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Summary 26 

Species as diverse as humans and ants are among the most abundant organisms 27 

on Earth, partly because of their ability to form cooperative societies1-3. Yet, 28 

animals form groups for many reasons4,5, and how these differences affect their 29 

‘social conquests’2 remains unknown. Here we use a theoretical model to 30 

demonstrate that the different fitness benefits that animals receive by forming 31 

groups4,6 depend on the quality of their environment, which in turn impacts their 32 

ecological dominance and resilience to global change. Our model predicts species 33 

that group because of environmental hardships will have wider ecological niches, 34 

larger geographic ranges, and higher abundances than non-social species, 35 

whereas those that group because of intraspecific resource competition will not. 36 

As predicted, an analysis of >1500 avian species finds that cooperative breeders 37 

occurring in harsh and fluctuating environments have larger ranges and higher 38 

abundances than non-cooperative breeders, whereas cooperative breeders 39 

occurring in benign and stable environments do not. These results are consistent 40 

with our model predictions showing that species cooperating in harsh or 41 

fluctuating environments will be less vulnerable to climate change than non-42 

social species and those cooperating against intra-specific competitors in benign 43 

or stable environments. Ultimately, by combining macroecological and 44 

sociobiological perspectives, our study helps understand and predict the past, 45 

present, and future state of social species, including our own. 46 

47 



Over 150 years ago, Charles Darwin proposed in On the Origin of Species that 48 

explaining interspecific variation in geographic range size is critical for understanding 49 

both the “present welfare” and the “future success” of species7. Darwin’s proposition 50 

linking demography and organismal success takes on greater meaning today in an era 51 

of anthropogenic climate change where environments are becoming increasingly 52 

unpredictable8 and extreme weather events occur with greater frequency9,10. Indeed, 53 

one of the primary ways that organisms cope with global change is to adjust their 54 

distributions, moving, for example, up mountain ranges as temperatures increase11,12 55 

or into new habitats as precipitation patterns change13. Environmental change most 56 

often negatively impacts the demography of populations or species, including both 57 

reductions in range14 and population size13,15, yet animals that cooperate and form 58 

societies may be able to outcompete their non-social neighbors or relatives under 59 

periods of global change16. Although the ability to form cooperative societies has been 60 

argued to be one of the primary reasons for the dominance of social organisms on 61 

earth1-3, there is no formal framework explaining why some social species have 62 

become ecologically dominant while others have not. To understand how cooperation 63 

influences ecological dominance, we must first determine how ecology not only 64 

impacts the evolution of social living, but also how, for species living in environments 65 

of varying quality, sociality may have very different ecological and demographic 66 

consequences on factors like changes in niche width or species range and population 67 

sizes4,6.  68 

 69 

Several comparative studies in a variety of taxa suggest that both the mean and 70 

variation in climatic conditions have shaped the evolution of animal societies. For 71 

example, harsh mean environmental conditions and/or fluctuating environments have 72 

favored the evolution of cooperatively breeding behavior in wasps17, bees18 , birds19,20 73 

and mammals21,22, including humans23. Yet, high population density and habitat 74 

saturation, both characteristic of species living in benign and/or stable environments 75 

has also been suggested to favor the evolution of cooperative breeding behavior in 76 

insects and arachnids24,25, birds26, and mammals27. This phenomenon of cooperative 77 

breeding behavior being favored in both harsh and fluctuating environments as well as 78 

under benign and stable conditions constitutes the paradox of environmental quality 79 

and sociality4,6. To resolve this paradox, researchers recently proposed that 80 

cooperative breeding behavior may evolve for different reasons in different 81 



environments4. According to this ‘dual benefits framework’, animals are hypothesized 82 

to form social groups to gain resource defense (RD) benefits against intraspecific 83 

competitors in stable and/or benign environments, whereas they should form groups 84 

to gain collective action (CA) benefits in the face of interspecific competition or 85 

environmental challenges in harsh and/or fluctuating environments4,6. Despite 86 

contrasting and testable predictions from the dual benefits framework4, we still lack a 87 

formal mathematical theory of these ideas, as well as broad-scale comparative and 88 

biogeographic studies investigating the relationships among ecology, sociality, and the 89 

ecological dominance of social organisms. 90 

 91 

Here we integrate socioecological and macroecological perspectives on animal 92 

behavior, demography, and global change by combining theory and phylogenetic 93 

comparative approaches to test the paradox of environmental quality and sociality. 94 

First, we construct a spatially-explicit, individual-based model to explore how the 95 

effects of both mean environmental conditions and environmental fluctuations 96 

(variation in environmental conditions) influence the evolution of cooperative 97 

investment in different types of grouping benefits, and how these combined 98 

environmental effects impact the ecological and demographic consequences (range 99 

and population sizes) of social species that form groups for different reasons. Next, 100 

using phylogenetic comparative methods, we test the model’s key predictions by 101 

examining how environmental and social factors affect the evolution of cooperative 102 

breeding behavior in birds to determine whether sociality has different ecological and 103 

demographic consequences for species that evolve cooperative breeding behavior 104 

under different environmental conditions. Specifically, we conduct a clade-level 105 

analysis within avian lineages that have evolved cooperative breeding to investigate 106 

how different ecological factors influence sociality29 and result in alternative 107 

ecological and demographic consequences. Finally, we use our model to further 108 

investigate the vulnerability to climate change of species that form cooperatively 109 

breeding groups for different reasons in different environments. Ultimately, our study 110 

helps to not only resolve the complex relations between the ecological causes and 111 

consequences of cooperation and social living in animals, but also to understand and 112 

predict the resiliency to climate change of social organisms that form groups for 113 

different reasons.  114 

 115 



Model of social evolution and its ecological consequences  116 

We begin by building a spatially-explicit, individual-based simulation model that 117 

assumes a population evolves in a habitat matrix of 23x23 patches. Each patch can be 118 

occupied by more than one individual, and individuals in the same patch interact. 119 

Individuals are classified into (1) cooperators that invest in generating CA benefits, 120 

thereby increasing the amount of group resources that are shared equally among group 121 

members (CA cooperators); (2) cooperators that invest in creating RD benefits by 122 

shared defense of group resources against intraspecific competitors within the patch 123 

(RD cooperators); or (3) free-loaders that produce nothing, but that can share group 124 

resources (non-cooperators). Cooperators contribute to grouping benefits at a cost to 125 

themselves, whereas non-cooperators bear no cost. Within each simulation time step, 126 

reproductive rate is determined by the amount of resources that individuals consume. 127 

