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Abstract 18 

Anthropogenic climatic change will be a major factor shaping natural populations over 19 

the foreseeable future. The scope of this issue has spawned the integrative field of global change 20 

biology, which is chiefly concerned with identifying vulnerabilities of natural systems to climate 21 

change and integrating these into models of biodiversity loss. Meanwhile, there remains 22 

considerable latitude for investigating the multiple indirect and nuanced ways that broad-scale 23 

shifts in the abiotic environment will impact biological systems. One major unexplored category 24 

of effects is on social organisation. While climate has consistently been implicated as a major 25 

source of natural selection responsible for facilitating the evolution of complex animal societies, 26 

studies directed at testing these links on contemporary climatic time scales have thus far been 27 

limited to a select few higher-order, eusocial, taxa. Here, we present the case for how climate 28 

change, and specifically rising global temperatures, could catalyze social change at multiple 29 

stages of social evolution. We argue that these effects will manifest themselves through a range 30 

of subtle, climate-mediated pathways affecting the opportunities, nature, and context of 31 

interactions between individuals. We propose a broad conceptual framework for considering 32 

these pathways first at the individual level, and then discuss how feedbacks between bottom-up 33 

and top-down processes could mediate population-level shifts. We then implement this 34 

framework to explore the capacity for climate-mediated shifts in social evolution within three 35 

broad categories of social complexity: social group formation, social group maintenance, and 36 

social elaboration. For each category, we leverage social evolutionary theory and phylogenetic 37 

work spanning diverse systems to describe the pivotal traits that underpin transitions from each 38 

level of social complexity. In doing so, we aim to build a case for how short-term individual 39 

responses to climate could scale to impart constructive and/or destructive effects on the origins, 40 

maintenance, and diversification of animal societies.  41 

 42 
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Introduction 47 

Anthropogenic climate change will be a major factor shaping the trajectories of natural 48 

populations in the coming decades. Over the last 40 years alone, global warming has been linked 49 

to shifts in species’ geographic distributions (Parmesan et al. 1999, Thomas and Lennon 1999, 50 

Parmesan and Yohe 2003, Tingley et al. 2009, Valladares et al. 2014) and demographic rates 51 

(Doak and Morris 2010, Lloret et al. 2012, Villellas et al. 2015), as well as shifts in traits ranging 52 

from drought tolerance (Franks et al. 2007, Hamann et al. 2018), temperature-specific 53 

development rates (Logan et al. 2003, Skelly 2004), melanization (Karell et al. 2011) and 54 

breeding phenology (Réale et al. 2003, Bearhop et al. 2005; While and Uller 2014). These 55 

processes will have profound effects on the long-term viability of species. Thus, a major 56 

objective of global change biology is to understand how variation in physiological thresholds and 57 

compensatory strategies will affect the structure of biotic communities and determine species-58 

specific extinction vulnerabilities (Deutsch et al. 2008, Somero 2010, Arribas et al. 2012, Cahill 59 

et al. 2013, Cochrane et al. 2015).  60 

Global-scale changes in the abiotic environment will also have a myriad of indirect 61 

effects on biological systems, which could operate independently or synergistically with other 62 

processes to alter ecological and evolutionary trajectories. One major avenue through which 63 

climate change may indirectly affect biological systems is by altering the opportunities, context, 64 

and nature of biotic interactions. This has been relatively well appreciated in the context of 65 

environmentally mediated shifts in interactions between species (Engler et al. 2013, Milazzo et 66 

al. 2013, Singer et al. 2013, Bisi et al. 2015, Werner et al. 2019). However, there is a growing 67 

realisation that altered environmental conditions will also lead to shifting interactions within 68 

species. Such intraspecific interactions are the fundamental building blocks of social 69 

organisation, the emergent properties of which (e.g., group size and complexity) can have major 70 

influences on evolutionary trajectories by mediating interactions between organisms and their 71 

environment (Maynard Smith and Szathmáry 1997, Krause and Ruxton 2002, Kikvidze and 72 

Callaway 2009, Kappeler 2019, Kappeler et al. 2019, Socias-Martínez and Kappeler 2019). 73 

Therefore, there is need to understand how alterations in the environment brought about by 74 

climate change could influence how individuals interact with one another and the downstream 75 

consequences of this for the ecology and evolution of social organisation.  76 
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Projecting the impacts of contemporary climate change on social trajectories necessitates 77 

an appreciation of the evolutionary relationship between climate and social organisation. Climate 78 

has consistently been implicated as a major source of natural selection responsible for facilitating 79 

the emergence, maintenance and diversification of complex animal societies. For instance, 80 

researchers have traced the diversification of eusocial hymenopteran insects along ancestral 81 

gradients in season length (Kocher et al. 2014, Groom and Rehan 2018), and cooperative 82 

breeding in birds is associated with the repeated colonization of novel and harsh environments 83 

(Jetz and Rubenstein 2011, Cornwallis et al. 2017, Lin et al. 2019). Just as past ecological 84 

conditions have been leveraged to predict convergence on complex social traits in cooperative 85 

and eusocial lineages, so too has climate begun to emerge as a major factor shaping social 86 

diversification in solitary and subsocial species. Indeed, only recently has a study on the model 87 

species, Drosophila, identified past climate as the foremost predictor of species variation in 88 

social interaction networks (Jezovit et al. 2020). Despite some links between sociality and past 89 

climatic conditions, there is a paucity of studies aimed at testing whether similar processes could 90 

be unfolding on ecological time scales. Indeed, the vast majority of studies that examine social 91 

behaviour through the lens of contemporary climate change are concerned with how social traits 92 

might interact with climatic stressors to alter fitness outcomes (Rézouki et al. 2016, Grew et al. 93 

2019) or influence population persistence over the short-term (Wong 2012). Only a small 94 

number of studies have explored the consequences of climate change for the evolution of social 95 

behaviour per se, and those that do are largely restricted to a small sample of higher-order, 96 

eusocial taxa (Davison and Field 2016, 2018, Dew et al. 2018, Groom and Rehan 2018).    97 

We argue that this restricted focus has overlooked a diversity of ways in which subtle 98 

changes in climate can affect social organisation across the spectrum of social complexity. In this 99 

review, we will explore the potential for rapid global climate change, and specifically rising 100 

global temperatures (projected up to 4.5°C above pre-industrial levels by 2100; Collins et al. 101 

2013), to actuate evolutionary change at various levels of social organisation. While our focus 102 

here is on changes in global temperature, we acknowledge that other climatic variables will also 103 

be associated with anthropogenic change (e.g., precipitation, frequency of extreme weather 104 

events, pollution, habitat loss, etc.), each which is capable of catalyzing similar and/or distinct 105 

processes to those we describe. Thus, it is important to note that while specific mechanisms may 106 

differ, the broader concepts of our framework are intended to be generalizable to other 107 
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environmental variables. The goal of our exploration is not to arrive at a generalized picture of 108 

which societal outcomes will result under climate change, as this would require subscribing to 109 

pre-conceived (and practically and conceptually flawed) indices of social complexity (Kappeler 110 

et al. 2019). Nor do we suggest that the particular effects we detail will occur across all 111 

biological systems and stages of social evolution, as realized outcomes will depend on how 112 

abiotic and biotic factors interact with species-specific physiologies and neural pathways. Rather, 113 

we aim to develop a framework for considering the ways in which rising temperatures might 114 

inhibit, modify, or fast-track pathways that are commonly co-opted during the evolution of 115 

complex social traits. We illustrate how climate, and particularly temperature, can mediate 116 

opportunities for selection on socially relevant traits, either through bottom-up effects – 117 

alterations in trait expression in interacting individuals – or top-down effects – alterations in 118 

temporal and spatial patterns of social interactions themselves. Throughout, we will highlight 119 

key studies that have deconstructed direct and indirect climate response pathways through which 120 

individual behavioural changes scale to effect processes of social group formation and cohesion.  121 

