenarios. The remaining 48% of 
Rhododendron species were predicted to contract in geographic range, 
particularly at lower elevations. Meanwhile, about 7% of Rhododendron 
would keep ’still’ and the rest of species would have shirking habitats 
under the ’no-dispersal’ scenario. We established that the existing pro-
tected areas only cover a very small portion (0.4%~11.2%) of the areas 
at high-risk of losing Rhododendron under the varying future environ-
mental change scenarios. Based on these results, we conclude that Chi-
nese endemic Rhododendron species at lower elevations are highly 
vulnerable to climate and land use change and face an elevated risk of 
extinction, thereby calling for more attention and protection. We high-
light the critical role of endemic Rhododendron species as good in-
dicators for measuring, evaluating and understanding the effectiveness 
of our biodiversity conservation efforts. Our work provide insight into 
the status, trends and threats for the Chinese endemic Rhododendron 

Fig. 14. Predicted priority areas for the conservation of Chinese endemic Rhododendron species determined by weighted endemism under climate change only [(a) 
and (c)] and combined climate and land use change [(b) and (d)] for the RCP2.6 [(a) and (b)] and RCP8.5 [(c) and (d)] scenarios in China for the 2070s (2071–2100). 
ND: no-dispersal; PD: perfect-dispersal. 
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species, presenting potentially valuable indicators of climate and land 
use change for alpine and subalpine ecosystems, and proposing large 
areas that require prioritized attention for plant biodiversity conserva-
tion in a rapidly changing world. 
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