After individuals produce offspring, those offspring either stay or disperse based on 128 

the dispersal kernel, and then some of the reproductive individuals die. We iterate the 129 

process for 10,000 time steps.  130 

 131 

We note that environmental quality is often poorly defined and inconsistently used in 132 

the literature, as designations of harsh or benign environments are often based on 133 

mean annual temperatures16 or levels of precipitation22,28, as well as degrees of 134 

variability in temperature22,28 or precipitation16,20. Yet, living in a highly variable 135 

environment means that conditions must fluctuate between being harsh and benign 136 

through time. Therefore, species in highly variable environments are bound to face 137 

harsh environmental conditions at some point during their lives. Thus, the effect of 138 

highly fluctuating environments on the evolution of cooperative breeding behavior is 139 

likely to be similar to that of harsh mean environmental conditions. Therefore, to 140 

introduce temporal variation into our model and simulate a fluctuating environment, 141 

we sample the resource availability of the whole grid every time step from a uniform 142 

distribution. To tease out the ecological and demographic consequences of 143 

cooperation, we record the proportion of cooperators in the population and the 144 

average degree of cooperation that each individual exhibits over time, as well as the 145 

total population size and range size (i.e., the number of occupied patches in the habitat 146 

matrix). We then compare the results of this model to those of a non-social population 147 

composed exclusively of non-cooperators. More detailed model descriptions are 148 

provided in the Methods.  149 



 150 

Our model generates two sets of contrasting predictions, which we summarize below 151 

(for a detailed description of the model results, see Supplemental Text). First, we 152 

found that RD benefits are more likely to evolve in benign (high resource availability) 153 

and/or stable environments (low resource variability) (Fig. 1a), whereas CA benefits 154 

are more likely to evolve in harsh (low resource availability) and/or fluctuating 155 

environments (high resource variability) (Fig. 1b). Our model also found that non-156 

cooperators have a reproductive advantage over cooperators under a wide range of 157 

environmental conditions, including in both benign environments for CA benefits and 158 

fluctuating environments for RD benefits. The fact that non-cooperation is the 159 

dominant strategy under these environmental conditions might explain the general 160 

rarity of social species among both vertebrates and invertebrates alike30. Second, we 161 

explored the ecological and demographic consequences of groups that form because 162 

of CA and RD benefits, finding that they too are quite distinct. Specifically, RD 163 

cooperators living in stable and/or benign environments have range sizes (Fig. 2a) and 164 

species abundances (Fig. 2b and 2c) that are similar or even smaller than those of non-165 

cooperative breeders, but CA cooperators living in harsh and/or fluctuating 166 

environments have larger range sizes (Fig. 2d) and species abundance (Fig. 2e and 2f) 167 

than non-social species in those environments. Importantly, our model makes the 168 

same predictions for populations in both harsh and fluctuating environments, as well 169 

as similar predictions for those in both benign and stable environments, confirming 170 

that the effect of highly fluctuating environments on the evolution of cooperative 171 

breeding behavior is similar to that of harsh mean environmental conditions. 172 

 173 

Empirical tests with global distributions of avian cooperative breeders 174 

To test the key predictions of our model, we performed a global analysis with 175 

cooperatively breeding birds. Since previous work suggests that the ecological drivers 176 

of cooperative breeding may be different in different avian clades4,6,29, we first 177 

examined how environmental factors affect the evolution of cooperatively and non-178 

cooperatively breeding species in each clade. We then separately compared the 179 

species range sizes and abundances (which were significantly and positively 180 

correlated in our dataset; Extended Data Fig. 1) between social and non-social species 181 

in clades that fit the predictions relating to the ecological causes of CA or RD 182 

benefits. In order to have sufficient statistical power to assess the relationship between 183 



environmental factors and the evolution of cooperative breeding behavior, we 184 

restricted our analysis to clades containing more than 20 species31, and in which at 185 

least 10% of the species were cooperative breeders (n = 22 clades containing 1595 186 

species ) (Extended Data Table 1). 187 

 188 

As has been shown previously for birds16,20,32, we found that environmental variability 189 

plays a more important role than the mean environmental conditions in shaping the 190 

evolution of cooperative breeding behavior in birds. However, we also found that 191 

environmental factors are unrelated to social behavior in many avian clades. 192 

Specifically, there are four clades containing 251 avian species in which cooperatively 193 

breeding species occur in stable environments, including those with low diurnal 194 

temperature ranges, low seasonal temperature ranges, or low among-year variation in 195 

precipitation (Fig. 3 and Extended Data Table 1). In contrast, there are eight clades 196 

containing 802 avian species in which cooperatively breeding species occur in harsh 197 

and fluctuating environments, including those with high mean annual temperature, 198 

high diurnal temperature ranges, low mean annual precipitation, and high within-year 199 

variation in precipitation (Fig. 3 and Extended Data Table 1). Finally, there are 10 200 

clades containing 542 species in which cooperative breeding behavior is unrelated to 201 

environmental factors (Extended Data Table 1).  202 

 203 

Given the apparent inconsistencies at the clade-level in how environmental factors 204 

influence the evolution of cooperative breeding behavior in birds, we next explicitly 205 

tested the predictions of our model by examining the ecological and demographic 206 

consequences of sociality using phylogenetically informed analyses to explore the 207 

differences in species range sizes and abundances between cooperative and non-208 

cooperative breeders. As predicted by our model, our comparative results show that if 209 

cooperative breeding behavior evolved in stable and predictable environments16,26 (i.e. 210 

those with low seasonal temperature ranges, low diurnal temperature ranges, and low 211 

among-year variation in precipitation), then social behavior does not affect species’ 212 

distributional range sizes (Fig. 3b, c, and Extended Data Table 2 and 4a) or 213 

abundances (Extended Data Fig. 1a, b, and Extended Data Table 5). However, if 214 

cooperatively breeding species evolved in harsh and fluctuating environments (i.e., 215 

those with low mean annual precipitation, high mean annual temperatures, and high 216 

diurnal temperature ranges), then cooperative species tend to have significantly larger 217 



range sizes (Fig. 3e, f, and Extended Data Table 3 and 4b) and abundances (Extended 218 

Data Fig. 1c, d, and Extended Data Table 6) than non-cooperative species.  219 

 220 

Using phylogenetic path analysis to infer causality among environmental, social, and 221 

demographic variables, we find that in harsh and fluctuating environments, 222 

cooperation influences species abundance by affecting range size (Extended Data Fig. 223 