 122 

Plasticity in socially relevant traits: temperature as a mediator of individual behaviour 123 

Intrinsic pathways 124 

All animals, including members of most asocial species, must interact socially at some 125 

stage of their life cycle. While changes at the group level can ultimately be described as top-126 

down or bottom-up, both scenarios depend at some stage on processes that integrate cues from 127 

the biotic (e.g., social) and abiotic environment and initiate behavioural responses. Temperature 128 

is established as one of the most influential abiotic factors controlling flexible aspects of 129 

behaviour (Wood and MacDonald 1997, Angilletta and Dunham 2003) – effects that we briefly 130 

summarize in Box 1. The first major category we consider relates to mechanisms that mediate 131 

the opportunities for social interactions, or the probability that individuals interact simply based 132 

on their distribution over space and time (e.g., Emlen and Oring 1977; Box 1A). All animals 133 

perform best within a given range of temperatures, and most are capable of accommodating 134 

shifting thermal optima by adjusting (or limiting) when and where they are ‘active’ (e.g., outside 135 

of a nest, burrow, or other form of refuge). Thus, in the most fundamental sense, the potential for 136 

within-group interactions depends critically on the frequency, duration, and distribution of 137 
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suitable thermal windows. The potentially transformative effects of temperature-mediated shifts 138 

in activity periods on the emergence and maintenance of social organisation will be explored in 139 

greater depth in the sections that follow. 140 
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 141 

BOX 1: Temperature-mediated pathways of behavioural expression 

A. Mechanisms Mediating the Opportunities for Interaction  

Diurnal activity shifts: One behavioural mechanism for avoiding physiological stress imposed by thermal biology is to limit the 
number of active hours animals expend throughout the day. In equatorial and tropical regions, increasing air temperatures and 
reduced shade availability elevate risks of desiccation and heat stress, and it is projected that these factors will restrict daily 
activity periods in birds (Wolf 2000, Smit et al. 2016) and reptiles (Sinervo et al. 2010, Kearney 2013). Locally adapted cold-
weather species could also be susceptible to activity reduction under climate change (Johansen et al. 2014, Hall and Chalfoun 
2019). By contrast, higher within-season temperatures are expected to extend suitable periods for activity in many species, 
including high-latitude and high-elevation ectotherms (Kearney 2013) and nocturnal mammals (Stokes et al. 2001, Turbill 2008). 
Animals can also regulate how they experience the thermal environment by taking advantage of heterogeneity in temperature at 
both the micro- and macrohabitat scales. This form of behavioural thermoregulation is extremely well documented in ectotherms 
(insects: Ward and Seely 1996; marine invertebrates: Chapperon and Seuront 2011; fish: Matern et al. 2000; reptiles: Smith and 
Ballinger 2001, Sartorius et al. 2002, Goller et al. 2014) but also occurs in mammals (van Beest et al. 2012, Street et al. 2015).  

Seasonal activity shifts: Climatic effects on activity are also shown to operate over broad spatio-temporal scales. For instance, 
trends towards warmer seasons have been implicated in earlier emergence from hibernation (Inouye et al. 2000, Sheriff et al. 
2011, Gao et al. 2015), earlier arrival dates at breeding grounds (Crick et al. 1997, Gienapp et al. 2007), and earlier breeding 
start dates (Beebee 1995, Dunn and Winkler 1999, Both et al. 2004, Hüppop and Winkel 2006; While and Uller 2014). 
Advances in the start date of annual cycles could impart carry-over effects on the duration of events, setting new boundaries for 
the expression context-specific behaviours. For instance, a 45-year trend of advancing breeding seasons in Northern-hemisphere 
birds has been linked to increasingly prolonged breeding seasons (Halupka and Halupka 2017).  

B. Mechanisms Mediating the Nature of Interactions  

Physiological pathways: The thermal environment exerts considerable control over internal energetic reserves. As a result, shifts 
towards harsher (or more benign) temperature conditions may lead certain behaviours to be expressed less (or more) frequently. 
Endotherms depend on the maintenance of internal thermoregulatory machinery for their survival, and as they approach the 
extreme thermal limits of their biology and these processes are challenged, trade-offs are forced with other energetically taxing 
behaviours (Alatalo 1982, Vézina and Thomas 2000). Ectotherms, which comprise the vast majority of the word’s biodiversity 
(Wilson 1992), present a special case as all their basic physiological functions (e.g., locomotion, growth, and reproduction) are 
intricately linked to the thermal environment. This is because temperature exponentially speeds up rates of metabolic reactions 
(Gillooly et al. 2001, Dillon et al. 2010), although careful treatment must be given to threshold effects when modelling this 
relationship (Gunderson and Leal 2015, 2016). In a recent review of the topic, Abram et al. (2017) broadly divided these effects 
into short- and long-term effects. Over the short-term (within seconds to minutes of temperature change), the speed and 
performance of locomotor, reproductive, and foraging behaviours (broadly, any behaviours with consequences for energy 
turnover; Mathot et al. 2019) will generally increase as temperatures approach a critical thermal maximum (Table 1 in Abram et 
al. 2017). Thermal regimes can also induce long-term changes across ontogenetic stages. For instance, the temperature-size rule 
in ectotherms posits that individuals reared at high temperatures will develop faster but attain smaller adult body sizes (Atkinson 
1994, Angilletta and Dunham 2003, Angilletta et al. 2004). It has also been suggested that ectotherms that maintain higher body 
temperatures and metabolic rates throughout their lives have shorter lifespans (Valenzano et al. 2006, Scharf et al. 2015).  

Neuroendocrinological pathways: In addition to affecting metabolic processes, the thermal environment also taps into 
neuroendocrinological pathways that regulate behaviour. Specifically, this pertains to pathways that have been co-opted from 
physiological maintenance pathways, or which are sensitive to general abiotic stressors. For instance, nonapeptides were first 
studied for their peripheral and evolutionarily conserved role in physiological regulation (Goodson and Thompson 2010), and 
yet have been co-opted to exert central control over the expression behaviours ranging from aggression (Lema 2006; Santangelo 
and Bass 2006) to affiliation and social bonding (Insel 1992; Carter et al. 1992) as well as gregariousness (Goodson et al. 
2012a). Heat stress and fluctuating climatic conditions may also exert indirect effects on behaviour by mediating internal stress 
response pathways. A recent review of vertebrate stress responses to weather related stimuli found that short-term exposure to 
inclement weather events tends to increase circulating glucocorticoid concentrations, but prolonged exposure as to induce 
chronic stress may inhibit these responses (de Bruijn and Romero 2018). Indeed, acute temperature stress appears to have rapid 
activational effects on fish stress response pathways (Quigley and Hinch 2006, Chadwick et al. 2015), whereas chronic heat 
stress impairs normal responses (Quigley and Hinch 2006).  
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The second major category of temperature-mediated effects we consider includes any 142 

change in intrinsic state affecting the nature of social interactions after individuals have come 143 

together. Such complex behavioural responses (e.g., aggression, affiliation, cooperation) are 144 

controlled by a host of physiological and neurological pathways occurring within individuals 145 

