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Abstract

Global biodiversity is lost at an unprecedented ratio driven by climate change and land-use change. However, little is known

about the combined effects of climate and land-use change on future biodiversity on a global scale. Here, we first build the

indices of land-use naturalness and the land-use intensity to depict the land-use change on a global scale. By using random forest

models, we establish the empirical relationship to quantify this combined effect and further predict future changes of terrestrial

vertebrates can be predicated under the Shared Socio-economic Pathways (SSPs). The relative contributions of climate change

and land-use change to terrestrial vertebrates are finally separated through quantitative analysis. We find that future land-use

change contributes to 48.52% of richness changes, slightly lower than that of climate change. Nearly 45.82% of the Earth’s land

will suffer richness losses of terrestrial vertebrates by 2050 even under the middle-high scenario of SSP3, mainly located at low

latitudes, such as Southeast Asia, Latin America and sub-Saharan Africa. Moreover, the analysis at the country-specific level

reveals that nearly half of the world’s countries would experience species richness loss in the nearby future. These findings make

clear that both climate change and land-use change pose comparably significant threats to global biodiversity. More immediate

attention and effective actions are urgently needed from local governments for vulnerable regions.
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Abstract 17 

Global biodiversity is lost at an unprecedented ratio driven by climate change and 18 

land-use change. However, little is known about the combined effects of climate and 19 

land-use change on future biodiversity on a global scale. Here, we first build the 20 

indices of land-use naturalness and the land-use intensity to depict the land-use 21 

change on a global scale. By using random forest models, we establish the empirical 22 

relationship to quantify this combined effect and further predict future changes of 23 

terrestrial vertebrates can be predicated under the Shared Socio-economic Pathways 24 

(SSPs). The relative contributions of climate change and land-use change to terrestrial 25 

vertebrates are finally separated through quantitative analysis. We find that future 26 

land-use change contributes to 48.52% of richness changes, slightly lower than that of 27 

climate change. Nearly 45.82% of the Earth’s land will suffer richness losses of 28 

terrestrial vertebrates by 2050 even under the middle-high scenario of SSP3, mainly 29 

located at low latitudes, such as Southeast Asia, Latin America and sub-Saharan 30 

Africa. Moreover, the analysis at the country-specific level reveals that nearly half of 31 

the world’s countries would experience species richness loss in the nearby future. 32 

These findings make clear that both climate change and land-use change pose 33 

comparably significant threats to global biodiversity. More immediate attention and 34 

effective actions are urgently needed from local governments for vulnerable regions.  35 

Keywords: biodiversity loss; richness changes; climate change; land-use change; 36 

terrestrial vertebrates; Shared Socio-economic Pathways (SSPs)  37 
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Plain Language Summary 38 

With the increasing rate of climate change and human pressure on land, mitigating the 39 

loss of global biodiversity is a major challenge for the world’s organizations and 40 

nations. In this study, we assess the combined effect of climate change and land-use 41 

change on diversity changes of global terrestrial vertebrates under the shared 42 

socioeconomic pathways (SSPs) and evaluate the relative contributions of climate 43 

change and land-use change to these changes. We find that approximately 45.82% of 44 

the Earth’s land will suffer the richness loss of terrestrial vertebrates by 2050 even 45 

under the middle-high scenario of SSP3. All the projections of these five SSPs 46 

scenarios show that species richness changes of terrestrial vertebrates have unique 47 

geographical variations. Low latitudes (20°S – 25°N) will experience a sharp decline 48 

in species richness, while high latitudes (> 60°N) will experience a slight increase. 49 

Moreover, nearly half of the world’s countries would experience diversity loss in the 50 

nearby future. These changes are predicted to contribute more climate change 51 

(accounting for 51.48%) than land-use change (nearly 48.52%) at a global scale under 52 

SSPs, which indicates that global land-use change plays a comparable role, compared 53 

with climate change, in future biodiversity.  54 
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1. Introduction 55 

Global biodiversity plays an important role in ecosystem functions, as well as in 56 

the development of human well-being (Xu et al., 2021). Biodiversity is strongly 57 

associated with the productivity and resilience of terrestrial ecosystems through 58 

changing the rate of decomposition (Balvanera et al., 2006), carbon cycle (Midgley, 59 

2012) and interspecies relationships (Wardle, Bardgett, Callaway, & Van der Putten, 60 

2011). Moreover, it is also closely related to products, such as food supply and 61 

pharmaceutical products, that are essential in human life by mediating pollination and 62 

other processes (Booth et al., 2021). Nevertheless, global biodiversity has experienced 63 

an increasing loss since the Anthropocene (Johnson et al., 2017). The “Global Risk 64 

Report 2020” published by the World Economic Forum (WEF) also ranked 65 

“biodiversity loss” as the second most impactful and third most likely risk for the next 66 

decade. Factors driving biodiversity loss are widely varied, ranging from natural 67 

processes to anthropogenic activities (Maxwell, Fuller, Brooks, & Watson, 2016). 68 

Many studies attribute the biodiversity loss to climate change (Di Marco et al., 2019; 69 

Hickling, Roy, Hill, Fox, & Thomas, 2006; Mantyka-pringle, Martin, & Rhodes, 70 

2012). Land-use change also poses a serious threat to global biodiversity. However, 71 

we, at present, cannot fully understand the combined effect of climate and land-use 72 

change on biodiversity loss at a global scale.  73 

Climate change is considered as a primary factor driving biodiversity loss. 74 
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Continuous rising of temperature can directly change the natural environment of 75 

habitats, which eventually leads to a widespread species extinction. Recent studies 76 

have shown that species exhibit several responses to climate change. For instance, 77 

Parmesan (2006) found that evolutionary adaptations to warmer conditions were 78 

important for species against climate change. Poleward shifts of species’ ranges 79 

(Hickling et al., 2006) and species invasion (Dornelas et al., 2014) are also common 80 

responses to climate change. However, not all species can shelter themselves from the 81 

negative effects of climate change by adaptation or migration. Some studies indicated 82 

that range-restricted species, like species ranged in polar or mountaintop, are more 83 

likely to undergo extinct (Dullinger et al., 2012).  84 

Land-use change can increase the risk of species extinction combined with 85 

climate change by exacerbating the removal and fragmentation of native habitat in 86 

some regions. Peters et al. (2019) suggested that land-use change in climate-sensitive 87 

areas is likely to amplify the negative effect caused by climate change. For example, 88 

the land-use change in arid and semi-arid lands which is sensitive to climate 89 

conditions can increase the risk of species richness loss (Davies et al., 2012). 90 

Similarly, the agricultural expansion and urban sprawl aggravate the richness loss of 91 

soil organic carbon caused by climate change in wetland areas (Rojas, Munizaga, 92 

Rojas, Martínez, & Pino, 2019). On the other hand, the negative effects of climate 93 

change on biodiversity can also be ameliorated by land-use change. More recently, 94 

studies noticed that building protected areas could effectively resist the negative 95 
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effects of climate change (Maiorano, Falcucci, Garton, & BOITANI, 2007; Shi et al., 96 

2020). Besides, land-use conversions with less attention paid on, such as from 97 

agricultural land to forests, can also offset part of the negative effects from climate 98 

change (Manaye, Negash, & Alebachew, 2019). In addition, the magnitude of 99 

land-use intensity varies markedly at a global scale may cause varied consequences to 100 

different biodiversity changes (Pekin & Pijanowski, 2012).  101 

To comprehensively reveal the combined effect on biodiversity changes, a solid 102 

understanding of the potential effects of future change on biodiversity as well existing 103 

status is necessary. Scenario-based biodiversity projection is essential for predicting 104 

the potential biodiversity loss. Scenario-based biodiversity projection should be 105 

essential for predicting the potential biodiversity loss and measuring the effectiveness 106 

of protection measures. Future scenarios, in general, should incorporate 107 

social-economic factors, such as human population density, economic development 108 

and greenhouse gases emissions. This requirement can be addressed by the recently 109 

generated scenario, the Shared Socio-economic Pathways (SSPs) (Riahi et al., 2017). 110 