1c). That is, cooperative species have larger range sizes, and species with larger range 224 

sizes also have greater species abundances. Thus, cooperation appears to enable social 225 

species to outcompete non-social species to achieve greater abundances in 226 

environments where resource availability is low and variability high, a result 227 

consistent with the key prediction of our model. Conversely, in stable environments, 228 

cooperation does not influence range size, but species with larger ranges still have 229 

greater abundances (Extended Data Fig. 1a). In other words, species that cooperate in 230 

benign and stable environments do not have greater abundances than non-cooperative 231 

species in those same environments. This result challenges the prevailing view that 232 

cooperation will increase the carrying capacity of a species in stable, saturated 233 

environments33. Our theoretical model also shows that cooperation does not have a 234 

positive effect on species range size or abundance in benign and stable environments. 235 

Instead, cooperative breeding behavior appears to be a consequence—not a cause—of 236 

high intraspecific competition when species are abundant. 237 

 238 

Vulnerability of social species to climate change 239 

Given our finding that cooperation enables social species to outcompete non-social 240 

species to achieve greater abundances in environments where resource availability is 241 

low and variable, we returned to our model to investigate the possible effects of 242 

climate change (e.g., an increase in environmental fluctuation) on populations of CA 243 

cooperators, RD cooperators, and non-social species. We simulated scenarios under 244 

which climate change results in lower average available resources (Fig. 4) and higher 245 

fluctuations in environmental resources (Extended Data Fig. 3). Since CA cooperators 246 

were the favored strategy in harsh and/or fluctuating environments (Fig. 1B), we 247 

expect that climate change may have less of an impact on CA cooperators than on RD 248 

cooperators. In contrast, since RD cooperation is a strategy to combat intraspecific 249 

competition in a benign and/or stable environments (Fig. 1A), we expect that 250 

deteriorating environment conditions would be less favorable for RD cooperators than 251 



for CA cooperators.  252 

 253 

Our model compares CA benefit species (populations containing both CA cooperators 254 

and non-social individuals), RD benefits species (populations containing both RD 255 

cooperators and non-social individuals), and non-social species (populations 256 

consisting entirely of non-social individuals). We find that in an originally harsh 257 

environment with low resource availability, CA cooperators are more resilient when 258 

climate change causes a decrease in the average availability of resources (Figure 5A-259 

5F). Therefore, the proportion of CA cooperators increases as the environment 260 

becomes increasingly harsh (Figure 5B and 5E), and CA cooperators maintain a 261 

relatively higher population size compared to RD cooperators and non-social species 262 

(Figure 5A and 5D). In contrast, RD cooperators persist at a lower proportion in the 263 

population when the average environmental conditions deteriorate (Figure 5C, 5F, 5I, 264 

and 5L), but have a minimal or negative impact on the population size compared to 265 

that of non-social species (Figure 5A, 5D, 5G, and 5J). Thus, species that cooperate 266 

because of environmental challenges in harsh and/or fluctuating environments will be 267 

less vulnerable to climate change than both non-social species and those that 268 

cooperate against intra-specific competitors in benign and/or stable environments. 269 

 270 

Discussion 271 

In summary, our analysis of the global distribution of avian species shows that 272 

different taxa form cooperatively breeding groups for different reasons and in 273 

environments of contrasting quality, a result consistent with the predictions of our 274 

simulation model. At the clade level, we find that more taxa cooperate in harsh and/or 275 

fluctuating environments (67% of taxa) than in benign and/or stable environments 276 

(33% of taxa), a result that helps explain previous broad-scale comparative studies 277 

showing that temporal environmental variability is the primary ecological driver of 278 

cooperative breeding behavior in vertebrates19-22. We also find that social species that 279 

cooperate in harsh and/or fluctuating environments have larger range and population 280 

sizes than non-social species, a result consistent with our model predictions and the 281 

idea that species in these environments gain CA benefits through cooperation to cope 282 

with environmental challenges4,6. In contrast, social species that cooperate in stable 283 

and/or benign environments do not have larger range sizes or abundances, a result 284 

also consistent with our model predictions and the idea the idea that species in these 285 



environments cooperate to gain RD benefits and defend themselves against 286 

intraspecific competition for resources4,6. Ultimately, these results help explain the 287 

paradox of why similar forms of social organization occur under such seemingly 288 

disparate ecological circumstances34. 289 

 290 

Finally, although some of the most ecologically successful species on earth form 291 

cooperative societies, it is often assumed that cooperation enables their ‘social 292 

conquest’2,35. Here we provide a formal mathematical framework for understanding 293 

how cooperation may lead to ecological dominance in some taxa but not in the others. 294 

Our model results also suggest that species that cooperate in harsh and/or fluctuating 295 

environments will be less vulnerable to climate change than both non-social species 296 

and those that cooperate against intra-specific competitors in benign and/or stable 297 

environments. This framework linking the ecological causes and consequences of 298 

cooperation can thus be used to explore a range of topics relevant to the changing 299 

world we now find ourselves in, including the fluctuation and resilience of population 300 

sizes of social and non-social species over evolutionary and ecological timescales, and 301 

range size shifts in relation to changes in social behavior under different climate 302 

change scenarios. Under intensifying anthropogenic climate change36-38, now more 303 

than ever, we urgently need to understand how cooperation and environmental 304 

conditions synergistically influence the success and failure of animals, including our 305 

own species.  306 



Reporting summary 307 

Further information on research design is available in the Nature Research Reporting 308 

Summary linked to this paper. 309 
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 319 

 320 

Fig. 1 | Model predictions of the relationships between grouping benefits, mean 321 

and variability of resources, and the evolution of cooperation. Proportion of (a) 322 

resource defense cooperators and (b) collective action cooperators in a population in 323 

relation to mean resource availability.   324 



 325 

Fig. 2 | Model predictions of the relationships between grouping benefits, mean 326 

and variability of resources, and the ecological consequences of cooperation. 327 

Comparisons of (a) range size, (b) population size, and (c) the spatial distribution of 328 

individuals of social populations that form because of collective action (CA) benefits, 329 

social populations that form because of resource defense (RD) benefits, and non-330 

social populations in relation to the temporal variability in benign environments with 331 

high resource availability and (d) range size, (e) population size, and (f) the spatial 332 

distribution of individuals of social populations in harsh environments with low 333 

resource availability. Points represent means, and error bars represent standard 334 

deviations. The color darkness of heat maps indicates the number of individuals 335 

occupying a patch.   336 



 337 

Fig. 3 | Relationships between climatic factors, social system, and range size 338 

a, Relationships among climatic variables with the highest standardized regression 339 

coefficient, social system, and range size of species as determined by phylogenetically 340 

path analysis. b, Comparison of geographic range sizes of cooperatively and non-341 

cooperatively breeding species. c, Causal relationships among climatic factors, social 342 

system, and range size in clades that cooperate in benign and/or stable environments. 343 

d, Relationships among climatic variables, social system, and range size of species. e, 344 