(Ondrasek 2016, Seebacher and Krause 2017, Raulo and Dantzer 2018), which are in turn 146 

responsive to a range of environmental inputs, including temperature (Abram et al. 2017, 147 

Seebacher and Krause 2017, 2019; Box 1B). For instance, temperature-dependent metabolic 148 

processes could physiologically constrain and/or enhance individuals’ ability to engage in 149 

energetically taxing social behaviours, including intraspecific aggression (Alatalo 1982, Vézina 150 

and Thomas 2000), fighting (Spohn and Moore 1997, Kvarnemo 1998, Biro et al. 2010, Pruitt et 151 

al. 2011, Zhao and Feng 2015) and mating (Saeki et al. 2005, Kindle et al. 2006, Jiao et al. 2009, 152 

Katsuki and Miyatake 2009, Best et al. 2012). More direct still, certain neuroendocrinological 153 

pathways such as those that regulate endogenous rhythms involved in transitions within and 154 

between socially aggregative states, are co-evolutionarily intertwined with extrinsic climatic cues 155 

(Cushing et al. 2001, Parker et al. 2001, Goodson et al. 2012b, Ondrasek 2016). Links may also 156 

be indirect; for instance, heat stress can trigger elevated levels of circulating corticosteroids 157 

(Lankford et al. 2003, Frigerio et al. 2004, Cockrem et al. 2019), which could then dampen or 158 

amplify social behaviours depending on the stage of social complexity (see Raulo and Dantzer 159 

2018 for thorough review). In the sections that follow, we will explore how temperature-160 

mediated shifts in the nature of interactions could catalyze socially constructive or destructive 161 

effects at successive levels of social organisation. 162 

 163 

Extrinsic pathways 164 

Rising temperatures will also influence individual behaviour by re-shaping the context for 165 

behavioural expression, or by shifting selection pressures. Such processes can upset the 166 

stabilization of social associations once they emerge. From the perspective of individuals, many 167 

benefits of group membership are determined by fundamental characteristics of social groups 168 

themselves. Indeed, opportunities to acquire information about habitat quality, enhance foraging 169 

efficiency, gain access to mates, and receive protection from predators all depend on attributes of 170 

group size, composition, and stability (Krause and Ruxton 2002). Shifting thermal environments 171 
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have the potential to augment these group characteristics through a range of processes, including 172 

metabolic shifts in individual vital rates (e.g., survival, growth, and reproduction; Savage et al. 173 

2004), differential mortality of size classes (Ohlberger 2013), impairments in fertility (Walsh et 174 

al. 2019), and changes in  abundance of food resources (O’Connor et al. 2009, Dillon et al. 175 

2010). Other major ecological determinants of group living include competition and predation 176 

(Rubenstein 1978, Chornesky 1991, Trumbo and Fiore 1994, Janson 1998, Clutton-Brock et al. 177 

1999, Krause and Ruxton 2002), which are also subject to change with rising temperatures. 178 

Specifically, the scaled metabolic effects of temperature on community richness, abundance, and 179 

cycling can catalyze ecosystem interactions at higher trophic levels (Brown et al. 2004, Barneche 180 

et al. 2016, Ghedini et al. 2018). More broadly, increasingly hot and dry conditions under climate 181 

change will invariably alter the distributions of universal resources such as water, shelter, and 182 

retreat sites, which will dramatically alter the context for aggregation regardless of any social 183 

benefits of grouping per se. Irrespective of the precise causal factor, extrinsic effects on 184 

population densities have the potential to generate feedback effects on whole suites of socially 185 

relevant behaviours, as well as the frequency of social encounters themselves.  186 

 187 

Scaling up individual responses: Social evolution on ecological time scales 188 

In the previous section, we discussed various intrinsic and extrinsic pathways through 189 

which temperature influences patterns of individual activity or behaviour towards conspecifics. 190 

These individual responses form the foundation for patterns of group formation, structure, and 191 

cohesion, and thus their modification can have cascading effects within the social domain (Aureli 192 

and Schino 2019). To assert that these group- and population-level changes could then bring 193 

about evolutionary shifts within ecological time frames is to invoke an appreciation of the social 194 

environment as a dynamic, evolving entity, which can augment both the heritability and 195 

evolvability of traits (Pascoal et al. 2018, Rudin et al. 2019). Because social traits are, by 196 

definition, expressed during interactions with other individuals, they in turn can affect the genes 197 

expressed in interacting genotypes. Such indirect genetic effects (IGEs) can exaggerate 198 

evolutionary rates upwards or downwards (Moore et al. 1997, McGlothlin et al. 2010, Bailey et 199 

al. 2018), contributing disproportionately to patterns of long-term change and diversification. In 200 

other words, the impacts of various ecological parameters on evolutionary trajectories may be 201 
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indirectly magnified if they modify the social environment experienced by individuals (Drown 202 

and Wade 2014, Bailey and Kölliker 2019). Thus, our interest is not strictly in how temperature 203 

influences individual behaviour, but in the feedbacks generated by scaled changes in the social 204 

environment (Fig 1).  205 

As behavioural changes reverberate through the social environment, the nature of social 206 

interactions impose feedback effects. In social systems, individuals can be considered as a 207 

network of interconnected nodes, whose interactions have consequences for the collective 208 

behaviour of that system. Indirect genetic effects are most likely to accelerate evolution when 209 

positive feedbacks between trait values occur, such that interacting individuals become more 210 

similar to each other (McGlothlin et al. 2010). Interactive effects of increasing network densities 211 

can also amplify these feedbacks by increasing effects on other group members (Montiglio et al. 212 

2018). This is demonstrated in examples such as the rapid evolution of aggression (Wilson et al. 213 

2009), but also in instances of cooperation dominating social network nodes (Santos and Pacheco 214 

2005, Du et al. 2009). In each of these scenarios, interactions among individuals are assumed to 215 

eventually culminate in stable equilibria, where phenotypes do not change dramatically over 216 

time. However, there are also biologically relavent scenarios in which iterative interactions 217 

among individuals can cause phenotypes within individuals to become more extreme, leading 218 

ultimately to the destablilization of systems (Trubenová et al. 2015).  219 

In the following section, we discuss how sustained climatic warming, through its effects 220 

on short-term interactions between individuals, may induce changes at the level of the social 221 

group. It is important to note that the origin of social traits is not equivalent to the maintenance 222 

and subsequent evolution of those traits, and that the relative importance of behavioural pre-223 

adaptations tends to degrade with evolutionary stabilization at some level of social organisation. 224 

This is because previously labile traits subject to directional selection for many generations may 225 

undergo genetic accommodation – a process by which genetic variants underlying adaptive 226 

behaviours become fixed in the population and are no longer responsive to external stimuli. To 227 

account for this variation, we begin by sorting stages of social organisation into three broad 228 

categories: the origins, maintenance, and diversification of societies. We provide an overview of 229 

important pre-adaptations that underlie each evolutionary transition, separating out routes to 230 

societal formation that occur via selection for (primarily) egalitarian versus fraternal 231 

associations. While these routes can overlap substantially in nature, our objective is to examine 232 
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distinctions that exist owing to specific rules of group membership and the role of inclusive 233 

fitness. Once established, we present in-depth discussions relating pivotal social traits within 234 

each category to contemporary climatic processes, leveraging intrinsic and extrinsic mechanisms 235 

outlined in our conceptual framework (Fig 1). Taken together, the following sections will 236 

explore how short-term individual responses to temperature could have constructive and/or 237 

destructive impacts on social cohesion at multiple stages of organisation. 238 

  239 
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 240 

Figure 1: Conceptual framework illustrating various pathways through which subtle, 241 
temperature-mediated shifts in social interactions could scale to affect social evolutionary 242 
processes. On ecological timescales, individual behaviours may be molded by combinations of 243 
intrinsic (bottom-up) and extrinsic (top-down) temperature-dependent mechanisms. Behavioural 244 
responses at the individual level in turn shape the opportunities, nature, and context of 245 
interactions between individuals, which are subject to feedbacks from the broader social 246 
environment. Environmentally mediated shifts in the dynamics of social interactions, sustained 247 
over evolutionary timescales, ultimately have the potential to redirect the evolutionary 248 
trajectories underlying the origins, maintenance, and diversification of social systems.249 
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Table 1: Sample of examples from the literature illustrating various ways in which subtle shifts in temperature have been shown to alter the 
opportunities, nature, or context for fundamental behaviours underlying evolutionary transitions in social organisation. 

