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Appendix 1: Model structure 

 

Figure A1.1. Flow diagram of the model. The left side of this diagram depicts the life cycle of the modeled 

species. At birth, a juvenile could disperse (emigration and immigration), then survive to become an adult or 

die. As an adult, it could disperse again (emigration and immigration), reproduce and survive or die. The 

adult stage last until the individual died. The right side shows how we modeled the different events of the life 

cycle (i.e. emigration, immigration, survival) in the matching habitat choice and random dispersal modes. 

For both modes, survival was a Gaussian function of local temperature (Box C) and so does thermal 

adaptation (dashed line, Box A). Emigration probability (solid line, Box A) depending on local temperature 

in the matching habitat choice mode and was constant in the random dispersal mode. After leaving its 

habitat, an emigrant with a given phenotype (i.e. the color of the circle) settled in a matching habitat choice 

its phenotype (i.e. same color) for the matching habitat choice mode while it settled in a randomly chosen 

habitat when dispersal was random (Box B).  
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Figure A1.2. Dispersal rules. Details of the different steps of dispersal for matching habitat choice and 

random dispersal after emigration decision to settlement. After emigrating, the disperser visited all patches 

on a perimeter of a circle of radius equal to dispersal distance. In case of matching habitat choice it chose the 

settlement habitat that maximized its lifetime reproductive success. When more than one habitat maximized 

its lifetime reproductive success, the disperser settled in one of these habitats randomly. In case of random 

dispersal, the dispersers settled in a randomly chosen habitat among all habitats he visited, on the perimeter 

of a circle of radius equal to dispersal distance.  
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Appendix 2: Thermal survival probability and the adaptiveness of gene 

flows 

 
Figure A2.1. Thermal survival probability and the adaptiveness of gene flows for dispersal distance of 3 and 

5 space units and a warming of 1°C/100 years. Same as Fig. 1 but for dispersal distance of 3 and 5 space 

units: adaptiveness of the gene flow (A) and the thermal survival probability of emigrants, immigrants and 

residents (B) through time for different dispersal distances in case of matching habitat choice (circles and 

solid lines (A) and blue bars (B)) or random dispersal (triangles and dashed lines (A), and green bars (B)). 

Results were obtained under a climate change scenario of 1°C of warming over 100 years. A) Thermal 

adaptiveness of total gene flow through time for different dispersal distances for the matching habitat choice 

(black) and random dispersal (white) scenarios (see methods for details). B) Thermal survival probability of 

emigrants (dark blue for matching habitat choice, dark green for random dispersal), immigrants (medium 

blue for matching habitat choice, medium green for random dispersal) and residents (light blue for matching 

habitat choice, light green for random dispersal) through time for different dispersal distances in case of 

matching habitat choice (blue bars) and random dispersal (green bars). Means (± SD) over 50 simulations are 

shown. 



6	
	

 
Figure A2.2. Thermal survival probability and th adaptiveness of gene flows for a warming of 2°C/100 years. 

Same as Fig. 1 and Supplementary Fig. A2.1 but for a warming of 2°C/100 years. Adaptiveness of the gene 

flow (A) and the thermal survival probability of emigrants, immigrants and residents (B) through time for 

different dispersal distances in case of matching habitat choice (circles and solid lines (A) and blue bars (A)) 

or random dispersal (triangles and dashed lines (A), and green bars (B)). Results were obtained under a 

climate change scenario of 1°C of warming over 100 years. A) Thermal adaptiveness of total gene flow 

through time for different dispersal distances for the matching habitat choice (black) and random dispersal 

(white) scenarios (see methods for details) B) Thermal survival probability of emigrants (dark blue for 

matching habitat choice, dark green for random dispersal), immigrants (medium blue for matching habitat 

choice, medium green for random dispersal) and residents (light blue for matching habitat choice, light green 

for random dispersal) through time for different dispersal distances in case of matching habitat choice (blue 

bars) and random dispersal (green bars). Means (± SD) over 50 simulations are shown. Overall the observed 

pattern was the same as in Fig. 1 and Supplementary Fig. A2.1 but the difference in thermal survival 

probability between the matching habitat choice mode and the random dispersal mode was higher than for a 

warming of 1°C/100 years, particularly for large dispersal distance (4, 5, 6 space units). The adaptiveness of 

gene flow was also higher than for a warming of 1°C/100 years in case of matching habitat choice. 
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Appendix 3: Colonization dynamics 