Comparison of geographic range sizes of cooperatively and non-cooperatively 345 

breeding species. f, Causal relationships among climatic factors, social system, and 346 

range size in clades that cooperate in harsh and/or fluctuating environments. Arrows 347 

indicate direct effects, and colors represent direction (black: positive; blue: negative) 348 

with full lines signifying coefficients significantly deviating from 0. Numbers 349 

represent standardized regression coefficients. See Extended Data Fig. 1 for a similar 350 

analysis of species abundance.  351 



 352 

Fig. 4 | Model predictions of the effects of decreasing mean resource availability 353 

due to climate change. Comparison of (a) population size, (b) proportion of 354 

collective action (CA) cooperators, and (c) proportion of resource defense (RD) 355 

cooperators in an environment originally with low mean resource availability and 356 

small fluctuations in resources. Comparison of (d) population size, (e) proportion of 357 

CA cooperators, and (f) proportion of RD cooperators in an environment originally 358 

with low mean resource availability and large fluctuations in resources. Comparison 359 

of (g) population size, (h) proportion of CA cooperators, and (i) proportion of RD 360 

cooperators in an environment originally with high mean resource availability and 361 

small fluctuations in resources. Finally, comparison of (j) population size, (k) 362 

proportion of CA cooperators, and (l) proportion of RD cooperators in an environment 363 

originally with high mean resource availability and large fluctuations in resources. 364 



Material and Methods 365 

 366 

Detailed model description 367 

We use an individual-based model to explore how spatially-structured social 368 

populations (i.e., those with both cooperators and non-cooperators) and non-social 369 

populations (i.e., those without cooperators) evolve on a 23 x 23 patch (or cell) grid. 370 

For simplicity, we assume an asexual mode of reproduction and a mutation rate equal 371 

to 0.001. At the beginning of each simulation, individuals are randomly placed on the 372 

grid such that social populations consist of half cooperators and half non-cooperators. 373 

We allow each grid cell to be inhabited by more than one individual so that 374 

individuals in the same cell can form a group and interact with one another. Within 375 

every simulation time step, individuals consume resources, reproduce, and have a 376 

certain probability of dying. After individuals reproduce, the resulting offspring 377 

randomly choose a cell (i.e., group) in which to disperse according to a spatial 378 

Gaussian kernel on a local area of 5 x 5 cells. This means that offspring have a higher 379 

chance of dispersing to a group closer to their natal group. For example, based on the 380 

parameter value we used, there is about a 15% chance of remaining in the natal group, 381 

a 9.5% chance of dispersing to a nearby group, and a 2.3% chance of dispersing to a 382 

group that is two cells away. Those individuals failing to join a group become floaters 383 

that have no opportunity to breed. Over the 10,000 timesteps for each simulation, we 384 

record the time series of changes in population size, range size, the proportion of 385 

cooperators in the population, and the average degree of cooperation each individual 386 

exhibits. 387 

 388 

We model the evolution of CA and RD cooperators with non-cooperators separately. 389 

We also consider the respective and joint effects of different levels of mean resource 390 

availability and the spatial and temporal variability of resource availability on the 391 

evolution of cooperation, as well as the ecological consequences of social and non-392 

social populations. To generate spatial variability, we assign random numbers sampled 393 

from a uniform distribution with a specific range to the resource availability of 394 

patches (or grid cells), which are used to represent the level of resource variability. To 395 

generate temporal resource variability, we assign a random value sampled from a 396 

uniform distribution with a specific range to resource availability of all patches every 397 

time step. We manipulate the range of the uniform distribution to alter the spatial 398 

heterogeneity and the intensity of the environmental fluctuations. 399 

 400 

Life cycle of individuals 401 

Adult individuals and their offspring will undergo the following process in one 402 



simulation time step respectively: 403 

 404 

In the beginning, adults share the group resources (𝑅!,#, where 𝑖 denotes the 𝑖#$ 405 

group and 𝑡 denotes the 𝑡#$ time step) equally such that when there are 𝑁!,# 406 

individuals in the 𝑖#$ group, each individual’s resource consumption (𝑠!,#) is equal to 407 𝑅!,# 𝑁!,#⁄ . Group resources are determined by environmental resource availability (𝑅%) 408 

and CA benefits (𝑏&' ∑ ∅&'!,(( ), where 𝑏&' denotes cooperation efficiency and 409 ∅&'!,( denotes the 𝑗#$ individual’s degree of cooperation providing CA benefits in 410 

the 𝑖#$ group with eleven levels (0.0, 0.1, 0.2, . . . , 1.0). Similarly, ∅)*!,( denotes the 411 𝑗#$ individual’s degree of cooperation offering RD benefits in the 𝑖#$ group. 412 

Therefore, group resources are represented by a saturating function of CA benefits 413 

(𝑏&' ∑ ∅&'!,(( ), which is analogous to the Monod equation 39, 414 

𝑅!,# =	𝑅% 21 + 𝐼 ∙ 𝑏&' ∑ ∅&'!,((𝐼𝑅%2 + 𝑏&' ∑ ∅&'!,((

6	, 415 

where 𝐼 is the maximum resource increment rate. For groups without cooperators 416 

generating CA benefits, 𝑅!,# =	𝑅%. 417 

 418 

The number of offspring the 𝑗#$ individual in a group can produce (at reproduction 419 

rate 𝐹!,(,#) is a saturating function of the amount of resource it consumes in the form 420 

of Monod equation 39 and also depends on the cost of cooperation: 421 

𝐹!,(,# = 𝛼 91 − 𝛽∅&'!,(< ∙ 𝑠!,# −𝑀𝐾+ + ?𝑠!,# −𝑀@	 422 

or 423 

𝐹!,(,# = 𝛼 91 − 𝛽∅)*!,(< ∙ 𝑠!,# −𝑀𝐾+ + ?𝑠!,# −𝑀@	, 424 

where 𝛼 denotes an individual’s maximum reproductive rate, 𝛽	(0 < 𝛽 ≤ 1) is 425 

defined as the percentage decrease in the reproductive rate caused by per unit 426 

cooperation (∅&'!,( 	or ∅)*!,(), 𝑀 is a constant that represents the metabolic 427 

consumption of an individual, and 𝐾+ is the “half-saturation constant”, or the value 428 

of the individual energy for reproduction (𝑠!,# −𝑀) at which the reproductive rate 429 