Trait 
Measured 

Species Social System Type Effect of 
Temperature 

Description of Effect Reference 

Tolerance and extended associations 
mutual attraction 
to communal 
dens; aggregation 

prairie 
rattlesnake, 
Crotalus viridis 

solitary, but 
hibernate 
communally 

egalitarian 
 

- Snakes converge on exposed rock 
outcroppings that facilitate optimal 
thermoregulation  

Duvall et al. 
1985 

rates of 
interaction; 
proportion of 
time devoted to 
aggression 

dragonfly, 
Pachydiplax 
longipennis 

territorial and 
agonistic; 
congregate at 
feeding perches 

egalitarian 
 

+ Higher operative temperatures and solar 
radiation positively correlated with 
interaction rates and proportion of time 
devoted to aggression at feeding perches 

Baird and 
May 2003 

territorial 
vocalizations 

Carolina wren, 
Thryothorus 
ludovicianus 

socially 
monogamous and 
territorial 

egalitarian 
 

+ birds increased time budget on territorial 
vocalizations (and decreased time budget 
on foraging) at warmer temperatures and 
with food supplementation 

Strain and 
Mume 1988 
 

overtly 
aggressive 
interactions 

sand goby, 
Pomatoschistus 
minutus 

polygamous and 
territorial 

egalitarian 
 

+ Males initiate more aggressive interactions 
with conspecifics at higher temperatures 

Kvarnemo et 
al. 1998 
 

juvenile dispersal 
probability	

common lizard, 
Lacerta vivipara	

socially dispersed 
and territorial, no 
parental care	

fraternal	 -	 overall reduction in juvenile dispersal 
probability correlated with 16 years of 
temperature rise, reflecting a negative effect 
of prenatal temperature rise and a positive 
effect of postnatal temperature rise	

Massot et al. 
2008	

dispersal rate	 house sparrow, 
Passer 
domesticus	

highly sedentary, 
socially 
monogamous with 
biparental care	

fraternal	 +/0	 rates of dispersal from low quality islands 
were higher at higher temperatures, but 
dispersal rates from high quality islands 
were unchanged	

Pärn et al. 
2011	

Group structure and stability 
antipredator 
schooling 
behaviour 

guppy, Poecilia 
reticulata 

forms schools 
with stable partner 
associations 

egalitarian 
 

+ Nearest neighbour distances and elected 
group sizes increased in warmer waters 

Weetman et 
al. 1999 
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interattraction brown trout, 
Salmo trutta 

gregarious as fry 
in gravel; solitary 
and territorial as 
adults 

egalitarian 
 

- high temperatures lead to greater inter-
individual distances and early dispersal 
from gravel aggregations 

Colchen et al. 
2017 

       
huddling with 
unfamiliar 
conspecifics 

meadow voles, 
Microtus 
pennsylvanicus 

form seasonal 
same-sex 
aggregations for 
thermoregulation 

egalitarian 
 

- under high temperatures, females huddle 
less with unfamiliar individuals of the same 
sex 

Ondrasek et 
al. 2015 

stability of 
dominance 
hierarchy 

cichlid, 
Apistogramma 
agassizii 

forms dominance 
hierarchies 

egalitarian 
 

- dominance hierarchies are destabilized at 
higher temperatures by increased 
aggression by dominant and subordinant 
group members 
 

Kochhann et 
al. 2015 

rate of extra-pair 
paternity 	

snow bunting, 
Plectrophenax 
nivalis	

socially 
monogamous, 
flocking	

fraternal	 +	 warmer weather during the breeding season 
increases energy budget for extra-pair 
forays	

Hoset et al. 
2014	

rate of extra-pair 
paternity	

Reed bunting 
(Emberiza 
schoeniclus)	

socially 
monogamous	

fraternal	 -	 lower minimum temperatures during peak 
fertile period associated with higher 
proportions of extra-pair paternity	

Bouwman 
and 
Komdeur, 
2006	

Cooperation and division of labour 
cooperation burying beetle, 

Nicrophorus 
nepalensis 

subsocial with 
parental care 

egalitarian 
 

+ high temperatures lead to heightened 
interspecific competition on carcass 
resources (blowfly larvae), which 
subsequently facilitates transition from 
conflict to cooperation among beetles on 
the same carcass 

Chen et al. 
2018 

biparental care Kenitsh plover, 
Charadrius 
alexandrines 

monogamous with 
biparental care 

fraternal + higher temperatures are associated with 
more equal division of parental care 
labor/increased paternal care relative to 
maternal care 

Al Rashidi et 
al. 2010, 
2011 
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cooperative 
brood care 

pied babbler, 
Turboides 
bicolor 

cooperative 
breeders 

fraternal +/- high temperatures promote increased 
investment in offspring provisioning by 
subordinate group members, but reduced 
investment by dominant group members 

Wiley and 
Ridley 2016 

cooperative 
brood care 

superb fairy 
wren, Malurus 
cyaneus 

cooperative 
breeders 

fraternal + in hot and dry seasons, females with helpers 
increase egg investment relative to those 
without helpers 

Langmore et 
al. 2016 

250 
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1 The origins of social living: Bringing individuals together 251 

A fundamental first step in the emergence of social organisation is that individuals come 252 

together. This can occur either via nonrandom associations between unrelated individuals, in the 253 

case of egalitarian societies, or via extended associations between closely related individuals, in 254 

the case of fraternal societies. In many ways, this is the hardest step to overcome because most 255 

animals are solitary, and rather than compete for limited resources, they derive their greatest 256 

fitness benefits from avoiding conspecifics. Despite this, conspecific attraction has been 257 

observed in many ‘asocial’ species, implying that the benefits of occupying high-quality habitat 258 

often outweigh the costs of sharing that habitat with conspecifics (Stamps 1988). Virtually every 259 

definition of group living, however, acknowledges that for a true ‘social group’ to emerge from a 260 

territorial cluster requires that individual members maintain a degree of spatial proximity over 261 

time (Wilson 2000). These initial social associations are mediated fundamentally by local 262 

environmental factors, such as resource availability and weather fluctuations, which can prolong 263 

or curtail the tenure of associations either by encouraging individuals to remain concentrated in a 264 

localized area or by discouraging their departure (due to unfavorable conditions elsewhere). A 265 

complementary step in the transition from solitary to group living is tolerance of conspecifics. It 266 

is therefore important to understand which factors determine the setting of optimal or 267 

evolutionarily stable acceptance thresholds. This is true for both egalitarian and fraternal routes 268 

to group living. In both cases, the abiotic environment serves as a chief mediator not only of the 269 

rates at which individuals interact with ‘desirable’ versus ‘undesirable’ conspecifics (Reeve 270 