 

Figure A3.1. Colonization dynamics for dispersal distance of 5 and 6 space units. Same as Fig. 4 but for 

dispersal distance of 3 and 5 space units: mean speed dynamics of colonizing front though time for matching 

habitat choice (black solid line) or random dispersal (light gray solid line) for two climate change scenarios 

(scenario A, C: 1°C/100 years, scenario B, D: 2°C/100 years). To keep up with the pace of climate change, 

the front speed should be at least as high as the dashed line. Two different dispersal distances were tested: 3 

space units (scenarios A, B) and 5 space units (scenarios C, D). Mean curves over 50 simulations are shown. 

In the two climate change scenarios, the colonizing front was moving faster in case of matching habitat 

choice than in case of random dispersal. For a warming of 1°C/100 years, the colonizing front reached or 

exceeed the speed of the climate in case of habitat. Under random dispersal the colonizing front never kept 

up with the pace of climate change.  
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Figure A3.2. Colonization dynamics for simulations with low mutation rate. Same as in Figure 4 and A3.1 

but with a mutation rate of 10–7 rather than 10–5 and for dispersal distance of 3, 4 and 5 space units only: 

mean speed dynamics of colonizing front though time for matching habitat choice (black solid line) or 

random dispersal (light gray solid line) for two climate change scenarios (scenario A, C: 1°C/100 years, 

scenario B, D: 2°C/100 years). To keep up with the pace of climate change, the front speed should be at least 

as high as the dashed line. Three different dispersal distances were tested: 3 space units (scenarios A, B), 4 

space units (scenarios C, D) and 5 space units (scenarios E, F). Mean curves over 20 simulations are shown. 

Overall we obtain the same results as in Fig. 4 and Fig. A3.1. The speed of the colonizing front was always 

higher in case of matching habitat choice than in case of random dispersal. However, the speed of the 

colonizing front never exceeded the speed of the climate in case of matching habitat choice as observed with 

a higher mutation rate. 
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Appendix 4: Range fragmentation and associated gene flows 

 

Figure A4.1. Range fragmentation and associated gene flows. A, B) Populations density through space and 

time in case of matching habitat choice (A) and random dispersal (B). Solid lines represent the shift of the 

initial climatic niche of the species. Dashed circles represent the position in space and time at which D was 

taken. C) Local mean thermal fitness load (i.e. local maladaptation level) after 100 years of warming 

(1°C/100 years) in case of matching habitat choice (gray line) or random dispersal (black line). Arrow points 

in the space position delimited by dashed circles on A and B, D) Gene flow adaptation (see methods) after 

100 years of warming (1°C/100 years) behind the colonizing front (delimited by dashed circles on A and B) 

in case of matching habitat choice or random dispersal. Figures were taken for simulations under a warming 

of 1°C/100 years and a dispersal distance of 3 space units. A and B were drawn from a single simulation 

representative of others. In C, means over 50 simulations are shown. In D, means (± SD) over 50 simulations 

are shown. 
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Appendix 5: Relative influence of emigration and immigration on species 

responses to climate change 

 

 
Figure A5.1. Relative influence of adaptive immigration and adaptive emigration on species responses to 

climate change. Proportion of spatial range loss (A, B) and extinction time (C, D) depending on dispersal 

distance for matching habitat choice (adaptive immigration and adaptive emigration; circles and solid lines), 

adaptive immigration only (squares and dotted lines), adaptive emigration only (diamonds and dashed lines) 

or random dispersal (triangles and dashed lines) and for two climate change scenarios (scenario A, C: 