(𝐹!,(,#) is half of its maximum. 430 

 431 

Finally, the system determines whether individuals survive. The survival rate (𝑟!,(,#) of 432 

the 𝑗#$ individual in the 𝑖#$ group decreases as it gets older: 433 

𝑟!,(,# = 𝑐, ∙ 𝑒𝑥𝑝 J− 𝑎𝑔𝑒!,(,#𝑎𝑔𝑒+#-./-0/M	, 434 

and the survival rate of the 𝑗#$ floater which does not belong to any group is: 435 



𝑟1,(,# = 𝑐2 ∙ 𝑒𝑥𝑝 J− 𝑎𝑔𝑒1,(,#𝑎𝑔𝑒+#-./-0/M	, 436 

where 𝑐, and 𝑐2 are constants between 0 and 1, and 𝑐, > 𝑐2. 437 

 438 

Offspring produced in the 𝑡#$ time step disperse and make an attempt to join their 439 

preferred group. As stated above, after individuals reproduce, the resulting offspring 440 

randomly choose a cell (i.e., group) in which to disperse according to a spatial 441 

Gaussian kernel on a local area of 5 x 5 cells. The probability of getting into the 𝑖#$ 442 

group (𝑃!,#) depends on group size (𝑁!,#), resource defense benefits (𝑏)* ∑ ∅)*!,(( , 443 

where 𝑏)* is cooperation efficiency), and group resources (𝑅!,#): 444 

𝑃!,# = exp S−𝑑!𝑁!,#𝑏)* ∑ ∅)*!,((𝑅!,# U,	 445 

where 𝑑! = 0.6 as the 𝑖#$ group which an individual decides to join is its natal 446 

group, otherwise 𝑑! = 1, which means that it is easier to join the natal group than the 447 

others. For the groups without cooperators providing resource defense benefits, the 448 

probability of joining is equal to 1 because ∑ ∅)*!,(( = 0, which indicates that 449 

individuals can freely entry to the groups. 450 

 451 

At the end of the time step, the system determines whether the individuals survive. 452 

Since the age of the offspring produced this time step is equal to 0, the survival rate 453 

of the group members (𝑟!,(,#) and the floaters (𝑟1,(,#) are 𝑐, and 𝑐2 respectively. 454 

 455 

Comparative Analysis 456 

Phylogenetic hypothesis and trait data 457 

The avian species used in this study came from published data32 that derived from the 458 

Handbook of the Birds of the World and BirdLife Taxonomic Checklist v240. The 459 

social system of each species was classified as “cooperative” or “non-cooperative” 460 

and was determined through the use of published accounts41. Body mass, which was 461 

determined through the published data42, was included in our analysis because of its 462 

potential effect on influencing social behavior32. Range sizes of every species were 463 

extracted from digital bird species distribution maps of the world40 and species 464 

abundance was extracted from a previously published study43. Our analysis was 465 

restricted to clades in which the proportion of cooperative species is above 10% and 466 

the total number of species in the clade is above 2031. Therefore, our phylogenetic 467 

analysis included 127 clades containing 1595 species, in which the phylogenetic data 468 

was from the open-access dataset of the BirdTree.org44.  469 

  470 

Environmental predictors 471 



We extracted climatic data from the distributional ranges of each species using the 472 

CRU TS 4.01 database45 and calculated the mean values of six climate variables for 473 

each grid cell within the geographic distribution range of each species: (1) mean 474 

annual temperature (°C); (2) diurnal temperature range (DTR, °C); (3) seasonal 475 

temperature range (STR, °C); (4) mean annual precipitation (MAP, mm); (5) within-476 

year variation in precipitation (i.e., the mean among all years of the within-year 477 

standard deviations of the 3-month values); and (6) among-year variation in 478 

precipitation (i.e., the standard deviation within the same 3-month period across all 479 

years)20,26,46,47. We then calculated within-year and among-year variation in 480 

precipitation as the mean of log10-transformed values across all 55 × 55 km grid cells 481 

occupied by a species32. Following similar comparative studies, harsh and fluctuating 482 

environments were defined as those with high mean annual temperature16, low mean 483 

annual precipitation22,28, high variability in precipitation16,20, and high variability in 484 

temperature22,28, and vice versa for stable and predictable environments. 485 

  486 

Comparative analysis 487 

To assess the relationship between social system and all of predictors for each of the 488 

22 avian clades (selected according to the criteria described above), we examined 489 

whether the six climatic variables and body mass predicted the occurrence of 490 

cooperative breeding behavior in each taxon. For the analyses in each taxon, we first 491 

tested a full model using the phyloglm function with all-climate factors and life 492 

history traits in the R package phylolm48 using the binary dependent variable 493 

(cooperative or non-cooperative). We tested the variance inflation factor (VIF) of the 494 

full model for each climatic factor to examine potential multicollinearity. We 495 

identified and retain variables with robust effects after iteratively removing variables 496 

with VIF >549. Finally, we determined the best-fitting models with a corrected Akaike 497 

information criterion (AICc)50, using model averaging for models with AICc < 251 in 498 

the R package AICcmodavg52. We further classified each clade into one of the three 499 

groups based on the relationship between climatic factors and social system from 500 

phyloglm: (1) cooperative breeding occurs in benign and/or stable environments; (2) 501 

cooperative breeding occurs in harsh and/or unpredictable environments; or (3) no 502 

relationship between climate and social system. Each clade was classified into one of 503 

the groups when the p-value of the climatic factor and social system was <0.15 to be 504 

more liberal and include more clades in the analysis.  505 

 506 

We then tested the effects of cooperative breeding and climatic variables on species 507 

range size using PGLS models separately for species that cooperate in benign and/or 508 

stable environments (n=251 species) as well as those that cooperate in harsh and/or 509 



fluctuating environments (n=802 species) by implementing the phylolm function 510 

using Brownian motion53 in the R package phylolm. We also tested the VIF of the full 511 

model between each climatic factor to examine for potential multicollinearity. We 512 

identified and retained variables with robust effects after iteratively removing 513 

variables with VIF >549. Finally, we also used the model averaging methods to test the 514 

models for ΔAICc<2. 515 

 516 

We further explored the potential causal relationships among climate, body mass, 517 

social system, and range size in the two groups in which cooperative breeding was 518 

significantly associated with environmental conditions using phylogenetic 519 

confirmatory path analysis54 in the R package phylopath55. Only climatic variables 520 

that had the most significant correlations with the social system in the clade-level 521 

analyses were kept in the phylogenetic path analysis model. We then constructed 522 

models to examine the causal relationship between social system and species range 523 

size ( Extended Data Fig. 2a, b). We calculated the C-statistic Information Criterion 524 