However, limited studies have been carried out to quantify the combined effect of 111 

climate and land-use change on biodiversity change. It is unclear about which factors 112 

may dominate the biodiversity change on the global scale and what is the spatial 113 

heterogenicity of their influences. 114 

Here we attempt to quantify the combined effect of climate and land-use change 115 

on diversity changes of terrestrial vertebrates under SSPs, and explore the relative 116 
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contributions of climate change and land-use change to these changes. To be specific, 117 

we aim to answer: (a) How the combined effect of climate and land-use change on 118 

diversity changes of terrestrial vertebrates at the global scale? (b) Compared with 119 

climate change, how much does future land-use change contribute to diversity 120 

changes of terrestrial vertebrates?  121 

2. Materials and methods 122 

This section provides a summary of dataset collection and some methods used in 123 

this paper. First, the land-use naturalness and land-use intensity proxies on a global 124 

scale were generated for global land-use change with land-use data, net primary 125 

productivity (NPP) and population density. Second, we built the species distribution 126 

models with climatic and land-use variables by using empirical data. Two methods, 127 

generalized additive models (GAM) and random forest (RF) methods, were then 128 

evaluated to choose the best with a higher value of R
2
 for the prediction. Third, the 129 

combined effect of climate and land-use change on terrestrial vertebrates was assessed 130 

by projecting the species richness changes under SSPs. Finally, we evaluated the 131 

relative contributions of climate and land-use change for future biodiversity change 132 

which may depend critically on the land-use change on the global scale.  133 

2.1 Diversity measures 134 

Species richness, which measures the number of different species in an 135 

ecological sample, is a biodiversity index that formed the basis for various 136 
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biodiversity studies (Jenkins, Pimm, & Joppa, 2013). The species richness was also 137 

adopted as a proxy of global diversity of terrestrial vertebrates in this paper. For 138 

amphibians and mammals, we employed the geographical distribution database from 139 

the International Union for the Conservation of Nature (IUCN) Red List 140 

(https://www.iucnredlist.org/). As for birds, we used the species distribution data from 141 

the Birdlife International (http://www.birdlife.org/).  142 

To generate richness maps on a global scale, we first removed the species range 143 

polygons which were classified as “extinct”, “extinct in the wild”, “not evaluated” and 144 

“data deficient” categories, and unionized polygons with the same taxonomic name. 145 

We then created a fishnet with a spatial grain of 1km×1km by using ArcGIS, and 146 

counted the overlap between species range polygons in each grid cell. The final 147 

generated world’s richness maps of terrestrial vertebrates involved 4,708 mammal 148 

species, 5,208 amphibian species, and 17,228 bird species.  149 

2.2 Climate and land-use variables 150 

To incorporate climatic variables and elevation into our analysis, we considered 151 

the following climate variables: mean annual temperature (Fadrique et al., 2018), 152 

mean annual precipitation (Garcia, Cabeza, Rahbek, & Araújo, 2014), mean annual 153 

wind speed (Porter, Budaraju, Stewart, & Ramankutty, 2015) and mean elevation 154 

(Elsen & Tingley, 2015). The mean elevation was chosen to reflect the effect of 155 

altitude on species richness when building species distribution models. Climate 156 
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variables were derived from the Global Surface Summary of the Day 157 

(https://data.noaa.gov/dataset/global-surface-summary-of-the-day-gsod) and the 158 

Coupled Model Intercomparison Project Phase 6 (CMIP 6, https://esgf-node.llnl.gov/). 159 

The dataset of the global Surface Summary of the Day and the CMIP6 were used for 160 

building RF models and predicting the future geographic distribution of terrestrial 161 

vertebrates, respectively. Here, we chose the climate variables from the CMIP6 with 162 

the combination of SSP1-RCP1.9, SSP2-RCP4.5, SSP3-RCP7.0, SSP4-RCP6.0 and 163 

SSP5-RCP8.5 for 2050. We resampled these four climate variables and the mean 164 

elevation into 30-arc resolution (http://www.fao.org/), and excluded the Antarctic area 165 

and the grid cells with missing climate information.  166 

As the species richness of terrestrial vertebrates is also sensitive to land-use 167 

change (Newbold et al., 2016). We defined land-use naturalness (LUN) and the 168 

land-use intensity (LUI) as two proxies to detect the land-use change on a global scale. 169 

As shown in equation (1)，the LUN was described as the product of the average 170 

naturalness (Anat) and net primary productivity (NPP, from http://files.ntsg.umt.edu/). 171 

The LUI was related to Anat and population density of human being (POP, from 172 

https://landscan.ornl.gov/landscan-datasets).  173 

LUN = 𝐴𝑛𝑎𝑡 × NPP                        (1) 174 

LUI = (1 − 𝐴𝑛𝑎𝑡) × POP                      (2) 175 

where, Anat was associated with the land-use categories and values of naturalness.  176 

To calculate the LUN and LUI, the Intergovernmental Panel on Climate Change 177 
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land categories and the European Space Agency Climate Change Initiative Land 178 

Cover (CCI-LC) land dataset (http://maps.elie.ucl.ac.be/CCI/viewer/index.php), with 179 

300-meter spatial resolution in 2017 and its corresponding land categories were 180 

adopted. According to the correspondence of the two categories (Table 1), the CCI-LC 181 

land-use classes were grouped into the six IPCC land categories, for instance, 182 

agriculture, forest, grassland, wetland, settlement and other land. The value of 183 

naturalness in each land-use class was referred from Montesino et al.(2014). We 184 

further calculated the values Anat for five land use classes according to Equation (3).  185 

𝐴𝑛𝑎𝑡 =  
∑ 𝑛𝑎𝑡𝑖×𝑛𝑐𝑒𝑙𝑙𝑖

𝑘
𝑖=0

∑ 𝑛𝑐𝑒𝑙𝑙𝑖
𝑘
𝑖=0

                      (3) 186 

In which, 𝑛𝑎𝑡𝑖 and 𝑛𝑐𝑒𝑙𝑙𝑖 are the value of naturalness and the number of grid cells 187 

in the ith land cover class, respectively. k is the number of land cover classes.  188 

For calculating the two land-use proxies under SSPs, we also employed the 189 

projected land use data, NPP and world population density from the Integrated Model 190 

to assess the Global Environment (IMAGE, https://dataplatform.knmi.nl/?q=PBL) 191 

(Popp et al., 2017). As the projected land-use data were cover percentages of different 192 

land-use classes in each grid cell, the detailed calculation of land-use naturalness and 193 

land-use intensity was according to Equation (4) and Equation (5).  194 

LUNSSP = (∑ 𝐴𝑛𝑎𝑡𝑖
𝑘
𝑖=0 ) × NPPSSP                 (4) 195 

LUISSP = (∑ (1 − 𝐴𝑛𝑎𝑡𝑖)𝑘
𝑖=0 ) × POPSSP               (5) 196 

In which, LUNSSP and LUISSP were the LUN and LUI under SSPs. NPPSSP and 197 

POPSSP were the net primary productivity and population density under SSPs. k was 198 
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the number of land cover classes.  199 

