A global risk assessment of primates under climate and land use/cover scenarios

SUPPORTING INFORMATION

Table S1. Number of primate species by geographic region, broken down by conservation status, dominant habitat, and geographic range. Primate data were provided by IUCN (2018), data on dominant habitat were taken from Broxton et al. (2014). 
	
	Neotropics
	Africa
	Madagascar
	Asia
	Total

	No. families
	5
	4
	5
	5
	

	No. genera
	19
	27
	15
	16
	

	No. species
	133
	95
	98
	100
	426

	Conservation status*

	CR
	14
	10
	22
	17
	63

	EN
	20
	15
	48
	35
	118

	VU
	25
	13
	20
	25
	83

	NT
	5
	6
	3
	9
	23

	LC
	60
	50
	3
	10
	123

	DD
	9
	1
	2
	4
	16

	Habitat
	
	
	
	
	

	Forest
	99
	48
	48
	81
	276

	Savanna
	26
	18
	37
	3
	84

	Other
	8
	29
	13
	16
	66

	Range
	
	
	
	
	

	Average (km2)
	551,615
	1.095,244
	15,671
	364,554
	2.027,083


*CR: Critically Endangered, EN: Endangered, VU: Vulnerable, NT: Near Threatened, LC: Least Concern, DD: Data Deficient
Supporting Information for Carvalho et al. Global Change Biology
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Table S2. Climate change scenarios extracted for all primate ranges for 2050. General circulation models (GCMs) and respective representative concentration pathways (RCPs) were extracted for all climatic variables whenever available. For each combination of GCMs and RCPs the climatic variables available are shown. See Table S3 for the definition of abbreviations used for climatic variables. – indicates that no combination was available.
	GCM
	Code
	RCP 4.5
	RCP 6.0
	RCP 8.5

	ACCESS1-0
	AC
	All
	-
	All

	BCC-CSM1-1
	BC
	All
	All
	All

	CCSM4
	CC
	All
	All
	All

	CESM1-CAM5-1-FV2
	CE
	All
	-
	-

	CNRM-CM5
	CN
	All
	-
	-

	GFDL-CM3
	GF
	All
	-
	All

	GFDL-ESM2G
	GD
	All
	All
	-

	GISS-E2-R
	GS
	All
	All
	All

	HadGEM2-AO
	HD
	All
	All
	All

	HadGEM2-CC
	HG
	Bio1,2,3,5,8,10,11,13,14,15,17
	-
	Bio1,2,3,5,10,11,13,14,15,17

	HadGEM-ES
	HE
	All
	Bio1,2,3,5,8,10,11,13,14,15,17
	All

	INMCM4
	IN
	All
	-
	All

	IPSL-CM5A-LR
	IP
	Bio1,2,3,5,8,10,11,13,14,15,17,19
	Bio1,2,3,5,8,10,11,13,14,15,17,19
	Bio1,2,3,5,8,10,11,13,14,15,17,19

	MIROC-ESM-CHEM
	MI
	Bio1,2,3,8,10,11,13,14,15,17
	Bio1,2,3,8,10,11,13,14,15,17
	Bio1,2,3,8,10,11,13,14,15,17

	MIROC-ESM
	MR
	Bio1,2,3,8,10,11,13,14,15,17
	Bio1,2,3,8,10,11,13,14,15,17
	Bio1,2,3,8,10,11,13,14,15,17

	MIROC5
	MC
	All
	Bio1,2,3,5,8,10,11,13,14,15,17,19
	All

	MPI-ESM-LR
	MP
	Bio1,2,3,5,8,10,11,13,14,15,17,19
	-
	Bio1,2,3,5,8,10,11,13,14,15,17,19

	MRI-CGCM3
	MG
	Bio1,2,3,5,8,10,11,13,14,15,17,19
	Bio1,2,3,5,8,10,11,13,14,15,17,19
	Bio1,2,3,5,8,10,11,13,14,15,17

	NorESM1-M
	NO
	Bio1,2,3,5,8,10,11,13,14,15,17,19
	Bio1,2,3,5,8,10,11,13,14,15,17,19
	Bio1,2,3,5,8,10,11,13,14,15,17,19
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Table S3. Results of a principal component analysis (PCA) summarizing variability among 19 climatic and three land use variables for the current conditions. Given are the factor loadings for the first five principal components, along with the proportion of variance explained. For each PC, the variable with the strongest correlation is shown in bold.
	