1°C/100 years, scenario B, D: 2°C/100 years). Spatial range loss was measured after 200 years for scenario 

A and after 100 years for scenario B. When the species persisted until the end of simulations (600 years), the 

extinction time was indicated as 600 years. Means (± SD) over 50 (matching habitat choice and random 

dispersal) or 20 (adaptive immigration and adaptive emigration) simulations are shown. 
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Figure A5.2. Relative influence of adaptive immigration and adaptive emigration on spatial range contraction 

and fragmentation. Proportion of spatial range contraction (A, C) and spatial range fragmentation (B, D) 

depending on dispersal distance for matching habitat choice (adaptive immigration and adaptive emigration; 

circles and solid lines), adaptive immigration only (squares and dotted lines), adaptive emigration only 

(diamonds and dashed lines) or random dispersal (triangles and dashed lines) and for two climate change 

scenarios (scenario A, C: 1°C/100 years, scenario B, D: 2°C/100 years). Spatial range contraction was 

measured after 200 years for scenario A and after 100 years for scenario B. Spatial range fragmentation was 

measured between 0 and 200 years for scenario C and between 0 and 100 years for scenario D. Means (± 

SD) over 50 (matching habitat choice and random dispersal) or 20 (adaptive immigration and adaptive 

emigration) simulations are shown. 
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Appendix 6: Influence of density in dispersal decisions on species 

responses to climate change 

 

 
Figure A6.1. Influence of density and temperature in matching habitat choice on species responses to climate 

change. Same as Fig 2. but for matching habitat choice depending on both temperature and density: 

proportion of spatial range loss (A, B) and extinction time (C, D) depending on dispersal distance in case of 

matching habitat choice depending on temperature and density (circles and solid lines) or random dispersal 

(triangles and dashed lines) and for two climate change scenarios (scenario A, C: 1°C/100 years, scenario B, 

D: 2°C/100 years). Spatial range loss was measured after 200 years for scenario A and after 100 years for 

scenario B. When extinction time reached 600 years, the species persisted until the end of the simulations. 

Means (± SD) over 50 (random dispersal) or 20 (matching habitat choice depending on temperature and 

density) simulations are shown. 
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Figure A6.2. Influence of density and temperature in matching habitat choice on spatial range contraction 

and fragmentation. Same as Fig 3. but for matching habitat choice depending on both temperature and 

density: proportion of spatial range contraction (A, C) and spatial range fragmentation (B, D) depending on 

dispersal distance in case of matching habitat choice depending on temperature and density (circles and solid 

lines) or random dispersal (triangles and dashed lines) and for two climate change scenarios (scenario A, C: 

1°C/100 years, scenario B, D: 2°C/100 years). Spatial range contraction was measured after 200 years for 

scenario A and after 100 years for scenario B. Spatial range fragmentation was measured between 0 and 200 

years for scenario C and between 0 and 100 years for scenario D. Means (± SD) over 50 (random dispersal ) 

or 20 (matching habitat choice depending on temperature and density) simulations are shown. 
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Appendix 7: Influence of demographic parameters on species responses to 

climate change 

 

Figure A7.1. Influence of demographic parameters on species extinction time facing climate change. 

Extinction time depending on survival probability (A, B), fecundity (C, D), carrying capacity (E, F) and 

emigration probability (G, H) in case of matching habitat choice (open circle, solid line) or random dispersal 

(open triangle, dashed line) and for two climate change scenarios (scenario A, C, E, G: 1°C/100 years, 

scenario B, D, F, H: 2°C/100 years). When extinction time reached 600 years, the species persisted until the 

end of the simulations. In A, B) only juvenile survival probability was represented but it was associated with 

adult survival probability (0.5 for juvenile survival probability of 0.12 and 0.6 for juvenile survival 

probability of 0.25). In G, H the x axis represented the basal juvenile emigration probability. It was 

associated with an adult emigration probability (0.05 for the basal juvenile emigration probability of 0.2, 
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0.15 for the basal juvenile emigration probability of 0.4, 0.25 for the basal juvenile emigration probability of 