𝑐𝑒𝑙𝑙𝑗 =
𝑉𝑐𝑒𝑙𝑙𝑗−𝑟𝑎𝑠𝑡𝑒𝑟𝑚𝑖𝑛

𝑟𝑎𝑠𝑡𝑒𝑟𝑚𝑎𝑥−𝑟𝑎𝑠𝑡𝑒𝑟𝑚𝑖𝑛
(𝑗 = 1,2, … , 𝑛)               (6) 200 

All climate and land-use variables in our analysis were normalized according to 201 

Equation (6). In which, 𝑉𝑐𝑒𝑙𝑙𝑗 was the original value in the jth grid cell, 𝑟𝑎𝑠𝑡𝑒𝑟𝑚𝑖𝑛 202 

and 𝑟𝑎𝑠𝑡𝑒𝑟𝑚𝑎𝑥 were the minimum and maximum values in raster data, respectively. 203 

n indicated the number of grid cells in raster data. 204 
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Table 1 The correspondence between the land categories and values of naturalness in each land classes 205 

Land categories (IPCC) Average naturalness  Land categories (CCI-LC) Naturalness 

Agriculture 0.22 Rained cropland 0.20 

Irrigated cropland 0.25 

Mosaic cropland (>50%) / natural vegetation (tree, shrub, herbaceous cover) (<50%) 0.30 

Mosaic natural vegetation (tree, shrub, herbaceous cover) 

(>50%) / cropland (< 50%) 

0.90 

Forest 0.87 Tree cover, broadleaved, evergreen, closed to open (>15%) 0.95 

Tree cover, broadleaved, deciduous, closed to open (> 15%) 0.90 

Tree cover, needleleaved, evergreen, closed to open (> 15%)） 0.90 

Tree cover, needleleaved, deciduous, closed to open (> 15%) 0.85 

Tree cover, mixed leaf type (broadleaved and needleleaved) 0.70 

Mosaic tree and shrub (>50%) / herbaceous cover (< 50%) 0.60 

Tree cover, flooded, fresh or brakish water 0.50 

Tree cover, flooded, saline water 0.45 

Grassland 0.77 Mosaic herbaceous cover (>50%) / tree and shrub (<50%) 0.40 

Grassland 0.80 

Wetland 0.85 Shrub or herbaceous cover, flooded, fresh-saline or brakish 

water 

0.85 

Settlement 0.00 Urban 0.00 

Other 0.17 Shrubland 0.30 

Lichens and mosses 0.15 

Sparse vegetation (tree, shrub, herbaceous cover) 0.20 

Bare areas 0.10 
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2.3 Statistical analysis  206 

The species distribution model (SDM) is commonly used for predicting the 207 

geographical distribution of species and providing some evidence for species 208 

endangerment assessment. The SDM assumes that the niche for each specie depends 209 

on the environmental factors in its habitat. According to recent studies (Barbet-Massin, 210 

Thuiller, & Jiguet, 2012; Thuiller, Lafourcade, Engler, & Araújo, 2009), generalized 211 

additive models (GAM) and machine learning algorithms are more widely used for 212 

solving the geographic distribution of species. For example, Montesino et al.(2014) 213 

adopted GAM to assess the effect of future land-use change on biodiversity in global 214 

protected areas. Marmion et al.(2009) compared eight modelling techniques for 215 

predicting plant geographical distribution in North-eastern Finland and found that RF 216 

method performed the best. However, it remains unclear which one performs better on 217 

a global level.  218 

Therefore, we compared GAM with RF for accessing the potential effects of 219 

climate and land-use change on species richness of terrestrial vertebrates, as well as 220 

that of different taxa. We parameterized GAM by default settings with the pyGAM 221 

package in Python 3.6. For random forest methods, the number of trees and the 222 

maximum number of features were set to be 100 and 6, respectively. To evaluate 223 

model performance, we split the dataset into training and testing sets through 10-fold 224 

cross-validation and calculated the adjusted R
2
. The Terrestrial Ecoregions of the 225 
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World (TEOW) data was also introduced to improve the accuracy of the species 226 

distribution model. The TEOW data was derived from the World Wildlife Fund and 227 

defined 867 terrestrial ecoregions that classified into 14 biomes across the globe 228 

(Olson et al., 2001). For each biome, we carried out species distribution models and 229 

selected the model with a higher adjusted R
2
 from GAM and RF.  230 

2.4 Contributions of climate and land-use factors to richness changes 231 

To quantify the contributions of climate change and land-use change to richness 232 

changes of terrestrial vertebrates, we predicted the spatially land-use-induced and 233 

climate-driven distribution of species richness under the SSPs with RF models 234 

respectively. Specially, the spatially land-use-induced species richness (𝐵𝑖𝑜𝑙𝑎𝑛𝑑) was 235 

simulated by using the constant land-use dataset and future climate dataset. Similarly, 236 

the climate-driven species richness (𝐵𝑖𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒) was projected with the constant 237 

climate dataset and future land-use dataset. Here, we considered the projected species 238 

richness with future climate and land-use dataset as the actual species richness under 239 

SSPs. Accordingly, we could calculate the difference between the actual species 240 

richness and the 𝐵𝑖𝑜𝑙𝑎𝑛𝑑, and the difference between the actual species richness and 241 

𝐵𝑖𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒 using Equation (7) and Equation (8).  242 

∆𝐵𝑖𝑜land =  𝐵𝑖𝑜𝑙𝑎𝑛𝑑 − 𝐵𝑖𝑜𝑙𝑎𝑛𝑑_𝑐𝑙𝑖𝑚𝑎𝑡𝑒                  (7) 243 

∆𝐵𝑖𝑜climate =  𝐵𝑖𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒 − 𝐵𝑖𝑜𝑙𝑎𝑛𝑑_𝑐𝑙𝑖𝑚𝑎𝑡𝑒               (8) 244 

Following Wu et al.(2014) and Liu et al.(2019), we estimated the relative 245 
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contributions of climate change and land-use change to richness changes of terrestrial 246 

vertebrates as Equation (9) and Equation (10). Here, we considered the sum of 247 

contributions of climate change and land-use change to be 100%. The final 248 

contributions of climate change and land-use change to the loss under different SSPs 249 

were processed according to the terrestrial biomes using the zonal statistics of 250 

ArcGIS.  251 

Contrland =
|∆𝐵𝑖𝑜𝑙𝑎𝑛𝑑|

|∆𝐵𝑖𝑜𝑙𝑎𝑛𝑑|+|∆𝐵𝑖𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒|
× 100%                (9) 252 

Contrclimate =
|∆𝐵𝑖𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒|

|∆𝐵𝑖𝑜𝑙𝑎𝑛𝑑|+|∆𝐵𝑖𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒|
× 100%              (10) 253 

3. Results 254 

3.1 Performance of species distribution models  255 

After determining the correlation between species richness and climate and 256 

land-use variables with Pearson correlation analysis (SI. Figure 1), we used random 257 

forest (RF) models to build species distribution models for global terrestrial 258 

vertebrates, and compared the results with those from a generalised additive model 259 

(GAM). The results show that models including climate and land-use variables have 260 

higher explanatory power for species distribution than models that only use climate 261 

variables (SI. Table 1). Additionally, the RF methods show generally higher 262 

performance than GAM for terrestrial vertebrates, as well as for amphibians, 263 

mammals and birds (Figure 1). Specifically, the RF methods have higher explanatory 264 

power for the species richness of terrestrial vertebrates in Tropical and Subtropical 265 
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Coniferous Forests (TSC, abbreviations of all terrestrial biomes can be referred to SI. 266 

Table 2) than GAM (R
2
 = 0.79 for RF and R

2
 = 0.55 for GAM). Similarly, the species 267 

richness of amphibians, mammals and birds are also can strongly explained by using 268 

random forest methods, but moderately explained by GAM, especially in TSC and 269 