	Acronym*
	PC1
	PC2
	PC3
	PC4
	PC5

	Climatic variables
	
	
	
	
	
	

	Annual mean temperature 
	bio1
	-0.285
	-0.244
	0.036
	0.061
	0.005

	Mean diurnal range 
	bio2
	0.148
	-0.238
	-0.118
	-0.048
	0.366

	Isothermality 
	bio3
	-0.268
	0.077
	-0.248
	-0.094
	0.123

	Temperature seasonality 
	bio4
	0.284
	0.010
	0.184
	0.131
	-0.170

	Maximum temperature of warmest month 
	bio5
	-0.163
	-0.381
	0.092
	0.053
	0.005

	Minimum temperature of coldest month 
	bio6
	-0.322
	-0.090
	-0.049
	-0.031
	-0.033

	Temperature annual range 
	bio7
	0.286
	-0.135
	0.118
	0.072
	0.043

	Mean temperature of wettest quarter 
	bio8
	-0.211
	-0.272
	0.147
	0.280
	-0.044

	Mean temperature of driest quarter 
	bio9
	-0.304
	-0.173
	-0.049
	-0.066
	0.016

	Mean temperature of warmest quarter 
	bio10
	-0.210
	-0.314
	0.152
	0.137
	-0.116

	Mean temperature of coldest quarter 
	bio11
	-0.308
	-0.172
	-0.048
	-0.015
	0.064

	Annual precipitation 
	bio12
	-0.229
	0.273
	0.216
	-0.040
	0.113

	Precipitation of wettest month 
	bio13
	-0.099
	0.077
	0.517
	-0.145
	0.242

	Precipitation of driest month 
	bio14
	-0.204
	0.313
	-0.073
	0.194
	-0.039

	Precipitation seasonality 
	bio15
	0.176
	-0.281
	0.281
	-0.040
	0.135

	Precipitation of wettest quarter 
	bio16
	-0.118
	0.123
	0.505
	-0.100
	0.241

	Precipitation of driest quarter
	bio17
	-0.210
	0.316
	-0.076
	0.165
	-0.040

	Precipitation of warmest quarter 
	bio18
	0.039
	0.264
	0.288
	0.287
	0.081

	Precipitation of coldest quarter
	bio19
	-0.241
	0.175
	0.056
	-0.281
	-0.019

	Land use variables
	
	
	
	
	
	

	Cropland
	
	0.007
	-0.040
	0.183
	-0.481
	-0.560

	Primary land
	
	0.049
	-0.010
	-0.184
	-0.127
	0.561

	Secondary land
	
	0.034
	-0.007
	-0.058
	-0.591
	0.112

	Standard deviation
	
	2.987
	2.083
	1.662
	1.154
	1.113

	Proportion of variance
	
	0.406
	0.197
	0.125
	0.060
	0.056

	Cumulative Proportion
	
	0.406
	0.603
	0.728
	0.788
	0.844


*based on acronyms for climatic variables available at http://www.worldclim.org/ 



Tale S4. Results of the k-means clustering analysis. Given are the climate scenarios closest to the cluster centre, the number of clusters and respective mean for each climatic variable.
	GCM*
	RCP**
	No. clusters
	Tmax
	Tmin
	Pwet

	ACCESS1-0 (AC)
	4.5
	9
	-0.200
	-0.306
	0.802

	ACCESS1-0 (AC)
	8.5
	1
	1.105
	4.300
	0.421

	CCSM4 (CC)
	4.5
	4
	-0.791
	-0.693
	-0.505

	GISS-E2-R (GS)
	6.0
	5
	-1.185
	-0.623
	-1.720

	HadGEM-ES (HE)
	6.0
	6
	0.312
	0.101
	-0.128

	HadGEM-ES (HE)
	8.5
	5
	1.581
	0.747
	0.750


*Global Circulation Model, **Representative Concentration Pathway, Tmax: maximum temperature of the warmest month, Tmin: minimum temperature of the coldest month, Pwet: precipitation of the wettest month
Table S5.  Results of information-theoretic (AICc) model selection exploring the role of region, IUCN conservation status, range size and dominant habitat in determining risk exposure to changing climatic and land use conditions. Only models within ΔAICc<2 are shown for the best-case (CC 4.5 for climate and MiniCam 4.5 for land use/cover) and worst-case (HE 8.5 for climate and MESSAGE 8.5 for land use/cover) scenario.
	Response variable
	Best-case scenario
	