1989), but also of the ability of individuals to perceive this distinction and modulate responses 271 

accordingly. 272 

a) The origins of egalitarian societies  273 

In the broadest sense, climate change will usher in cascades of changes in ecological 274 

context that could constrain or incentivize individuals to aggregate. Across taxonomic groups, 275 

precipitation and temperature each impose independent and interactive effects on the local 276 

availability of food resources owing to scaled effects on primary production (O’Connor et al. 277 

2009, Dillon et al. 2010) and higher-order trophic cycling (Brown et al. 2004, Barneche et al. 278 

2016, Ghedini et al. 2018). Both factors are predicted to change across spatial and temporal 279 

scales under projected climate models. Importantly, any reduction or redistribution of resource 280 
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availability as a result of climate change could alter the extent to which initial associations 281 

between individuals emerge and, ultimately, set the stage for the elaboration of social traits. For 282 

instance, many overwintering animals congregate in communal dens or shelters for the express 283 

purpose of thermoregulation (e.g., reptiles: White and Lasiewski 1971, Graves and Duvall 1995, 284 

Shah et al. 2003, Davis Rabosky et al. 2012; mammals: Arnold 1993, Ondrasek et al. 2015, Groó 285 

et al. 2018). As mean temperatures rise, reduced exposure to extreme cold is projected to 286 

dramatically reduce this adaptive context for aggregation (Davis Rabosky et al. 2012). While 287 

links between seasonal aggregation and extrinsic cues are widely inferred, studies in rodents may 288 

soon reveal direct, mechanistic links between temperature and neuroendocrinological pathways 289 

involved in social bond formation (Ondrasek 2016). For example, binding pattern variation in 290 

oxytocin receptors – a nonapeptide that influences affiliation behaviour – has been shown to 291 

correspond with photoperiodic variation (Parker et al. 2001, Beery and Zucker 2010), and recent 292 

experiments in meadow voles (Ondrasek et al. 2015) and house mice (Groó et al. 2018) – two 293 

territorial species that form aggregations facultatively in winter – implicate temperature as a 294 

direct extrinsic mediator of time spent huddling with unfamiliar conspecifics. If validated, such 295 

mechanisms would support an intimate link between thermal environment and the evolution of 296 

complex, affiliative behaviours. Climatically induced changes in the onset and duration of 297 

suitable local conditions for aggregation could also operate via shifting seasonalities. Many 298 

excellent examples of this pattern have emerged from studies of bird migration, in which 299 

facultatively migratory species have responded to fluxes in migration season weather conditions 300 

with increased rates of residency (Meller et al. 2016), shifts in flock compositions (Mckinnon et 301 

al. 2019), and even with microevolutionary reductions in migratory activity (Pulido and Berthold 302 

2010). Changes in migratory behaviour as a result of climate change could have significant 303 

implications for suites of social parameters related to the emergence of long-term aggregations.  304 

In addition to meeting initial ecological requirements for aggregation, there are several 305 

mechanistic pathways through which climate change could modulate the frequency of tolerance-306 

threshold crossing events in territorial animals. The first is through top-down effects on realized 307 

densities and rates of encounter between conspecifics. These effects may manifest as immediate, 308 

short-term changes in the number of individuals that are active in an area (Alford and Cohen 309 

1996, Sinervo et al. 2010, Ord and Tonia Hsieh 2011, Andrew et al. 2013, Sperry et al. 2013, 310 

Gunderson and Leal 2016; Box 1A). For instance, dragonflies that congregate at feeding perches 311 
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exhibit higher rates of interaction and devote a greater proportion of flight time to aggression at 312 

higher operative temperatures (Baird and May 2003). However, longer-term changes in density 313 

resulting from metabolically or synergistically induced changes in population vital rates could 314 

also facilitate microevolutionary shifts in tolerance thresholds. Models demonstrate that while 315 

saturated environments initially select for more aggressive strategies in territorial species (Kokko 316 

et al. 2006), increasing levels of intraspecific competition eventually trigger a shift from 317 

aggression to social tolerance and group territoriality (Port et al. 2011, 2017; but see Knell 2009). 318 

This reasoning is also supported empirically, with animals conditioned to living at high densities 319 

often exhibiting reduced levels of territorial aggression (Kavanagh and Olney 2006, Dantzer et 320 

al. 2012, Mayer et al. 2019) and increased gregariousness (Eggleston and Lipcius 1992, Hensor 321 

et al. 2005) compared with low-density counterparts. Through synergistic processes discussed 322 

previously (Extrinsic pathways), the thermal environment could behave as an abiotic mediator of 323 

this density threshold effect. As local densities increase, the number of potentially interacting 324 

conspecifics at any one time would also increase, which could exacerbate or dampen levels of 325 

conspecific aggression depending on the initial competitive state of a population. Conversely, a 326 

decline in local densities would mean that interactions with conspecifics may be both less likely 327 

to occur or more easily avoided, which could reinforce social intolerance. 328 

The emergence of social tolerance in a population could also be influenced by bottom-up 329 

effects of the thermal environment on individual reactivity in social interactions. These effects 330 

may manifest primarily via release of (or constraint on) energy available for aggressive 331 

interactions and displays, and/or extended periods devoted to vigilance and defense (Box 1B). 332 

For instance, warmer temperatures have been associated with increased expenditure on 333 

aggressive and defensive behaviours in territory holding birds (Strain and Mumme 1988) and 334 

fish (Ratnasabapathi et al. 1992). However, as discussed previously (Box 1B), such dynamics are 335 

likely to exhibit threshold effects as individuals approach the upper limits of their thermal and 336 

energetic physiology. Indeed, in tropical Anolis lizards, rates of territorial signal production 337 

exhibit a concave relationship with ambient temperature, consistent with a physiological 338 

constraint hypothesis (Ord and Stamps 2017). In this way, shifts in the energetics underlying 339 

interactions have the potential to alter the extent to which individuals tolerate conspecifics, and 340 

thus the extent of social cohesion during the very early stages of social evolution.  341 
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A final consideration with regards to predicting how rising temperatures will affect the 342 

evolution of social tolerance is the role of thermal environment (and climatic variables more 343 

generally) in mediating conspecific familiarity and recognition (Box 2). In territorial species, 344 

familiarity through habituation is considered to be the primary mechanism through which 345 

reduced conspecific aggression evolves (Marler 1976, Shettleworth 1998, Langen et al. 2000). 346 

This process therefore depends on factors that promote stability within the social environment. 347 

On the one hand, warmer temperatures could facilitate faster habituation by extending the 348 

temporal period suitable for activity, and thereby increasing opportunities for interaction between 349 

neighbours. Alternatively, because fluctuating seasonal temperatures have been shown to alter 350 

normal home range structures (Rivrud et al. 2010, Seki and Koganezawa 2011, Morellet et al. 351 

2013), cues originating from incorrect boundaries might in fact lead to dishabituation responses. 352 

This phenomenon has been documented in studies that experimentally manipulate conspecific 353 

cue positions, provoking residents to resume aggressive responses towards displaced familiar 354 

neighbours (Falls 1982, McGregor 1993, Carazo et al. 2008). More directly still, abiotic factors 355 

including temperature may lead to inappropriate aggression by disrupting social recognition 356 

pathways. Acoustic communication signals are a common mechanism used to discriminate 357 

among territorial neighbours in birds (Brooks and Falls 1975, Stoddard et al. 1990, Lovell and 358 

Lein 2004), amphibians (Bee and Gerhardt 2001, Lesbarrères and Lodé 2002), and mammals 359 