MWS (with R
2
 = 0.70, 0.81 and 0.72 for RF and with R

2
 = 0.49, 0.53 and 0.59 for 270 

GAM). Even under the poorest situation, the RF method still behaves fairly with the 271 

GAM. For example, the species richness of mammals in BRF explains by RF method 272 

with R
2
 = 0.62 and by the GAM with R

2
 = 0.63, which is slightly higher than random 273 

forest method (but less than 0.01). Therefore, we choose the RF methods to predict 274 

the species richness of terrestrial vertebrates under SSPs.  275 
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 276 

Figure 1 R
2
 of generalized additive models (GAM) and random forest (RF) methods. Response 277 

variables in a-d are the species richness of terrestrial vertebrates, amphibians, mammals and birds, 278 

respectively. The red dash line represents the value of R
2
 equals 0.7. TMB, TDB, and TSC denote 279 

the biomes of Tropical and Subtropical Moist Broadleaf Forests, Tropical and Subtropical Dry 280 

Broadleaf Forests, and Tropical and Subtropical Coniferous Forests. TBM, TCF and BRF 281 

represent the biomes of Temperate Broadleaf and Mixed Forests, Temperate Coniferous Forests, 282 

and Boreal Forests/Taiga. TSG, TGS, and FGS are the biomes of Tropical and Subtropical 283 

Grasslands, Savannas, and Shrublands, Temperate Grasslands, Savannas, and Shrublands, and 284 

Flooded Grasslands and Savannas. MGS, TDA, and MWS are the biomes of Montane Grasslands 285 

and Shrublands, Tundra, and Mediterranean Forests, Woodlands, and Scrub. DXS and MGV are 286 

the biomes of Deserts and Xeric Shrublands and Mangroves, respectively. The abbreviation of 14 287 

terrestrial biomes also can be referred to SI. Table 2. 288 

3.2 Projected richness changes under SSPs  289 

We predicted the changes of species richness for terrestrial vertebrates across the 290 

globe under SSPs with the combined effects of climate and land-use change. The 291 

estimation shows that about 45.99% of the world’s land would suffer a loss of species 292 
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richness between 2017 and 2050 under climate and land-use change. The magnitude 293 

and geographic distribution of the changes vary under the five different SSPs (SI. 294 

Figure 3 – 6). In general, the heaviest richness loss is projected under SSP5 (with 295 

46.29% of terrestrial land suffering richness loss), but the lowest species richness 296 

under SSP3, with about 45.82% of global land experiencing richness loss (Table 2). 297 

To be specific, the differences between the five SSPs are mainly distributed in Latin 298 

America and Southeast Asia. For instance, the magnitude of richness loss in the 299 

Guiana Highlands is largest under SSP5, followed by that under SSP2. In contrast, the 300 

loss of species richness under SSP3 is estimated the least compared with the other 301 

four SSPs, no matter in magnitudes or geographical ranges. As shown in Figure 2, 302 

Southeast Asia will suffer the most significant richness loss of terrestrial vertebrates, 303 

with a maximum loss of 305 species (nearly 83.33% of the present species richness) 304 

in the Malay Archipelago by 2050 under SSP3. These richness losses are close to the 305 

results of Chaudhary and Mooers (Chaudhary & Mooers, 2018), who predicted a loss 306 

of nearly 281 species under land-use change from 2050 to 2100. Interestingly, the 307 

richness loss in Latin America is concentrated in the east of the Brazilian plateau and 308 

the North Cordillera Mountains but scattered around the Amazon Basin. In terms of 309 

quantity, the richness loss in Latin America is slightly lower than that in Southeast 310 

Asia, with a maximum richness loss of 187 species.  311 
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Table 2 The percentages of terrestrial land with richness loss under SSPs (%) 312 

SSPs Terrestrial vertebrates Amphibians Mammals Birds 

SSP1 45.98 40.90 42.94 38.92 

SSP2 46.00 40.52 42.62 38.94 

SSP3 45.82 40.75 42.82 38.61 

SSP4 45.85 40.21 42.37 38.75 

SSP5 46.29 41.13 43.07 39.16 

For different taxa, we find that mammals have the largest geographical range size 313 

with richness loss by 2050 (about 42.76% of the world’s land), followed by 314 

amphibians (about 40.70% of the world’s land). Although mammals show the largest 315 

geographical range size with richness loss, the quantity of richness loss is far less than 316 

that of other taxa. To be specific, the heaviest richness loss of amphibians is estimated 317 

to be 84 species, while that of mammals is 65 species. Furthermore, the richness 318 

changes for different taxa shows geographical variation. The richness loss of 319 

amphibians is mainly distributed in the Amazon Basin and the Brazilian Plateau in 320 

Latin America, south Congo Basin and the Atlantic Coastal Plain, whereas the 321 

richness increase of amphibians is distributed in the north Amazon, the Congo Basin, 322 

the Yunnan-Guizhou Plateau, and Papua Islands. For birds, the richness increase 323 

under SSP3 is mainly located in the Congo Basin, Papua Islands and the 324 

Yunnan-Guizhou Plateau.  325 
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 326 

Figure 2 Richness changes of terrestrial vertebrates between 2017 and 2050 under 327 

SSP3. a. the rate of richness changes (%), b. the number of richness changes.  328 

In addition, richness changes at low latitudes (20°S – 25°N) and low elevation (< 329 

1500 meter) are projected to decline sharply. As shown in Figure 3, the richness losses 330 

of terrestrial vertebrates, as well as amphibians, mammals, and birds, are mainly 331 

distributed at latitudes between 20°S and 25°N under the SSPs and are projected to 332 

experience a large fluctuation in magnitude. For instance, the species richness of 333 
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terrestrial vertebrates will decline by nine species per year but increase by two species 334 

per year from the present to 2050. In contrast, the magnitude of richness changes 335 

around the 60° magnetic latitude and higher is relatively small, showing a slightly 336 

increasing trend. These results show a whole range shift from low latitude to high 337 

latitude as a result of climate and land-use change, coincident with those of previous 338 

studies (Chen, Hill, Ohlemüller, Roy, & Thomas, 2011; Hill, Griffiths, & Thomas, 339 

2011; Pauli et al., 2012). The comparison between different taxa emphasizes that 340 

mammals are more likely to suffer richness loss in the middle of the 21th Century, no 341 

matter at low latitudes (Figure 3b, c, d). Furthermore, our projections find the loss of 342 

species richness is concentrated at low altitudes (< 1500m). Taking SSP3 for example 343 

(SI. Figure 2), the largest loss of species richness below 1500m reached five species 344 

per year, with birds experiencing the largest loss, followed by mammals.  345 
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 346 

Figure 3 Annual changes of species richness along with magnetic latitudes 347 

between 2017 and 2050 under SSP3 for a. terrestrial vertebrates, b. amphibians, c. 348 

mammals and d. birds. Colour bar shows the number of grid cells that located in annual 349 

change of richness species and latitude.  350 

The projection also indicates that nearly half of the world’s countries would 351 

experience a richness loss by 2050. In general, approximately 19.62% of world’s 352 

countries have an average rate of species-richness loss over 30.00%, and 17.72% of 353 

countries have an average rate of increase over 30.00%. By introducing the Human 354 

Development Index (HDI), the numbers of high-income countries with richness loss 355 

and increase are almost equal, but the rate of increase is larger than the rate of loss 356 

(Figure 4b). Similarly, for low-income countries, the number of countries with 357 

richness loss is also equivalent to that with richness increase. However, compared 358 
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with countries at the high-income level, the magnitudes of species-richness changes 359 

are much slighter. It is worth mentioning that the largest rate of species-richness loss 360 