	Worst-case scenario

	
	Model
	AICc
	wi
	
	Model
	AICc
	wi

	 Max. Temperature
	continent + IUCN + habitat + range + habitat x continent
	-331.3
	0.762
	
	continent + habitat + range + habitat x continent
	-279.5
	0.969

	Min. Temperature
	continent + IUCN + habitat + range + habitat x continent
	-470.4
	0.894
	
	continent + IUCN + habitat + range + habitat x continent
	-386.7
	0.833

	Precipitation 
	continent + habitat + habitat x continent
	888.9
	0.255
	
	continent + habitat + habitat x continent
	753.7
	0.570

	
	continent + range
	888.1
	0.172
	
	
	
	

	
	continent + habitat + range + habitat x continent
	887.9
	0.161
	
	
	
	

	
	continent
	887.1
	0.103
	
	
	
	

	Cropland
	continent + IUCN + habitat + habitat x continent
	-1026.7
	0.568
	
	continent + IUCN + habitat + habitat x continent
	-985.1
	0.739

	
	continent + IUCN + habitat + range + habitat x continent
	-1025.9
	0.402
	
	
	
	

	Secondary Land
	continent + habitat + habitat x continent
	-268.6
	0.707
	
	continent + habitat + habitat x continent
	-194.4
	0.736

	
	continent + habitat + range + habitat x continent
	-266.8
	0.278
	
	
	
	

	Primary Land
	continent + habitat + habitat x continent
	-185.8
	0.496
	
	continent + IUCN + habitat + range + habitat x continent
	-217.1
	0.339

	
	continent + habitat + range + habitat x continent
	-184.6
	0.271
	
	continent + IUCN + habitat + habitat x continent
	-216.9
	0.306

	
	
	
	
	
	continent + habitat + habitat x continent
	-216.5
	0.246


AICC: Akaike Information Criterion; wi: Akaike weight
Table S6. Model-averaged parameter estimates and unconditional standard errors for climate and land use/cover predictors for all candidate models within ΔAICc<2. Results relate to those cases in which there was more than one best-fit model (see Table S5).
	Response variable
	Predictors
	Predictor levels
	Best-case scenario
	
	Worst-case scenario

	
	
	
	[image: ]
	Uncond SE
	
	[image: ]
	Uncond SE

	Primary land
	
	Intercept
	-0.740
	0.008e-01
	
	-0.792
	0.001

	
	Region
	Asia
	0.329
	0.001
	
	0.035
	0.001

	
	
	Madagascar
	0.041
	0.001
	
	0.029
	0.002

	
	
	Neotropics
	0.340
	0.001
	
	0.352
	0.001

	
	IUCN status
	DD
	
	
	
	0.064
	0.003

	
	
	EN
	
	
	
	-0.032
	0.001

	
	
	LC
	
	
	
	0.024
	0.009e-01

	
	
	NT
	
	
	
	-0.018
	0.001

	
	
	VU
	
	
	
	-0.003
	0.006e-01

	
	Habitat dominant
	Other
	0.007
	0.002
	
	0.006e-01
	0.002

	
	
	Savanna
	0.019
	0.003
	
	-0.051
	0.003

	
	Range 
	Range size
	-0.003e-06
	0.003e-14
	
	-0.005e-06
	0.006e-14

	
	Interactions
	Asia x Other
	-0.174
	0.005
	
	-0.172
	0.005

	
	
	Madagascar x Other
	0.143
	0.006
	
	0.152
	0.005

	
	
	Neotropics x Other
	-0.385
	0.007
	
	-0.406
	0.007

	
	
	Asia x Savanna
	-0.337
	0.015
	
	-0.968
	0.014

	
	
	Madagascar x Savanna
	0.105
	0.005
	
	0.08
	0.004

	
	
	Neotropics x Savanna
	0.321
	0.005
	
	-0.359
	0.004

	Secondary land
	
	Intercept
	0.307
	0.006e-01
	
	
	

	
	Region
	Asia
	-0.087
	0.001
	
	
	

	
	
	Madagascar
	0.087
	0.001
	
	
	

	
	
	Neotropics
	-0.076
	0.009e-01
	
	
	

	
	Habitat dominant
	Other
	-0.277
	0.002
	
	
	

	
	
	Savanna
	-0.204
	0.002
	
	
	

	
	Range 
	Range size
	-0.001e-06
	0.001e-14
	
	
	

	
	Interactions
	Asia x Other
	0.287
	0.004
	
	
	

	
	
	Madagascar x Other
	0.199
	0.005
	
	
	

	
	
	Neotropics x Other
	0.278
	0.006
	
	
	

	
	
	Asia x Savanna
	0.187
	0.013
	
	
	

	
	
	Madagascar x Savanna
	0.165
	0.004
	
	
	

	
	
	Neotropics x Savanna
	0.209
	0.004
	
	
	

	Cropland
	
	Intercept
	-0.013
	0.002e-01
	
	
	