(CICc)56,57 and used model averaging for ΔCICc<2 to select the best-fitting model to 525 

determine the potential causal relationship between the variables.  526 

 527 

Finally, to reveal the relationship among social systems, range size, and species 528 

abundance, we tested the relationship between each factor and species abundance 529 

using the Brownian motion in PGLS in the two groups in which cooperative breeding 530 

was significantly associated with environmental conditions (Extended Data Table 5 531 

and Extended Data Table 6). We excluded species for which no species abundance 532 

information was available. Therefore, the sample size in this analysis was a little 533 

smaller (n=248 species for species cooperating in benign and/or stable environments 534 

and n=765 for species cooperating in harsh and/or fluctuating environments) than the 535 

species range size analysis described above. After testing VIF and AIC, we retained 536 

the factors that were significantly correlated with species abundance and further 537 

constructed models (Extended Data Fig. 2c, d) to test the direct and indirect effects of 538 

climatic factors on species abundance. We then added social systems to the model and 539 

identified the causal relationship between social systems and species range size 540 

(Extended Data Fig. 2e, f).  541 
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Supplementary Information 687 

 688 

Detailed model results 689 

First, we explored the environmental conditions under which CA and RD benefits 690 

occur, finding that they are quite distinct. It is intuitive to see that RD benefits only 691 

evolve under a temporally stable environment with low variance in resource 692 

availability because high-quality patches are only worth defending when 693 

environmental conditions are predictable (Fig. 1a). In addition, both stable and benign 694 

environments (i.e., those with high resource availability) will lead to higher 695 

intraspecific competition over resources and, thus, favor cooperative investment in 696 

resource defense. (Fig. 1a). In contrast, CA benefits are more likely to emerge when 697 

mean environmental conditions are harsh (i.e., low resource availability), and when 698 

resource availability fluctuates greatly (Fig. 1c). This is because extra group resources 699 

produced by cooperators are essential for individuals to reproduce successfully in 700 

both harsh and fluctuating environments.  701 

 702 

Next, we explored the ecological and demographic consequences of groups that form 703 

because of CA and RD benefits. RD cooperators and non-social species have very 704 

similar range (Fig. 2d) and population sizes (Fig. 2e and 2f) in harsh environments 705 

with low resource availability. In contrast, population and range sizes of CA 706 

cooperators are larger than those of non-social species (Fig. 2d, 2e, and 2f) because 707 

individuals are more cooperative in harsh environments with low resource availability 708 

(Fig. 1b). Nevertheless, CA cooperators and non-social species have similar range and 709 

population sizes in benign environments with high resource availability (Fig. 2a, 2b, 710 

and 2c), but the range (Fig. 2a) and population sizes (Fig. 2b and 2c) of RD 711 

cooperators are smaller or similar to the non-social species.  712 

 713 

We also find that CA cooperators always have larger range and population sizes than 714 

non-social species in harsh environments (Fig. 2d, 2e, and 2F). Fluctuating 715 

environmental conditions generally lead to a reduction in the range (Fig. 2D) and 716 

population sizes (Fig. 2e and 2f) of both non-social and social species in harsh 717 

environments with low resource availability. However, the reductions in range (Fig. 718 

2d) and population size (Fig. 2e and 2f) of CA cooperators are relatively small, except 719 

in extremely fluctuating environments. In contrast, range and population size of CA 720 



cooperators are comparable to those of non-social species when mean resource 721 

availability is high (Fig. 2a, 2b, and 2c). Nevertheless, RD cooperators have smaller 722 

or similar range (Fig. 2a) and population sizes (Fig. 2b and 2c) to non-social species 723 

because most individuals defend high-quality (i.e., high resource availability) patches 724 

(Fig. 1a).  725 



Extended Data Table 1 | The relationship between critical climatic factors and 726 

social systems in 22 avian clades. 727 

Clade n Critical factor P 

Benign and/or stable environments 251   

BC7 88 Among-year variation in precipitation 0.024 

Bucerotidae 32 Diurnal temperature range 0.047 

Ramphastidae 76 Diurnal temperature range 0.031 

S2 55 Seasonal temperature range 0.014 

    

Harsh and/or fluctuating environments 802   

Apodidae 36 Mean annual precipitation 0.15 

BC6 41 Diurnal temperature range 0.031 

CC8 223 Mean annual precipitation 0.019 

M4 125 Diurnal temperature range 0.042 

P17P18 130 Within-year variation in precipitation 0.009 

P6 39 Diurnal temperature range 0.057 

Rallidae 42 Diurnal temperature range 0.025 

S13 166 Mean annual temperature 0.028 

    

Non-significant 542   

CC5CC6c 28 Mean annual temperature 0.19 

CC7 77 Diurnal temperature range 0.52 

Falconidae 45 Null  

M1 87 Diurnal temperature range 0.56 

Meropidae 23 Among-year variation in precipitation 0.35 

Musophagidae 22 Null   

P21 92 Within-year variation in precipitation 0.20 

Petroicidae 31 Diurnal temperature range 0.20 

S9 93 Within-year variation in precipitation 0.41 

S10 44 Within-year variation in precipitation 0.17 

Table shows the result of model averaging with ΔAICc < 2 in each clade. Critical 728 

factors are shown as a climatic factor with the lowest P-value in each averaging 729 

model. Null indicates null model is the best model during AICc analysis.  730 



Extended Data Table 2 | Statistical model results for climatic factors, social 731 

system, and range size in which cooperatively breeding species occur in benign 732 

and/or stable environments. 733 

a, the regression table for the full model with all predictors. b, Lists models with 734 

ΔAICc < 2 and the null (intercept-only) model, where Wi and cumulative Wi denote 735 