(74.17%) is estimated at middle-income countries.  361 

 362 

Figure 4 The average of net richness changes (%) for terrestrial vertebrates at the 363 

country level. a. the average richness loss of terrestrial vertebrates for the top 50 of the 364 

world’s countries between 2017 and 2050 under SSPs. Orange solid lines indicate the 365 

95% confidence interval of country-specific richness loss. Labels in vertical axis are the 366 

country code (ISO3) of the top 50 world countries. b. Country-level richness changes 367 

between 2017 and 2025 in relation to countries’ human development index (HDI). 368 

Colours represent the countries in different income levels and the point diameter 369 

indicates the value of species-richness loss.  370 

3.3 Contributions of climate change and land-use change 371 

We estimated the relative contributions of future climate change and land-use 372 

change to species richness changes. The analysis reveals that the contribution of 373 
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land-use change to biodiversity changes can reach 48.52% on average, which is even 374 

slightly lower than that of climate change (51.48%) on the global scale. However, the 375 

relative contributions of climate change and land-use change are varied among the 376 

five scenarios of SSPs. For instance, the climate-related contribution is the largest 377 

under SSP5 (accounting for 51.29%) but lowest under SSP3 (estimated at 50.45%).  378 

Contributions of climate change and land-use change show obvious variations in 379 

terrestrial biomes. Taking SSP5 as an example, climate change shows the greatest 380 

effect on richness changes in FGS (68.78%), followed by that in TSC (66.05%), 381 

whereas land-use change has the strongest influence in BRF (68.72%). As table 3 382 

shows, the biomes of TSC, TGS and FGS are highly explained by climate change 383 

under the five SSPs (with climate-related contribution beyond 60%), which indicates 384 

that terrestrial vertebrates in these biomes are more vulnerable to climate change than 385 

land-use change. Instead, the biomes of BRF and TDA are prone to be influenced by 386 

land-use change under all the SSPs, with land-use-related contributions at 69.43% and 387 

60.88% in SSP3, respectively.  388 
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Table 3 Contributions of climate and land-use change on future richness changes of terrestrial vertebrates (%) 389 

 SSP1 SSP 2 SSP 3 SSP 4 SSP 5 

Biomes climate 

change 

land-use 

change 

climate 

change 

land-use 

change 

climate 

change 

land-use 

change 

climate 

change 

land-use 

change 

climate 

change 

land-use 

change 

TMB 45.32 54.68 46.50 53.50 46.46 53.54 45.91 54.09 46.33 53.67 

TDB 46.86 53.14 47.44 52.56 49.35 50.65 47.14 52.86 51.10 48.90 

TSC 60.42 39.58 64.01 35.99 63.78 36.22 61.15 38.85 66.05 33.95 

TBM 48.40 51.60 47.31 52.69 48.10 51.90 45.59 54.41 47.95 52.05 

TCF 54.25 45.75 51.60 48.40 53.30 46.70 52.88 47.12 52.19 47.81 

BRF 31.44 68.56 30.37 69.63 30.57 69.43 30.65 69.35 31.28 68.72 

TSG 45.84 54.16 47.04 52.96 47.64 52.36 46.36 53.64 47.36 52.64 

TGS 65.98 34.02 63.99 36.01 65.72 34.28 65.45 34.55 64.77 35.23 

FGS 62.94 37.06 66.03 33.97 62.62 37.38 65.80 34.20 68.78 31.22 

MGS 59.84 40.16 58.13 41.87 59.65 40.35 58.53 41.47 60.88 39.12 

TDA 40.28 59.72 39.78 60.22 39.12 60.88 38.42 61.58 36.38 63.62 

MWS 61.50 38.50 63.82 36.18 62.25 37.75 60.71 39.29 58.38 41.62 

DXS 40.72 59.28 42.65 57.35 42.82 57.18 42.87 57.13 41.27 58.73 

MGS 53.53 46.47 53.02 46.98 52.87 47.13 51.45 48.55 54.84 45.16 

Note: TMB, TDB, and TSC denote the biomes of Tropical and Subtropical Moist Broadleaf Forests, Tropical and Subtropical Dry Broadleaf Forests, and Tropical 390 

and Subtropical Coniferous Forests. TBM, TCF and BRF represent the biomes of Temperate Broadleaf and Mixed Forests, Temperate Coniferous Forests, and Boreal 391 

Forests/Taiga. TSG, TGS, and FGS are the biomes of Tropical and Subtropical Grasslands, Savannas, and Shrublands, Temperate Grasslands, Savannas, and 392 

Shrublands, and Flooded Grasslands and Savannas. MGS, TDA, and MWS are the biomes of Montane Grasslands and Shrublands, Tundra, and Mediterranean 393 

Forests, Woodlands, and Scrub. DXS and MGV are the biomes of Deserts and Xeric Shrublands and Mangroves, respectively. The abbreviation of terrestrial biomes 394 

also can be referred to SI. Table 2. 395 
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4. Discussion  396 

Land-use change is a critical driver of historical change of biodiversity under the 397 

global climate change (Jung, Rowhani, & Scharlemann, 2019). In this study, we 398 

assess the combined effects of future climate and land-use change on terrestrial 399 

vertebrates and separate the relative contributions of climate change and land-use 400 

change at a global scale under SSPs. The results reveal various spatial distribution 401 

responses of terrestrial vertebrates across the globe, enabling us to understand the 402 

combined effects of climate and land-use change, and identifying the priority for 403 

biodiversity conservation.  404 

4.1 Relative contributions of climate change and land-use change  405 

Climate change has been demonstrated to be a contributor to reshaping the 406 

richness and geographical ranges of terrestrial vertebrates, with a relative contribution 407 

of 51.48%. The importance of RF models further reveal that mean annual temperature 408 

and mean annual precipitation are the dominant climate factors influencing the 409 

richness changes of terrestrial vertebrates (SI. Table 3), which is consistent with 410 

previous studies that measured the effects of climate change from different 411 

perspectives (Garcia et al., 2014; Urban, 2015). The climate-related effects on 412 

terrestrial vertebrates are different among terrestrial biomes. For all tropical biomes, 413 

the diversity of terrestrial vertebrates is largely influenced by mean annual 414 

temperature, followed by mean annual precipitation. This phenomenon may originate 415 
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from that the tropical species are systematically more sensitive to climate variations 416 

than species at other locations (Deutsch et al., 2008; Freeman & Class Freeman, 2014). 417 

Higher spatial heterogeneity of climate change usually means wider environmental 418 

tolerance (Bonebrake & Mastrandrea, 2010). Since tropical biomes are characterized 419 

by low spatial heterogeneity in temperature, species in the tropics, compared with 420 

temperate species, have to move farther along latitude to offset the adverse effect of 421 

rising temperature (Colwell, Brehm, Cardelús, Gilman, & Longino, 2008). Although 422 

complex topography can alleviate the negative effect caused by the warming climate, 423 

the niche of the indigenous montane species would be under threat (Elsen & Tingley, 424 

2015). Meanwhile, the increase in the length of the dry season caused by the 425 

precipitation variation in tropical areas will directly affect the phenology and duration 426 

of bird reproductive activities and the availability of food resources, resulting in 427 

nearly one-third of tropical birds suffering population decline (Brawn, Benson, Stager, 428 

Sly, & Tarwater, 2017).  429 

Land-use change is also identified the other important determinant for terrestrial 430 

vertebrates across the globe under all five SSPs, averagely resulting in 48.52% of 431 

global richness changes, which is in line with many existed studies (Jantz et al., 2015; 432 