0.4, 0.35 for the basal juvenile emigration probability of 0.5 and 0.45 for the basal juvenile emigration 

probability of 0.6). In case of random dispersal emigration probabilities for juveniles and adults was fixed 

whereas emigration probabilities could vary in case of matching habitat choice (from 0.2 to 0.4 and 0.05 to 

0.25 for juveniles and adults respectively for the basal juvenile emigration probability of 0.2; from 0.3 to 0.5 

and 0.15 to 0.35 for juveniles and adults respectively for the basal juvenile emigration probability of 0.3; 

from 0.4 to 0.6 for juveniles and adults respectively for the basal juvenile emigration probability of 0.4). 

Means (± SD) over 50 (parameter values of main simulations (Table A1)) or 20 (parameter values of extra 

simulations (Table A1)) simulations are shown. 

Overall the results were the same as in Fig. 6: Extinction time was always higher or the same in case of 

matching habitat choice than in case of random dispersal. Survival probability, fecundity and emigration 

probability had a positive influence on extinction time.  
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Figure A7.2. Influence of demographic parameters on spatial range contraction during climate change. 

Spatial range contraction depending on survival probability (A, B), fecundity (C, D), carrying capacity (E, F) 

and emigration probability (G, H) in case of matching habitat choice (open circle, solid line) or random 

dispersal (open triangle, dashed line) and for two climate change scenarios (scenario A, C, E, G: 1°C/100 

years, scenario B, D, F, H: 2°C/100 years). Spatial range contraction was measured after 200 years for 

scenario A, C, E, G and after 100 years for scenario B, D, F, H. In A, B) only juvenile survival probability 

was represented but it was associated with adult survival probability (0.5 for juvenile survival probability of 

0.12 and 0.6 for juvenile survival probability of 0.25). In G, H the x axis represented the basal juvenile 

emigration probability. It was associated with an adult emigration probability (0.05 for the basal juvenile 

emigration probability of 0.2, 0.15 for the basal juvenile emigration probability of 0.4, 0.25 for the basal 

juvenile emigration probability of 0.4, 0.35 for the basal juvenile emigration probability of 0.5 and 0.45 for 

the basal juvenile emigration probability of 0.6). In case of random dispersal emigration probabilities for 

juveniles and adults was fixed whereas emigration probabilities could vary in case of matching habitat choice 
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(from 0.2 to 0.4 and 0.05 to 0.25 for juveniles and adults respectively for the basal juvenile emigration 

probability of 0.2; from 0.3 to 0.5 and 0.15 to 0.35 for juveniles and adults respectively for the basal juvenile 

emigration probability of 0.3; from 0.4 to 0.6 for juveniles and adults respectively for the basal juvenile 

emigration probability of 0.4). Means (± SD) over 50 (parameter values of main simulations (Table A1)) or 

20 (parameter values of extra simulations (Table A1)) simulations are shown. 

Overall the results were the same as in Fig. 6 and Fig. A7.1: Range contraction was always lower in case of 

matching habitat choice than in case of random dispersal. Survival probability, fecundity and emigration 

probability had a negative influence on spatial range contraction.  
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Figure A7.3. Influence of demographic parameters on spatial range fragmentation during climate change. 

Spatial range fragmentation depending on survival probability (A, B), fecundity (C, D), carrying capacity (E, 

F) and emigration probability (G, H) in case of matching habitat choice (open circle, solid line) or random 

dispersal (open triangle, dashed line) and for two climate change scenarios (scenario A, C, E, G: 1°C/100 

years, scenario B, D, F, H: 2°C/100 years). Spatial range fragmentation was measured between 0 and 200 

years for scenario A, C, E, G and between 0 and 100 years for scenario B, D, F, H. In A, B) only juvenile 

survival probability was represented but it was associated with adult survival probability (0.5 for juvenile 

survival probability of 0.12 and 0.6 for juvenile survival probability of 0.25). In G, H the x axis represented 

the basal juvenile emigration probability. It was associated with an adult emigration probability (0.05 for the 

basal juvenile emigration probability of 0.2, 0.15 for the basal juvenile emigration probability of 0.4, 0.25 for 

the basal juvenile emigration probability of 0.4, 0.35 for the basal juvenile emigration probability of 0.5 and 