Akaike weight and cumulative Akaike weight for each model. c, The results of model 736 

averaging, where boldface denotes significant predictors.  737 

a Full model Estimate SE t-value P 

 (Intercept) 0.057 9.14 0.006 0.99 

 Social system (1) -0.039 0.14 -0.28 0.78 

 Mean annual precipitation (2) 0.316 0.12 2.66 0.008 

 Among-year variation in precipitation (3) -0.28 0.12 -2.37 0.018 

 Within-year variation in precipitation (4) -0.083 0.095 -0.88 0.38 

 Mean annual temperature (5) 0.40 0.12 3.48 0.001 

 Seasonal temperature range (6) 1.00 0.13 7.87 <0.001 

 Diurnal temperature range (7) -0.076 0.061 -1.25 0.21 

 Body mass (8) 0.034 0.088 0.39 0.70 

      

b (Rank model) AICc ΔAICc W Cumulative W 

 1 (2+3+5+6) 724.80 0.00 0.14 0.14 

 2 (2+3+5+6+7) 725.69 0.89 0.09 0.23 

 3 (2+3+4+5+6) 726.35 1.55 0.07 0.30 

 Null 805.60 80.80 0.00 1.00 

      

c (Averaging model) Estimate Adjusted SE Z P 

 (Intercept) 0.072 9.15 0.008 0.99 

 Social system -0.05 0.14 0.36 0.72 

 Mean annual precipitation 0.27 0.13 2.14 0.033 

 Among-year variation in precipitation -0.23 0.12 1.89 0.059 

 Within-year variation in precipitation -0.062 0.097 0.64 0.524 

 Mean annual temperature 0.38 0.11 3.35 0.001 

 Seasonal temperature range 1.02 0.13 7.82 <0.001 

 Diurnal temperature range -0.061 0.062 0.99 0.32 

 Body mass 0.036 0.087 0.42 0.69 



Extended Data Table 3 | Statistical model results for climatic factors, social 738 

system, and range size in which cooperatively breeding species occur in harsh 739 

and/or fluctuating environments. 740 

a, The regression table for the full model with all predictors. b, Lists models with 741 

ΔAICc < 2 and the null (intercept-only) model, where Wi and cumulative Wi denote 742 

a Full model Estimate SE t-value P 

 (Intercept) 0.21 14.27 0.014 0.99 

 Social system (1) 0.43 0.14 3.14 0.002 

 Mean annual precipitation (2) 0.32 0.075 4.23 <0.001 

 Among-year variation in precipitation (3) -0.38 0.084 -4.51 <0.001 

 Within-year variation in precipitation (4) -0.13 0.066 -1.98 0.048 

 Mean annual temperature (5) 0.12 0.088 1.33 0.18 

 Seasonal temperature range (6) 0.68 0.086 7.84 <0.001 

 Diurnal temperature range (7) -0.097 0.057 -1.71 0.087 

 Body mass (8) -0.038 0.07 -0.55 0.59 

      

b Rank model AICc ΔAICc W Cumulative W 

 1 (1+2+3+4+5+6+7) 2909.51 0 0.14 0.14 

 2 (1+2+3+4+6+7) 2909.72 0.20 0.13 0.27 

 3 (1+2+3+4+5+6) 2910.44 0.92 0.09 0.36 

 4 (1+2+3+6+7) 2910.71 1.20 0.08 0.44 

 5 (1+2+3+4+6+7+8) 2911.00 1.49 0.07 0.51 

 6 (1+2+3+4+6) 2911.04 1.53 0.07 0.58 

 7 (1+2+3+4+5+6+7+8) 2911.26 1.75 0.06 0.64 

 8 (1+2+3+5+6+7) 2911.46 1.95 0.05 0.69 

 9 (1+2+3+6) 2911.47 1.96 0.05 0.74 

 Null 3093.00 183.49 0.00 1.00 

      

c Averaging model Estimate Adjusted SE Z P 

 (Intercept) 0.20 14.29 0.014 0.99 

 Social system 0.42 0.14 3.13 0.002 

 Mean annual precipitation 0.31 0.077 4.03 <0.001 

 Among-year variation in precipitation -0.37 0.085 4.30 <0.001 

 Within-year variation in precipitation -0.12 0.066 1.79 0.073 

 Mean annual temperature 0.12 0.087 1.37 0.17 

 Seasonal temperature range 0.65 0.084 7.75 <0.001 

 Diurnal temperature range -0.098 0.057 1.71 0.087 

 Body mass -0.049 0.069 0.71 0.48 



Akaike weight and cumulative Akaike weight for each model. c, The results of model 743 

averaging, where boldface denotes significant predictors.  744 



Extended Data Table 4 | SEM model results for analyses of environmental 745 

variables, social system, and range size 746 

a X                              Y Social system  Range size 

 Mean annual precipitation - 0.15 ± 0.089 

 Among-year variation in precipitation -0.32 ± 0.18 - 

 Mean annual temperature - 0.38 ± 0.11 

 Seasonal temperature range  -0.44 ± 0.18 1.083 ± 0.12 

 Diurnal temperature range -0.18 ± 0.12 - 

 Social system - -0.07 ± 0.14 

    

b X                              Y   Social system Range size 

 Mean annual precipitation  -0.17 ± 0.076 0.297 ± 0.071 

 Among-year variation in precipitation - -0.35 ± 0.077 

 Within-year variation in precipitation  0.017 ± 0.072 - 

 Mean annual temperature 0.12 ± 0.067 - 

 Seasonal temperature range - 0.63 ± 0.055 

 Diurnal temperature range 0.075 ± 0.056 - 

 Social system - 0.421 ± 0.14 

This table shows the coefficients with standard errors (SE) from phylogenetic 747 

confirmatory path analysis. a, Causal relationships between variables in benign and/or 748 

stable environments. b, Causal relationships between variables in harsh and/or 749 

fluctuating environments.   750 



Extended Data Table 5 | Statistical model results for social system, environmental 751 

and ecological correlates of species abundance in which cooperatively breeding 752 

species occur in benign and/or stable environments. 753 

a, The regression table for the full model with all predictors. b, Lists models with 754 

ΔAICc < 2 and the null (intercept-only) model, where Wi and cumulative Wi denote 755 