Jetz, Wilcove, & Dobson, 2007; Mantyka-Pringle et al., 2015). This suggests that 433 

land-use change also plays a significant role in shifting species ranges and changing 434 

richness diversity of terrestrial vertebrates. However, the effect of land-use change on 435 

terrestrial vertebrates often shows a superposition or mitigation effect on the effect of 436 
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climate change. For instance, Jung et al. (2019) claimed that abrupt land-use change 437 

could lower local species and abundance by 4.2% and 2.0%, but this loss could 438 

completely recover after ten years with a constant climate condition. Moreover, our 439 

analysis shows that the land-use naturalness, in some terrestrial biomes (e.g. BRF), 440 

contributes more to richness changes by comparison with climate variables, such as 441 

the mean annual temperature and the mean annual precipitation. This high 442 

land-use-related contribution may largely be associated with agricultural expansion 443 

(Dobrovolski, Diniz-Filho, Loyola, & De Marco Júnior, 2011). According to the high 444 

level of projected population growth (Gerland et al., 2014) and the dietary transitions 445 

to more calories and animal-based foods (Willett et al., 2019), more natural land 446 

needs to be converted into agricultural land for satisfying basic food systems, thereby 447 

making natural habitats more fragmented and leading to species extinctions (Williams 448 

et al., 2020).  449 

4.2 Regional differences of species richness changes  450 

The combined effects of climate and land-use change on terrestrial vertebrates 451 

show substantial latitudinal differences with a large decline at low latitudes, this result 452 

is consistent with those of previous studies which suggest a sharp biodiversity loss at 453 

low latitudes (Chaudhary & Mooers, 2018; Schipper et al., 2019). However, unlike 454 

numerous studies focusing on a poleward shift of terrestrial vertebrates in the future 455 

(Chen et al., 2011; Hickling et al., 2006; Hill et al., 2011), we warn that the richness 456 
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changes at low latitudes should be paid much more attention to. The main reason is 457 

that low-latitude regions have a considerably number of species and the most 458 

abundant biological resources on the planet (Gaston, 2000; Jenkins et al., 2013). For 459 

instance, the Amazon Basin is home to nearly one-quarter of terrestrial species. 460 

Besides that, the low latitudes are subject to some of the locations that most disturbed 461 

by anthropogenic activities (Barlow et al., 2018), including land-use change and 462 

degradation (Keenan et al., 2015), pollution (Lewis, Silburn, Kookana, & Shaw, 2016) 463 

and overexploitation (Ingram et al., 2018). Multiple anthropogenic stressors have 464 

caused tropical ecosystems more vulnerable (Buisson et al., 2019; Cole, Bhagwat, & 465 

Willis, 2014) and transform from species-rich systems to species-poor systems 466 

(Veldman & Putz, 2011).  467 

Furthermore, our result at the country-specific level indicates that the richness 468 

loss is mainly concentrated in the countries at the middle-income level which is 469 

highly consistent with that of the study by Waldron et al.(2017). Their study finds that 470 

biodiversity declines as the gross domestic product (GDP) grows, but the effect of 471 

GDP growth is not significant in the poorest countries and can be partly offset by 472 

improvements in the quality of national governance. Obviously, countries at different 473 

income levels have different abilities to cope with the effects of climate change, as 474 

well as varied social consciousness and paid willingness for biodiversity conservation 475 

(Jacobsen & Hanley, 2009; Turpie, 2003), leading to different magnitudes of 476 

species-richness changes. Meanwhile, the phenomenon is also closely related to 477 
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economic activities. Some other studies have shown that high-income countries can 478 

shift their pressure on species to low- and middle-income countries through importing 479 

of products and services (Holland et al., 2019; Lenzen et al., 2012). These telecoupled 480 

activities make the country-specific richness changes more complex.  481 

4.3 Implications for biodiversity conservation  482 

Global biodiversity will be affected by both climate change and land-use change, 483 

and climate change is considered the dominant cause of species extinction. How 484 

society responds to climate change will seriously affect biodiversity changes, because 485 

effective climate change mitigation policies will significantly alleviate the direct 486 

effect of climate change on biodiversity (Mantyka-Pringle et al., 2015; Schipper et al., 487 

2019). Our analysis shows that under the scenario of the highest greenhouse gas 488 

emissions, that is, the SSP5 scenario, the diversity of terrestrial vertebrates will 489 

decline the most in the middle of 21st century, and the relative contribution of climate 490 

change is also the highest (51.97%), comparing with the climate-related contribution 491 

under SSP4 scenario by 50.92%. This demonstrates that our society must immediately 492 

implement sustainable development strategies through transforming energy 493 

production and consumption, improving renewable energy technologies, reducing 494 

greenhouse gas emissions, and slowing down the rate of climate change.  495 

What’s more, reasonable land-use planning is equally important for biodiversity 496 

conservation, especially at a country-specific level. First, reducing deforestation and 497 
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agricultural expansion are the most direct ways to conserve species through protecting 498 

habitats. A market-based protective payment mechanism, such as REDD+ (Agrawal, 499 

Nepstad, & Chhatre, 2011; McDermott, Coad, Helfgott, & Schroeder, 2012), can be 500 

employed to higher the cost of deforestation for private-sector actors (Lambin et al., 501 

2018). Improved agricultural production efficiency (Grassini & Cassman, 2012) and 502 

proactive food system changes (Booth et al., 2021; Williams et al., 2020) are also 503 

essential approaches to reducing biodiversity threats. Second, the establishment of 504 

protected areas and protected area networks for extinct species is an effective tool to 505 

relieve pressure caused by land-use change (like infrastructure development). The 506 

effectiveness of global protected areas is not optimistic as before it designed because 507 

of ignoring the importance of management (Jones et al., 2018). By introducing the 508 

protected area networks, merely protected areas in Europe have reached the expected 509 

effectiveness and have the potential to resist future climate change (Araújo, Alagador, 510 

Cabeza, Nogués-Bravo, & Thuiller, 2011). Third, establishing laws for local species is 511 

proven to be beneficial to strictly prohibit overexploitation and illegal trade of 512 

endangered species (Mothes et al., 2021). Other channels, including 513 

newly-established economic regulations like payment for ecosystem services (Grima, 514 

Singh, Smetschka, & Ringhofer, 2016; Redford & Adams, 2009), are substantial tools 515 

as financial supports for biodiversity conservation. In addition, strengthening the 516 

cooperation between science and policy at all levels is fundamental to integrate 517 

scientific, indigenous and local knowledge to support land-use decision-making at the 518 
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country-specific level.  519 

5. Conclusions  520 

Climate and land-use change are considered major factors causing biodiversity 521 

loss. However, previous studies rarely take the combined effect of climate and 522 

land-use change on global biodiversity. By using empirical data, we assess the 523 

combined effect of climate and land-use change on species richness of terrestrial 524 

vertebrates and evaluate the relative contributions for climate change and land-use 525 

change. Land-use change is evaluated to account for nearly half of future richness 526 

changes of global terrestrial vertebrates, but slightly lower than the contribution of 527 

climate change. With the combined effect of climate and land-use change, 528 

approximately 45.99% of Earth’s land would experience richness losses of terrestrial 529 

vertebrates, especially in Southeast Asia, sub-Saharan Africa and Latin America. The 530 

analysis on the country-specific level also shows that nearly half of the countries in 531 

the world would confront biodiversity loss, of which 19.62% had average species 532 

richness loss rates of over 15%. These findings demonstrate that land-use change, like 533 

climate change, plays a comparably significant role in the richness changes of 534 

terrestrial vertebrates. More importantly, such insight into attribution analysis of 535 

biodiversity loss is required for future biodiversity conservation, such as the Aichi 536 

biodiversity targets and the post-2020 global biodiversity framework.  537 

There are several limitations in our analysis. First, the interspecies relationships 538 
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and energy requirements are not considered in our species distribution models. 539 