(Trefry and Hik 2009, Siracusa et al. 2019), and high temperatures have been shown to alter 360 

acoustic call rate and structure (Box 2). Temperature can also disrupt chemosensory recognition 361 

pathways (Box 2). For instance, intensified conspecific aggression in normally social yellow 362 

bullhead fish reared at high temperatures parallels effects observed when olfactory senses are 363 

surgically disrupted, which suggests a possible mechanistic link between temperature and 364 

conspecific recognition (McLarney et al. 1974). 365 

b) The origins of fraternal societies  366 

In contrast to egalitarian societies, fraternal societies refer to cases of group formation 367 

that predominantly involve close kin. Such social associations tend to emerge in species for 368 

which life history traits and ecological conditions keep closely related individuals together 369 

(Arnold and Owens 1998, 1999, Hatchwell and Komdeur 2000). The main route via which this 370 

occurs is when parents tolerate their offspring for prolonged periods of time. Indeed, promoting 371 

increased levels of association between parents and offspring is a crucial early step in the 372 
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evolution of more elaborate forms of postnatal parental care and kin-based cooperation (Wilson 373 

1975, Clutton-Brock 1991, Queller 1994, Field and Brace 2004, Royle et al. 2012). Such 374 

elaborations become selectively favored when inclusive fitness benefits are spread to all 375 

members of the kin group (Hamilton 1964a, 1964b, Maynard Smith 1977), and once started may 376 

become evolutionarily self-reinforcing due to coevolutionary feedbacks between parents and 377 

offspring that render parental involvement necessary to offspring survival (Tallamy and Wood 378 

1986, Royle et al. 2016).  379 

 In many ways, the conditions that promote parental tolerance of offspring are not 380 

dissimilar from those implicated previously in promoting tolerance of conspecifics. The pivotal 381 

decision of whether offspring should delay dispersal from the natal territory is mediated through 382 

a combination of ecological constraints and familiarity, with habitat saturation understood to be 383 

among the most important factors underlying the emergence of extended kin associations (Brown 384 

1969, Emlen 1982, Arnold and Owens 1998, Hatchwell and Komdeur 2000, Kokko and 385 

Lundberg 2001). This expectation is consistent with patterns derived from natural and semi-386 

natural systems, for which offspring retention has been shown to correlate with multiple 387 

measures corresponding to limited suitable habitat (e.g., high population densities: Halliwell et 388 

al. 2017, Mayer et al. 2017; low adult turnover: Kokko and Ekman 2002; clumped resource 389 

distributions: Botterill-James et al. 2016). Each of these factors shows tendencies to change 390 

across gradients in climate. Consistent with this, a phylogenetic review of non-cooperative 391 

passerines revealed that latitudinal clines in adult longevity (e.g. slower rates of territory 392 

turnover in tropical species) correspond to longer durations of post-fledging parental care 393 

(Russell et al. 2004). In a similar pattern, lower latitude Spanish barn swallows are found to 394 

exhibit higher rates of natal philopatry than their Danish counterparts; yet in the more temperate 395 

location of Denmark, increasingly benign climatic conditions over a 20-year period have seen 396 

significant reductions in dispersal probability (Balbontín et al. 2009). Such climatic trends in 397 

natal dispersal could be augmented by local variation in habitat quality. For instance, in a 15-398 

year study of sparrows, increasing conspecific densities brought on by warmer spring 399 

temperatures were found not to affect natal dispersal from high quality habitat, yet were 400 

associated with higher rates of departure from sites characterized by low food availability (Pärn 401 

et al. 2011).  402 
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For ectothermic species, anticipating the ways in which climate change could alter the 403 

costs and benefits of natal dispersal introduces further nuances. This is because in ectotherms, 404 

the thermal environment not only contributes directly to habitat quality, but the optimal setting of 405 

this component can vary between individuals. Indeed, variation in juvenile dispersal tendencies 406 

in common lizards are partly explained by between-individual variation in thermal optima 407 

(Bestion et al. 2015). In cold-adapted ectotherms, overlapping generations and high incidence of 408 

viviparity also introduce unique opportunities for maternal effects to modulate offspring 409 

dispersal decisions (Halliwell et al. 2017b). Despite revealing the expected trend of higher natal 410 

dispersal in years with warmer postnatal temperatures (i.e. which promote accelerated growth 411 

and exacerbated kin competition), a 16-year study of common lizards found that rising 412 

temperatures in the prenatal period were correlated with an over 50% reduction in juvenile 413 

dispersal probabilities (Massot et al. 2008). The suggestion emerging from these patterns is that 414 

while mothers use temperature as a cue of nonlocal environmental conditions, an ability to 415 

transfer this knowledge to offspring could inhibit natal dispersal. These examples illustrate the 416 

diversity of possible pathways through which altered thermal conditions could influence 417 

offspring dispersal strategies. In systems meeting the qualifying ecological and life history 418 

criteria as to permit offspring tolerance, such effects could set the stage for prolonged parent-419 

offspring associations. In some lineages, climate change could even alter the context for the 420 

physiological innovations (e.g. viviparity) that facilitate extended maternal effects. Dupoué et al. 421 

(2020) demonstrate this in a recent study of common lizards, which showed that an evolutionary 422 

reversion from viviparity to oviparity along an altitudinal gradient could be explained by 423 

variation in water availability (i.e., maternal-fetal conflict) during pregnancy.  424 

Another avenue through which temperature could perturb parent-offspring associations is 425 

via the breakdown of simple cues upon which parents rely to recognize and tolerate their 426 

offspring. Parental facilitation, whereby the presence of parents in a territory is essential to 427 

offspring decisions to delay dispersal (Brown and Brown 1984), appears across a diversity of 428 

taxa (birds: Ekman and Griesser 2002, Eikenaar et al. 2007; reptiles: Langkilde et al. 2007, Davis 429 

2012; mammals: Mayer et al. 2017). This is because offspring receive nepotistic benefits from 430 

parents that they don’t receive from other adults, or if they were to establish their own territory 431 

(e.g., relaxed resource competition via tolerance: Ekman et al. 1994, Kokko and Ekman 2002, 432 

Komdeur and Ekman 2010; protection from conspecific infanticide: O’Connor and Shine 2004;  433 
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predator alarm calling: Griesser and Ekman 2004, 2005; recruitment to foraging patches: 434 

Radford and Ridley 2006). Such prolonged associations with parents can also illicit plasticity in 435 

simple behavioural traits (e.g., activity, exploration, boldness) that provide offspring with greater 436 

access to resources independent of any direct intervention from the parents (Munch et al. 2018). 437 

However, selection for nepotistic behaviours in parents depends on their ability to correctly 438 

direct investment towards offspring, rather than non-kin. As with transitions from territorial 439 

defense to neighbour familiarity, spatial proximity is the simplest mechanism through which 440 

habituation and tolerance arises in parents of independent offspring (Lion and van Baalen 2007, 441 

Aktipis and Fernandez-Duque 2011, Botterill-James et al. 2016), and probably underlies the 442 

ultimate switch from infanticidal to caring behaviours in parents (Lion and van Baalen 2007). As 443 

rising temperatures promote enhanced mobility in both offspring and parents, shifting thermal 444 

regimes could degrade the predictability of individual locations. This then increases 445 

opportunities for parental investment to be misdirected to non-kin (Aktipis and Fernandez-Duque 446 

2011) or for aggression to be misdirected towards offspring (e.g., as is seen to occur following 447 

prolonged parent-offspring separation: Nelson and Elwood 1997; G. While pers. comm.). Thus, 448 

reduction in the reliability of simple spatial cues could ultimately constrain the stabilization of 449 

parent-offspring associations in early evolutionary stages, thereby hindering further elaboration 450 

in systems of recognition (e.g. kin recognition) and care (see also Box 2). 451 
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BOX 2: Climate effects on communication and recognition 

Communication underpins many of the interactions that facilitate social living. Factors that influence the strength and 
efficacy of communication should, therefore, play a fundamental role in mediating the emergence and maintenance of 
social behaviour. Communication across all signaling modalities is influenced strongly by the local abiotic environment, 
such that climate change will likely affect multiple components of animal communication from signal production, 
transmission and perception to behavioural response.  