0.45 for the basal juvenile emigration probability of 0.6). In case of random dispersal emigration 
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probabilities for juveniles and adults was fixed whereas emigration probabilities could vary in case of 

matching habitat choice (from 0.2 to 0.4 and 0.05 to 0.25 for juveniles and adults respectively for the basal 

juvenile emigration probability of 0.2; from 0.3 to 0.5 and 0.15 to 0.35 for juveniles and adults respectively 

for the basal juvenile emigration probability of 0.3; from 0.4 to 0.6 for juveniles and adults respectively for 

the basal juvenile emigration probability of 0.4). Means (± SD) over 50 (parameter values of main 

simulations (Table A1)) or 20 (parameter values of extra simulations (Table A1)) simulations are shown. 

Overall the results were the same as in Fig. 6, Fig. A7.1 and Fig. A7.2: For most parameters values range 

fragmentation was lower in case of matching habitat choice than in case of random dispersal. Range 

fragmentation was similar between random dispersal and matching habitat choice for the lowest emigration 

probability and de warming of 1°C/100 years and for le lowest fecundity and a warming of 2°C/100 years.  
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Appendix 8: Influence of environmental stochasticity on species responses 

to climate change 

 

Figure A8.1. Influence of environmental stochasticity on extinction time facing climate change. Extinction 

time depending on environmental stochasticity in case of matching habitat choice (circles and solid lines) or 

random dispersal (triangles and dashed lines) for different dispersal distances (A, B: 3 space units; C, D: 4 

space units; E, F: 5 space units) and for two climate change scenarios (scenario A, C, E: 1°C/100 years, 

scenario B, D, F: 2°C/100 years). When extinction time reached 600 years, the species persisted until the end 

of the simulations. Means (± SD) over 50 (parameter values of main simulations (Table A1)) or 20 

(parameter values of extra simulations (Table A1)) simulations are shown. 

Overall the results were the same as in Fig. 7: Extinction time was always higher or the same in case of 

matching habitat choice than in case of random dispersal. Environmental stochasticity had a negative 

influence on extinction time.  
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Figure A8.2. Influence of environmental stochasticity on spatial range contraction during climate change. 

Spatial range contraction depending on environmental stochasticity in case of matching habitat choice 

(circles and solid lines) or random dispersal (triangles and dashed lines) for different dispersal distances (A, 

B: 3 space units; C, D: 4 space units; E, F: 5 space units) and for two climate change scenarios (scenario A, 

C, E: 1°C/100 years, scenario B, D, F: 2°C/100 years). Spatial range contraction was measured after 200 

years for scenario A, C, E and after 100 years for scenario B, D, F. Means (± SD) over 50 (parameter values 

of main simulations (Table A1)) or 20 (parameter values of extra simulations (Table A1)) simulations are 

shown. 

Overall the results were the same as in Fig. 7 and Fig. A8.1: Range contraction was almost always lower in 

case of matching habitat choice than in case of random dispersal (excepted for a dispersal distance of 3 space 

units, a warming of 2°C/100 years and an environmental stochasticity of 0.1). Environmental stochasticity 

had a positive influence on spatial range contraction. 
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Figure A8.3. Influence of environmental stochasticity on spatial range fragmentation during climate change. 

Spatial range fragmentation depending on environmental stochasticity in case of matching habitat choice 

(circles and solid lines) or random dispersal (triangles and dashed lines) for different dispersal distances (A, 

B: 3 space units; C, D: 4 space units; E, F: 5 space units) and for two climate change scenarios (scenario A, 

C, E: 1°C/100 years, scenario B, D, F: 2°C/100 years). Spatial range fragmentation was measured between 0 

and 200 years for scenario A, C, E and between 0 and 100 years for scenario B, D, F. Means (± SD) over 50 

(parameter values of main simulations (Table A1)) or 20 (parameter values of extra simulations (Table A1)) 

simulations are shown. 