Second, the contribution of land-use intensity in our analysis may be underestimated 540 

as the land-use intensity is calculated by using population density and the naturalness 541 

of each land-use class. Although the population density can represent the number of 542 

people dwelling in each grid cell, this population aggregation is unable to 543 

comprehensively be illustrated by the land-use intensity. Although some limitations to 544 

our projections, this paper goes much beyond previous analysis in three main ways: (1) 545 

we generate the proxies of land-use naturalness and land-use intensity to quantify the 546 

effects of land-use change. (2) we build the relationship between the combined effects 547 

of climate and land-use change and diversity changes using machine learning 548 

techniques at a global scale. (3) The relative contributions of climate change and 549 

land-use change to terrestrial vertebrates are firstly assessed, which is critical to 550 

mitigation policies and conservation strategies, such as the new post-2020 global 551 

biodiversity framework. 552 
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Table 1 The correspondence between the land categories and values of naturalness in each land classes 

Land categories (IPCC) Average naturalness  Land categories (CCI-LC) Naturalness 

Agriculture 0.22 Rained cropland 0.20 

Irrigated cropland 0.25 

Mosaic cropland (>50%) / natural vegetation (tree, shrub, herbaceous cover) (<50%) 0.30 

Mosaic natural vegetation (tree, shrub, herbaceous cover) 

(>50%) / cropland (< 50%) 

0.90 

Forest 0.87 Tree cover, broadleaved, evergreen, closed to open (>15%) 0.95 

Tree cover, broadleaved, deciduous, closed to open (> 15%) 0.90 

Tree cover, needleleaved, evergreen, closed to open (> 15%)） 0.90 

Tree cover, needleleaved, deciduous, closed to open (> 15%) 0.85 

Tree cover, mixed leaf type (broadleaved and needleleaved) 0.70 

Mosaic tree and shrub (>50%) / herbaceous cover (< 50%) 0.60 

Tree cover, flooded, fresh or brakish water 0.50 

Tree cover, flooded, saline water 0.45 

Grassland 0.77 Mosaic herbaceous cover (>50%) / tree and shrub (<50%) 0.40 

Grassland 0.80 

Wetland 0.85 Shrub or herbaceous cover, flooded, fresh-saline or brakish 

water 

0.85 

Settlement 0.00 Urban 0.00 

Other 0.17 Shrubland 0.30 

Lichens and mosses 0.15 

Sparse vegetation (tree, shrub, herbaceous cover) 0.20 

Bare areas 0.10 



Table 2 The percentages of terrestrial land with richness loss under SSPs (%) 

SSPs Terrestrial vertebrates Amphibians Mammals Birds 

SSP1 45.98 40.90 42.94 38.92 

SSP2 46.00 40.52 42.62 38.94 

SSP3 45.82 40.75 42.82 38.61 

SSP4 45.85 40.21 42.37 38.75 

SSP5 46.29 41.13 43.07 39.16 

 



Table 3 Contributions of climate and land-use change on future richness changes of terrestrial vertebrates (%) 

 SSP1 SSP 2 SSP 3 SSP 4 SSP 5 

Biomes climate 

change 

land-use 

change 

climate 

change 

land-use 

change 

climate 

change 

land-use 

change 

climate 

change 

land-use 

change 

climate 

change 

land-use 

change 

TMB 45.32 54.68 46.50 53.50 46.46 53.54 45.91 54.09 46.33 53.67 

TDB 46.86 53.14 47.44 52.56 49.35 50.65 47.14 52.86 51.10 48.90 

TSC 60.42 39.58 64.01 35.99 63.78 36.22 61.15 38.85 66.05 33.95 

TBM 48.40 51.60 47.31 52.69 48.10 51.90 45.59 54.41 47.95 52.05 

TCF 54.25 45.75 51.60 48.40 53.30 46.70 52.88 47.12 52.19 47.81 

BRF 31.44 68.56 30.37 69.63 30.57 69.43 30.65 69.35 31.28 68.72 

TSG 45.84 54.16 47.04 52.96 47.64 52.36 46.36 53.64 47.36 52.64 

TGS 65.98 34.02 63.99 36.01 65.72 34.28 65.45 34.55 64.77 35.23 

FGS 62.94 37.06 66.03 33.97 62.62 37.38 65.80 34.20 68.78 31.22 

MGS 59.84 40.16 58.13 41.87 59.65 40.35 58.53 41.47 60.88 39.12 

TDA 40.28 59.72 39.78 60.22 39.12 60.88 38.42 61.58 36.38 63.62 

MWS 61.50 38.50 63.82 36.18 62.25 37.75 60.71 39.29 58.38 41.62 

DXS 40.72 59.28 42.65 57.35 42.82 57.18 42.87 57.13 41.27 58.73 

MGS 53.53 46.47 53.02 46.98 52.87 47.13 51.45 48.55 54.84 45.16 

Note: TMB, TDB, and TSC denote the biomes of Tropical and Subtropical Moist Broadleaf Forests, Tropical and Subtropical Dry Broadleaf Forests, and Tropical 

and Subtropical Coniferous Forests. TBM, TCF and BRF represent the biomes of Temperate Broadleaf and Mixed Forests, Temperate Coniferous Forests, and Boreal 

Forests/Taiga. TSG, TGS, and FGS are the biomes of Tropical and Subtropical Grasslands, Savannas, and Shrublands, Temperate Grasslands, Savannas, and 

Shrublands, and Flooded Grasslands and Savannas. MGS, TDA, and MWS are the biomes of Montane Grasslands and Shrublands, Tundra, and Mediterranean 

Forests, Woodlands, and Scrub. DXS and MGV are the biomes of Deserts and Xeric Shrublands and Mangroves, respectively. The abbreviation of terrestrial biomes 

also can be referred to SI. Table 2. 
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SI. Figure 1 The visualization of a Pearson correlation matrix of all climate and 19 

land-use predictors and species richness. Lower, Pearson correlation coefficients. 20 

Upper, the significant levels of each Pearson correlation coefficient, *** means the 21 

level of significance p<0.001, ** and * indicate p<0.05 and p<0.1, respectively. ELE, 22 

MAP, MAT, MWS are mean elevation, mean annual precipitation, mean annual 23 

temperature and mean wind speed. LUN and LUI denote the land-use naturalness and 24 

land-use intensity. SR, amphibians, mammals and birds are species richness of 25 

vertebrate, amphibians, mammals and birds. 26 
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 27 

SI. Figure 2 Annual changes of species richness in elevation between 2017 and 2050 28 

under SSP3 for a terrestrial vertebrates, b amphibians, c mammals and d birds. Colour 29 

bar shows the number of grid cells that located in annual change of richness species 30 

and latitude.  31 



 32 

SI. Figure 3 The number of richness change of terrestrial vertebrates from the present 33 

to 2050 under SSPs. a: SSP1, b: SSP2, c: SSP3, d: SSP4, e: SSP5. 34 



 35 

 36 

SI. Figure 4 The number of richness change of amphibians from the present to 2050 37 

under SSPs. a: SSP1, b: SSP2, c: SSP3, d: SSP4, e: SSP5.  38 



 39 

 40 

SI. Figure 5 The number of richness change of mammals from the present to 2050 41 

under SSPs. a: SSP1, b: SSP2, c: SSP3, d: SSP4, e: SSP5.  42 



 43 

 44 

SI. Figure 6 The number of richness change of birds from the present to 2050 under 45 

SSPs. a: SSP1, b: SSP2, c: SSP3, d: SSP4, e: SSP5. 46 

 47 



 48 

SI. Table 1 R
2
 of GAM and RF methods for only climate variables and with climate and land-use variables 49 