	
	Region
	Asia
	0.145
	0.002e-01
	
	
	

	
	
	Madagascar
	0.007
	0.002e-01
	
	
	

	
	
	Neotropics
	0.026
	0.002e-01
	
	
	

	
	IUCN status
	DD
	-0.025
	0.004e-01
	
	
	

	
	
	EN
	0.011
	0.001e-01
	
	
	

	
	
	LC
	-0.002
	0.002e-01
	
	
	

	
	
	NT
	0.032
	0.003e-01
	
	
	

	
	
	VU
	-0.023
	0.001e-01
	
	
	

	
	Habitat dominant
	Other
	0.077
	0.003e-01
	
	
	

	
	
	Savanna
	0.057
	0.004e-01
	
	
	

	
	Range 
	Range size
	0.002e-06
	0.009e-15
	
	
	

	
	Interactions
	Asia x Other
	0.059
	0.007e-01
	
	
	

	
	
	Madagascar x Other
	-0.081
	0.008e-01
	
	
	

	
	
	Neotropics x Other
	-0.015
	0.010e-01
	
	
	

	
	
	Asia x Savanna
	0.104
	0.002
	
	
	

	
	
	Madagascar x Savanna
	-0.044
	0.006e-01
	
	
	

	
	
	Neotropics x Savanna
	0.003
	0.007e-01
	
	
	

	Precipitation
	
	Intercept
	2.678
	0.023
	
	
	

	
	Region
	Asia
	0.471
	0.035
	
	
	

	
	
	Madagascar
	-0.014
	0.056
	
	
	

	
	
	Neotropics
	-0.793
	0.056
	
	
	

	
	Habitat dominant
	Other
	-0.292
	0.083
	
	
	

	
	
	Savanna
	-0.304
	0.101
	
	
	

	
	Range 
	Range size
	0.003e-11
	0.002e-18
	
	
	

	
	Interactions
	Asia x Other
	0.301
	0.119
	
	
	

	
	
	Madagascar x Other
	0.567
	0.304
	
	
	

	
	
	Neotropics x Other
	0.683
	0.431
	
	
	

	
	
	Asia x Savanna
	0.672
	0.490
	
	
	

	
	
	Madagascar x Savanna
	0.466
	0.205
	
	
	

	
	
	Neotropics x Savanna
	0.595
	0.307
	
	
	


[image: ] : parameter estimates; uncond SE: unconditional standard error


Figure S1. Scatter plot representing the optimal number of clusters and respective variance obtained based on k-means clustering. Here, the optimum k-means clustering led to six clusters explaining 86% of the total variance. For more details about the interpretation of each curve please see Casajus et al. (2016).
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Figure S2. Changes in climatic and land use conditions under different future climate scenarios. (A) Maximum temperature of the warmest month (Tmax), (B) Minimum temperature of the coldest month (Tmin), and (C) Precipitation of the wettest month (Pwet). Results are shown for six climate change scenarios (ACCESS1-0 4.5 (AC 4.5), ACCESS1-0 8.5 (AC 8.5), CCSM4 4.5 (CC 4.5), GISS-E2-R 6.0 (GS 6.0), HadGEM-ES 6.0 (HE 6.0), and HadGEM-ES 8.5 (HE 8.5) and two land use change scenarios (MiniCam 4.5 (Mini 4.5) and MESSAGE 8.5 (MESS 8.5)). Despite the variation among climate scenarios for each climatic variable, some scenarios forecast the same magnitude of change. For example, the scenarios AC 4.5, CC 4.5, GS 6.0 and HE 6.0 project an increase in Tmax of up to 5oC, and AC 8.5 and HE 8.5 of up to 7oC. The same trend among these scenarios was found for Tmin. For Pwet, slight differences were found among climate scenarios, however, some project the same magnitude of change.

(A)
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(B)
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(C)
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Figure S3. Changes in climate and land use/cover (LUC) conditions across the ranges of 426 primate species, broken down by (A) region, (B) conservation status, (C) range extent (km2) and (D) predominant habitat. Results shown are for the best-case scenario and worst-case scenario chosen to represent each variable in the future (see main text).
(A)
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(B)
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(D)
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Figure S4. Cumulative percentage of range (by species within regions: (A) Africa, (B) Asia (C) Madagascar and (D) Neotropics) likely to be exposed to different magnitudes of changes in the maximum temperature of the warmest month (oC) for 2050. Results are only shown for the most extreme scenario chosen to represent this climatic variable in the future (HE 8.5).
(A)
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(C)
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Changes in Max. Temp. Warmest Month [°C] in Madagascar
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