Overall the results were the same as in Fig. 6, Fig. A8.1 and Fig. A8.2: For most parameters values range 

fragmentation was lower in case of matching habitat choice than in case of random dispersal. Range 

fragmentation was higher for matching habitat choice than for random dispersal for the highest 

environmental stochasticity and a warming of 2°C/100 years. Environmental stochasticity had a positive 

influence on range fragmentation for a warming of 1°C/100 years in both random dispersal and matching 

habitat choice. For a warming of 2°C/100 years, the environmental stochasticity has a positive influence on 

range fragmentation in case of matching habitat choice and a negative influence on range fragmentation in 

case of random dispersal. The relation was negative in case of random dispersal because the range was 

nearly extinction for high environmental stochasticity, preventing fragmentation to occur.  
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Appendix 9: Influence of burning time (i.e. the time of stable climate 

before climate change) on species responses to climate change 

 

Figure A9.1. Influence of burning time spatial range loss during climate change. Proportion of spatial range 

loss depending on time of stable climate before the period of climate change in case of matching habitat 

choice (circles and solid lines) or random dispersal (triangles and dashed lines) for different dispersal 

distances (A, B: 3 space units; C, D: 4 space units; E, F: 5 space units) and for two climate change scenarios 

(scenario A, C, E: 1°C/100 years, scenario B, D, F: 2°C/100 years). Spatial range loss was measured after 

200 years of warming for scenario A, C, E and after 100 years of warming for scenario B, D, F. Means (± 

SD) over 50 (parameter values of main simulations (Table A1)) or 20 (parameter values of extra simulations 

(Table A1)) simulations are shown. 
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Figure A9.2. Influence of burning time on extinction time facing climate change. Extinction time depending 

on time of stable climate before the period of climate change in case of matching habitat choice (circles and 

solid lines) or random dispersal (triangles and dashed lines) for different dispersal distances (A, B: 3 space 

units; C, D: 4 space units; E, F: 5 space units) and for two climate change scenarios (scenario A, C, E: 

1°C/100 years, scenario B, D, F: 2°C/100 years). When extinction time reached 600 years, the species 

persisted until the end of the simulations. Means (± SD) over 50 (parameter values of main simulations 

(Table A1)) or 20 (parameter values of extra simulations (Table A1)) simulations are shown. 
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Figure A9.3. Influence of burning time on spatial range contraction during climate change. Spatial range 

contraction depending on time of stable climate before the period of climate change in case of matching 

habitat choice (circles and solid lines) or random dispersal (triangles and dashed lines) for different dispersal 

distances (A, B: 3 space units; C, D: 4 space units; E, F: 5 space units) and for two climate change scenarios 

(scenario A,C,E: 1°C/100 years, scenario B, D, F: 2°C/100 years). Spatial range contraction was measured 

after 200 years for scenario A, C, E and after 100 years for scenario B, D, F. Means (± SD) over 50 

(parameter values of main simulations (Table A1)) or 20 (parameter values of extra simulations (Table A1)) 

simulations are shown. 
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Figure A9.4. Influence of burning time  on spatial range fragmentation during climate change. Spatial range 

fragmentation depending on time of stable climate before the period of climate change in case of matching 

habitat choice (circles and solid lines) or random dispersal (triangles and dashed lines) for different dispersal 

distances (A, B: 3 space units; C, D: 4 space units; E, F: 5 space units) and for two climate change scenarios 

(scenario A, C, E: 1°C/100 years, scenario B, D, F: 2°C/100 years). Spatial range fragmentation was 

measured between 0 and 200 years for scenario A, C, E and between 0 and 100 years for scenario B, D, F. 

Means (± SD) over 50 (parameter values of main simulations (Table A1)) or 20 (parameter values of extra 

simulations (Table A1)) simulations are shown. 
 