  Terrestrial vertebrates Amphibians Mammals Birds 

Biomes Method Only 

climate 

variables 

With climate 

and land-use 

variables 

Only 

climate 

variables 

With climate 

and land-use 

variables 

Only 

climate 

variables 

With climate 

and land-use 

variables 

Only 

climate 

variables 

With climate 

and land-use 

variables 

TMB RF 0.52 0.56 0.64 0.68 0.40 0.51 0.47 0.51 

GAM 0.36 0.41 0.49 0.52 0.29 0.34 0.27 0.30 

TDB RF 0.67 0.68 0.73 0.73 0.70 0.69 0.58 0.59 

GAM 0.48 0.51 0.51 0.54 0.51 0.52 0.32 0.34 

TSC RF 0.78 0.79 0.70 0.70 0.81 0.81 0.70 0.72 

GAM 0.54 0.55 0.47 0.49 0.51 0.53 0.56 0.59 

TBM RF 0.56 0.60 0.60 0.63 0.51 0.51 0.48 0.49 

GAM 0.36 0.44 0.51 0.54 0.35 0.40 0.35 0.40 

TCF RF 0.71 0.73 0.90 0.91 0.65 0.66 0.78 0.80 

GAM 0.50 0.57 0.82 0.83 0.43 0.48 0.62 0.65 

BRF RF 0.63 0.67 0.54 0.60 0.65 0.62 0.61 0.66 

GAM 0.53 0.62 0.33 0.41 0.58 0.63 0.46 0.57 

TSG RF 0.58 0.66 0.62 0.70 0.54 0.64 0.55 0.58 

GAM 0.39 0.57 0.46 0.61 0.40 0.58 0.28 0.41 

TGS RF 0.78 0.74 0.77 0.69 0.76 0.76 0.68 0.68 

GAM 0.51 0.61 0.54 0.61 0.60 0.64 0.53 0.62 

FGS RF 0.96 0.96 0.96 0.96 0.96 0.94 0.94 0.93 

GAM 0.85 0.88 0.87 0.89 0.82 0.84 0.83 0.85 

MGS RF 0.80 0.84 0.84 0.84 0.76 0.81 0.79 0.81 



GAM 0.63 0.72 0.59 0.66 0.56 0.66 0.65 0.72 

TDA RF 0.75 0.85 0.66 0.70 0.74 0.83 0.73 0.81 

GAM 0.63 0.81 0.53 0.62 0.64 0.80 0.54 0.72 

MWS RF 0.54 0.56 0.45 0.49 0.75 0.77 0.79 0.80 

GAM 0.32 0.38 0.26 0.33 0.53 0.56 0.61 0.63 

DXS RF 0.65 0.79 0.69 0.78 0.68 0.79 0.64 0.78 

GAM 0.46 0.65 0.43 0.56 0.44 0.60 0.50 0.71 

MGV RF 0.41 0.66 0.76 0.76 0.59 0.62 0.64 0.68 

GAM 0.22 0.43 0.39 0.41 0.34 0.37 0.34 0.38 

Note: The abbreviation of terrestrial biomes can be referred to SI. Table 2. 50 



SI. Table 2 The terrestrial biomes from terrestrial ecoregions of the world (TEOW) 51 

and the corresponding abbreviations 52 

Abbreviations Terrestrial biomes 

TMB Tropical and Subtropical Moist Broadleaf Forests 

TDB Tropical and Subtropical Dry Broadleaf Forests 

TSC Tropical and Subtropical Coniferous Forests 

TBM Temperate Broadleaf and Mixed Forests 

TCF Temperate Coniferous Forests 

BRF Boreal Forests/Taiga 

TSG Tropical and Subtropical Grasslands, Savannas, and Shrublands 

TGS Temperate Grasslands, Savannas, and Shrublands 

FGS Flooded Grasslands and Savannas 

MGS Montane Grasslands and Shrublands 

TDA Tundra 

MWS Mediterranean Forests, Woodlands, and Scrub 

DXS Deserts and Xeric Shrublands 

MGV Mangroves 

 53 



SI. Table 3 The random forest importance of climate and land-use factors 54 

Biomes TMD TDB TSC TBM TCF BRF TSG TGS FGS MGS TDA MWS DXS MGV 

Terrestrial vertebrates 

ELE 0.10 0.02 0.11 0.09 0.15 0.07 0.04 0.06 0.07 0.09 0.49 0.03 0.02 0.02 

MAP 0.42 0.30 0.31 0.08 0.11 0.11 0.11 0.01 0.20 0.05 0.02 0.08 0.03 0.25 

MAT 0.16 0.45 0.28 0.29 0.55 0.18 0.06 0.23 0.60 0.28 0.04 0.20 0.18 0.12 

MWS 0.07 0.08 0.26 0.40 0.08 0.17 0.05 0.24 0.03 0.03 0.07 0.41 0.09 0.12 

LUN 0.13 0.10 0.04 0.13 0.10 0.46 0.74 0.44 0.10 0.54 0.38 0.22 0.65 0.39 

LUI 0.13 0.04 0.00 0.01 0.02 0.02 0.01 0.02 0.00 0.00 0.00 0.07 0.03 0.10 

Amphibians 

ELE 0.14 0.14 0.08 0.13 0.73 0.09 0.03 0.05 0.03 0.12 0.49 0.07 0.04 0.02 

MAP 0.55 0.25 0.40 0.25 0.02 0.12 0.26 0.04 0.65 0.11 0.04 0.06 0.02 0.38 

MAT 0.11 0.43 0.29 0.31 0.21 0.21 0.09 0.44 0.25 0.50 0.16 0.25 0.23 0.31 

MWS 0.05 0.06 0.19 0.23 0.01 0.16 0.06 0.19 0.05 0.01 0.08 0.09 0.07 0.25 

LUN 0.04 0.02 0.04 0.07 0.02 0.41 0.57 0.25 0.02 0.25 0.23 0.43 0.46 0.03 

LUI 0.11 0.09 0.01 0.01 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.11 0.18 0.01 

Mammals 

ELE 0.0 0.03 0.06 0.11 0.35 0.08 0.08 0.02 0.13 0.08 0.45 0.01 0.04 0.04 

MAP 0.21 0.30 0.39 0.08 0.14 0.17 0.09 0.05 0.09 0.06 0.02 0.10 0.03 0.27 

MAT 0.22 0.4 0.34 0.30 0.19 0.23 0.06 0.72 0.65 0.27 0.09 0.61 0.23 0.29 

MWS 0.07 0.11 0.17 0.45 0.11 0.16 0.04 0.13 0.04 0.04 0.10 0.20 0.09 0.30 

LUN 0.14 0.11 0.03 0.06 0.18 0.37 0.71 0.08 0.09 0.54 0.33 0.06 0.53 0.08 

LUI 0.27 0.02 0.01 0.01 0.04 0.00 0.03 0.00 0.00 0.01 0.00 0.01 0.09 0.03 

Birds 

ELE 0.11 0.07 0.04 0.03 0.07 0.11 0.07 0.20 0.03 0.07 0.49 0.15 0.04 0.07 

MAP 0.42 0.37 0.37 0.14 0.15 0.08 0.21 0.04 0.50 0.10 0.04 0.13 0.03 0.33 

MAT 0.22 0.30 0.12 0.45 0.69 0.17 0.18 0.22 0.15 0.26 0.08 0.50 0.07 0.21 

MWS 0.14 0.18 0.41 0.24 0.04 0.17 0.09 0.08 0.13 0.03 0.01 0.15 0.13 0.23 

LUN 0.11 0.05 0.04 0.14 0.05 0.46 0.45 0.45 0.16 0.53 0.39 0.06 0.72 0.12 

LUI 0.01 0.03 0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.02 0.01 0.04 

Note: The abbreviation of terrestrial biomes can be referred to SI Table 2. 55 
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