Visual: Visual communication between animals involves complex behavioural displays that often leverage features of an 
organism’s phenotype, such as bright colouration or elaborate ornamentation. These traits are used to communicate with 
other individuals in several social contexts, from mate choice and competition to social dominance. The efficacy of visual 
displays, both in terms of the signal itself and the transmission of the signal, relies heavily on local environmental 
conditions, such as wind, temperature and precipitation (Bian et al. 2019). Changes in environmental conditions as a result 
of climate change are therefore likely to affect signal efficacy. For example, in aquatic systems, increased water turbidity as 
a result of global warming is likely to decrease visual signal transmission. Indeed, disruptions in visual communication as a 
result of changes in the transmission spectrum of lakes have been shown to result in the breakdown of pre-zygotic mating 
barriers and increased instances of hybridization in cichlids (Carleton et al. 2005). In terrestrial systems, changes in 
multiple climatic variables (e.g., temperature, wind, humidity) could alter the transmission efficacy of visual signals via 
subtle effects such as attenuation, diffraction, and distortion (Partan 2013, Bian et al. 2019). While there is some evidence 
that organisms compensate for altered signal transmission through behavioural modifications (Møller 2011, Bian et al. 
2019), there are likely constraints on the extent to which this compensates for information lost from these signals. 
 
Auditory: Acoustic signals serve as the primary form of communication for a wide range of animals. The efficacy of 
acoustic signals depends on both the acoustic signal itself and the process of sound transmission. Both factors are likely to 
be altered by changes in the environment bought about by climate change. The factor that is most important in this context 
is temperature. Studies across a range of amphibian and invertebrate species have shown that patterns of song production 
are closely linked to temperature. For example, the thermal environment is known to shape key components of calls 
themselves (e.g., rate: Gayou 1984, Greenfield 2002; frequency: Walker 1962, Gayou 1984, Luther and Danner 2016, 
Conrad et al. 2017), through temperature-dependent process that regulate vocal circuits and sound producing muscles. The 
transmission of the call can also be tightly linked to changes in temperature and humidity, both of which mediate sound 
attenuation. Crucially these effects can differ both between and within species depending on call type (Torricelli et al. 
1990, Connaughton et al. 2000). Similar effects of climate change on auditory communication are predicted for aquatic 
environments (Partan 2013). As CO2 absorption in the water increases, so does water acidity. This alters the acoustic 
absorbance properties of the water – specifically, increasing the absorption of lower sound frequencies (Hester et al. 2008). 

Olfactory: Olfactory communication between animals is facilitated by ‘semiochemicals’ – a class of organic compounds 
including pheromones – which are used for intraspecific communication in a wide range of organisms (Wyatt 2003). The 
specificity, longevity, and ‘honesty’ of chemical signals makes them more versatile across social contexts than any other 
type of signal, including species recognition, neighbour/stranger discrimination, and kin recognition (Wyatt 2003). The 
nature of the specific signals used in olfactory communication and their efficacy have been shown to vary in response to 
climatic gradients across both micro- (e.g., Heathcote et al. 2014, Sentis et al. 2015) and macro- (e.g., Martín and López 
2006, Baeckens et al. 2018, Iglesias-Carrasco et al. 2018) ecological scales. This is not surprising given that many 
components of chemical communication are heavily environmentally dependent. At a basic level, as chemical compounds 
are metabolic products, the emission rate of chemical signals is likely to scale with metabolic rate (Sentis et al. 2015), 
which itself is temperature dependent (Box 1B). Additionally, many of the compounds that make up an organism’s 
chemical profile are themselves dependent on particular environmental conditions to support their longevity and their 
efficacy. Indeed, changes in temperature have been shown to alter the composition of pheromone blends (e.g., Gibbs et al. 
1998, Heathcote et al. 2014) as well as their stability in the environment (e.g., Van Oudenhove et al. 2011, Martín and 
López 2013). Changes in the thermal environment also affect signal perception, such that different chemical profiles are 
often selected depending on the thermal environment (e.g., Linn et al. 1988, Beckers and Schul 2008, Sentis et al. 2015). 
Such changes in perception can occur in the same or opposite direction of changes in the signal itself, which could disrupt 
the signal receiver match. Finally, synergistic shifts in other environmental parameters, such as wind and humidity, brought 
about by climate change can also alter the speed, direction, and distance of chemical dispersion.  
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2 The Maintenance of Social Living: Keeping individuals together.  453 

After a group initially forms, its cohesion will largely depend on the stabilization of 454 

interactions between individuals and whether those interactions are beneficial or costly. In social 455 

groups that emerge primarily via egalitarian routes, this will be dictated by aspects of the local 456 

environment that affect the costs and benefits of association either directly (via alterations in the 457 

ecological context of those associations) or indirectly (via alterations in the composition of the 458 

social group). In social groups that emerge primarily via fraternal routes, stability will also be 459 

determined by the extent to which the environment influences key parameters underpinning 460 

within-group relatedness.  461 

b) The maintenance of egalitarian societies  462 

In contrast to solitary species, individuals that live in groups derive direct fitness benefits 463 

from aggregating. These may include diluted predation risk, improved vigilance, more efficient 464 

food acquisition, increased mate access, or thermal advantages (Krause and Ruxton 2002). In the 465 

simplest case, aggregations form as loose amalgamations of anonymous and largely unrelated 466 

individuals. During these early ‘disordered’ stages, groups form (and break) rapidly, such that 467 

individual membership may be highly transient and subject to change with sudden shifts in 468 

environmental conditions (Aviles and Guevara 2017, Javarone and Marinazzo 2017). Numerical 469 

simulation models indicate that the maximum gain achieved by being part of a group (as opposed 470 

to not) occurs when groups are homogeneous (i.e. members belong to similar age, sex, or size 471 

classes; Javarone and Marinazzo 2017). Consequently, environmental factors that reduce 472 

similarities among group members, or otherwise reduce incentives of synchronizing activities 473 

with other group members, disrupt group spatial coherency and can lead to dissolution (Conradt 474 

and Roper 2000, Javarone and Marinazzo 2017). However, as group membership stabilizes and 475 

becomes more ordered over time, simple mechanisms are less likely to result in breakage 476 

(Javarone and Marinazzo 2017). At this point, preferential attachments within a heterogeneous 477 

group structure can still be consistent with cohesion because group interconnectedness will be 478 

determined by individuals with the highest number of connections, such that cooperation 479 

dominates (Santos and Pacheco 2005, Du et al. 2009). In such structured networks, adhering to 480 

particular ‘rules’ of interaction can strengthen social bonds and even lead to the formation of 481 

dominance hierarchies (Aureli and Schino 2019). In these cases, unstable phenotypic fluctuations 482 
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and social dissolution may be driven instead by factors that promote socially inappropriate 483 

behaviours that are both strong and reciprocal when expressed (e.g. aggressive escalations; 484 