Akaike weight and cumulative Akaike weight for each model. c, The results of model 756 

averaging, where boldface denotes significant predictors.  757 

a Full model Estimate SE t-value P 

 (Intercept) -0.06 9.57 -0.006 0.99 

 Social system (1) 0.058 0.15 0.40 0.69 

 Mean annual precipitation (2) -0.29 0.13 -1.58 0.12 

 Among-year variation in precipitation (3) 0.24 0.12 1.92 0.056 

 Within-year variation in precipitation (4) -0.051 0.10 -0.51 0.61 

 Mean annual temperature (5) 0.27 0.13 2.18 0.03 

 Seasonal temperature range (6) 0.44 0.15 2.91 0.004 

 Diurnal temperature range (7) 0.006 0.063 0.09 0.93 

 Body mass (8) 0.16 0.092 1.76 0.08 

 Range size (9) 0.34 0.068 5.06 <0.001 

b Rank model AICc ΔAICc W Cumulative W 

 1 (2+3+5+6+8+9) 739.65 0.00 0.06 0.06 

 2 (5+6+8+9) 740.27 0.62 0.04 0.10 

 3 (5+6+9) 740.55 0.89 0.04 0.14 

 4 (2+3+5+6+9) 740.60 0.95 0.04 0.18 

 5 (3+5+6+8+9) 740.82 1.16 0.03 0.21 

 6 (3+5+6+9) 741.13 1.47 0.03 0.24 

 7 (2+3+4+5+6+8+9) 741.55 1.90 0.02 0.26 

 Null 797.10 57.45 0.00 1.00 

c Averaging model Estimate Adjusted SE Z P 

 (Intercept) -0.019 9.60 0.002 0.99 

 Social system 0.041 0.15 0.28 0.78 

 Mean annual precipitation -0.18 0.14 1.29 0.20 

 Among-year variation in precipitation 0.19 0.13 1.50 0.13 

 Within-year variation in precipitation -0.061 0.10 0.61 0.54 

 Mean annual temperature 0.26 0.13 2.05 0.04 

 Seasonal temperature range 0.41 0.16 2.51 0.012 

 Diurnal temperature range -0.003 0.063 0.04 0.97 

 Body mass 0.15 0.091 1.60 0.11 

 Range size 0.34 0.072 4.79 <0.001 



Extended Data Table 6 | Statistical model results for social system, environmental 758 

and ecological correlates of species abundance in which cooperatively breeding 759 

species occur in harsh and/or fluctuating environments. 760 

a Full model Estimate SE t-value P 

 (Intercept) 0.075 11.66 0.0064 0.99 

 Social system (1) -0.068 0.11 -0.59 0.56 

 Mean annual precipitation (2) -0.06 0.074 -0.80 0.42 

 Among-year variation in precipitation (3) -0.054 0.087 -0.62 0.54 

 Within-year variation in precipitation (4) 0.05 0.056 0.89 0.37 

 Mean annual temperature (5) 0.084 0.073 1.14 0.25 

 Seasonal temperature range (6) 0.238 0.076 3.11 0.002 

 Diurnal temperature range (7) 0.259 0.051 5.12 <0.001 

 Body mass (8) -0.025 0.058 -0.43 0.67 

 Range size (9) 0.249 0.030 8.22 <0.001 

b Rank model AICc ΔAICc W Cumulative W 

 1 (6+7+9) 2483.74 0.00 0.06 0.06 

 2 (5+6+7+9) 2483.89 0.16 0.06 0.12 

 3 (2+6+7+9) 2484.45 0.72 0.04 0.16 

 4 (2+5+6+7+9) 2484.56 0.82 0.04 0.20 

 5 (3+5+6+7+9) 2484.66 0.93 0.04 0.24 

 6 (3+6+7+9) 2484.70 0.96 0.04 0.28 

 7 (6+7+8+9) 2485.29 1.55 0.03 0.31 

 8 (2+4+6+7+9) 2485.34 1.60 0.03 0.34 

 9 (4+6+7+9) 2485.46 1.72 0.03 0.37 

 10 (1+6+7+9) 2485.55 1.81 0.03 0.40 

 11 (1+5+6+7+9) 2485.63 1.89 0.02 0.42 

 Null 2672.00 188.90 0.00 1.00 

c Averaging model Estimate Adjusted SE Z P 

 (Intercept) -0.071 11.65 0.006 0.99 

 Social system -0.06 0.11 0.53 0.60 

 Mean annual precipitation -0.067 0.064 1.05 0.29 

 Among-year variation in precipitation -0.068 0.077 0.89 0.37 

 Within-year variation in precipitation 0.042 0.056 0.75 0.45 

 Mean annual temperature 0.093 0.073 1.27 0.20 

 Seasonal temperature range 0.216 0.072 2.99 0.003 

 Diurnal temperature range 0.269 0.048 5.62 <0.001 

 Body mass -0.034 0.058 0.59 0.55 

 Range size 0.248 0.03 8.40 <0.001 



a, The regression table for the full model with all predictors. b, Lists models with 761 

ΔAICc < 2 and the null (intercept-only) model, where Wi and cumulative Wi denote 762 

Akaike weight and cumulative Akaike weight for each model. c, The results of model 763 

averaging, where boldface denotes significant predictors.  764 



765 

Extended Data Fig. 1 | Relationships between climatic factors, social system, 766 

range size, and abundance. a, b, Causal relationships and relationships among 767 

climatic variables, social system, range size and abundance in clades cooperate in 768 

benign and/or stable environments. c, d, Causal relationships and relationships among 769 

climatic variables, social system, range size and abundance in clades cooperate in 770 

harsh and/or fluctuating environments. Each point represents one species. 771 



 772 

Extended Data Fig. 2 | Models to test the causal relationship between climatic 773 

factors, social system and species range size in (a) benign and/or stable environments, 774 

and in (b) harsh and/or fluctuating environments. Models to test the direct and indirect 775 

effects of climatic factors on species abundance in (c) benign and/or stable 776 

environments, and in (d) harsh and/or fluctuating environments. Models to test the 777 

causal relationship between social system and species range size in benign and/or 778 

stable environments (e), harsh and/or fluctuating environments (f). Variables in the 779 

model include: mean annual precipitation (Pre), among-year variation in precipitation 780 

(Among), within-year variation in precipitation (Within), mean annual temperature 781 

(Tmp), diurnal temperature range (Dtr), seasonal temperature (Str), social system 782 

(SS), range size (RS), and abundance (AB). 783 



 784 

Extended Data Fig. 3 | Model predictions of the effects of increasing temporal 785 

variability due to climate change. Comparison of (a) population size, (b) proportion 786 

of collective action (CA) cooperators, and (c) proportion of resource defense (RD) 787 

cooperators in an environment originally with low mean resource availability and 788 

small fluctuations in resources. Comparison of (d) population size, (e) proportion of 789 

CA cooperators, and (f) proportion of RD cooperators in an environment originally 790 

with low mean resource availability and large fluctuations in resources. Comparison 791 

of (g) population size, (h) proportion of CA cooperators, and (i) proportion of RD 792 

cooperators in an environment originally with high mean resource availability and 793 

small fluctuations in resources. Finally, comparison of (j) population size, (k) 794 

proportion of CA cooperators, and (l) proportion of RD cooperators in an environment 795 

originally with high mean resource availability and large fluctuations in resources. 796 