Trubenová et al. 2015).  485 

In the broadest sense, temperature could influence the stability of group living by altering 486 

its costs and benefits. As detailed above, aggregating can confer a number of benefits to 487 

individuals (e.g., reduced predation risk, access to resources including food, shelter, mates), but 488 

can also impose a number of significant costs (e.g., increased competition, aggression, disease 489 

risk). Therefore, any environmental factor that offsets this cost-benefit trade-off has the potential 490 

to significantly affect social stability. For example, in aggregations that emerge largely as an 491 

anti-predation strategy, shifts in the frequency of predator-prey interactions are likely to impart 492 

selective effects on behaviour. This has been nicely documented in aquatic ecosystems 493 

(Sylvester 1972, Yocom and Edsall 1974), where warmer waters are suggested to serve as 494 

environmental cues for enhanced anti-predator shoaling behaviours (Weetman et al. 1999, 495 

Pritchard et al. 2001, Beiswenger 1977). Alternatively, rising temperatures could generate 496 

selective context for group living through effects on resource availability. One projected 497 

environmental shift expected to be widespread – an increasing frequency and severity of 498 

droughts – will dramatically reduce watershed volumes. In African hippos, such dry season 499 

conditions are associated with excessive localized crowding, to which the side effect is 500 

exacerbated socially agonistic encounters and fracturing of subordinate males from core 501 

congregations (Stears et al. 2019). Thus, while the immediate outcome of resource restriction 502 

may be to bring individuals together, subsequent costs of within-group conflicts could jeopardize 503 

the benefits of membership for some individuals. 504 

A more mechanistic pathway through which group cohesion may be enhanced or 505 

disrupted under changing thermal regimes is through temperature-mediated changes in encounter 506 

frequencies, which could perturb established relationships between group members or the 507 

opportunities to form new bonds. Where group membership is already very large, warming 508 

might enhance social network connectivity by facilitating a greater degree of movement and 509 

exchange within the group. For example, frequent roost switching in bats helps to reinforce long-510 

term relationships among colony members (Willis and Brigham 2004, Wilkinson et al. 2019), 511 

and this behaviour is likely to increase under high temperature conditions that accelerate roost 512 

decay (Patriquin et al. 2016). Such effects could have significant implications for other 513 
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components of the social system, because roost switching determines the spatial distribution of 514 

females and thus the mating opportunities of males (Wilde et al. 2018). Energetic effects of 515 

temperature also influence the dynamics of interactions between group members. While groups 516 

in a resting state are able to maintain cohesive ‘interattraction’ between conspecifics independent 517 

of orientation (Fletcher 2008, Michelena et al. 2008, Mougenot et al. 2012), metabolic changes 518 

in activity levels physically alter the alignment of individuals, which could disrupt the cohesion 519 

of a group in motion. Depending on how temperature interacts with factors such as group size 520 

and heterogeneity, increasing activity could enhance or disrupt synchronicity among group 521 

members. Failing to ‘agree’ on a departure time upon mobilization could result in group splitting 522 

or dissolution (Dostálková and Špinka 2010), where non-homogeneous groups are likely to 523 

destabilize and segregate faster than homogeneous groups due to differential compromises in 524 

activity budgets (Conradt and Roper 2000, Michelena et al. 2008). Changes in thermal 525 

environment could therefore be an important factor contributing to group splitting, as individual 526 

metabolic responses to temperature have been shown to vary based on factors such as body size 527 

(Johansen et al. 2014) and personality (Biro et al. 2010). Indeed, several studies in fish report 528 

that greater activity in warmer waters disrupts interattraction within shoals (Hurst 2007, Colchen 529 

et al. 2017, Bartolini et al. 2015).  530 

Other intrinsic avenues through which temperature could influence group stability 531 

involve social decisions that create opportunity for conflicts within groups. For instance, 532 

temperature-mediated shifts in metabolic demands tend to incentivize behaviours that have 533 

consequences for energy turnover (e.g., movement, foraging, boldness; Mathot et al. 2019), 534 

which includes some more risky social behaviours (Biro and Stamps 2008, Careau et al. 2008). 535 

In a diversity of ectothermic species (e.g. fish: Kvarnemo 1998, Biro and Stamps 2010, Zhao and 536 

Feng 2015; and spiders: Pruitt et al. 2011), warmer thermal regimes are linked to increasing 537 

frequencies of overtly agonistic behaviours. Such effects are apparently further magnified among 538 

individuals with bold personalities, as boldness has been shown to covary with preferred body 539 

temperature and metabolic rate (Stapley 2006, Biro et al. 2010). In an experiment on dwarf 540 

cichlids, both dominant and subordinate individuals were observed initiating more agonistic 541 

interactions under high temperature treatments, culminating in the loss of feeding advantage held 542 

by dominant fish (Kochhann et al. 2015). Spohn & Moore (1997) observed a similar effect in 543 

cockroaches: heat stress increased the number of aggressive acts initiated by submissive males 544 
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while decreasing the number in dominant males. The consequence of such breaks in group social 545 

code is the destabilization of established hierarchies, the form of which could  ultimately push 546 

societies beyond their ‘social tipping point’ (Pruitt et al. 2018). Doering et al. (2018) provide one 547 

experimental demonstration of this principle in a study where heat stress was applied to colonies 548 

of social spiders (Anelosimus studiosus), and rapid transitions from calm to hysteretic states were 549 

reported. However, the speed and reversibility of this transition depended on the ratio of 550 

aggressive to docile personalities in the group. Hence, while temperature has repeatedly emerged 551 

as an important environmental factor influencing the nature of social interactions, it is clear that 552 

scaling these effects to the group level introduces many nuances, including how group size, 553 

composition, and the factors that underlie them shape collective behaviour under stress (Aviles 554 

1986, Watanabe 2008, Gordon 2013). For instance, spider colonies in nature appear to become 555 

collectively less aggressive at higher elevations, perhaps because infighting and heightened 556 

metabolic rates impose greater limitations to persistence in resource- and enemy-poor 557 

environments (Lichtenstein et al. 2019).   558 

b) The maintenance of fraternal societies  559 

As with egalitarian societies, once relationships between (family) members emerge those 560 

associations need to be stabilized in the face of significant conflicts of interest. These pervade 561 

not only between parents and offspring, but also between mothers and fathers and between 562 

siblings. The resolution of these family conflicts permits stabilization and ultimately sets the 563 

stage for the emergence of more complex forms of social organisation. While in some 564 

circumstances conflicts within the family may be managed through similar processes as occur in 565 

egalitarian systems (i.e. as outlined above, where grouping confers benefits to non-kin), members 566 

of fraternal groups can also take advantage of benefits that are attainable exclusively through 567 

their relatedness to other group members. Hence, the stability of kin groups is not only 568 

reinforced by direct costs and benefits of aggregation, but also by the extent to which inclusive 569 

fitness benefits may be spread to all members of the group. The classic formulation of this 570 

prediction can be found in Hamilton’s rule (Hamilton 1964a, 1964b), which holds that 571 

cooperation between group members should be selected for when the product of within-group 572 

relatedness and the benefits conferred to recipients is greater than the cost to the actor, in terms 573 

of reproductive success. Therefore, for fraternal groups, any factors that influence relatedness 574 

between group members or the costs and benefits of extending associations with family members 575 
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will be important for maintaining family life. Temperature can influence both these factors, and 576 

thus may induce feedbacks on the stability of kin-based social systems more broadly.   577 

Genetic monogamy is key to the maintenance of cohesive groups centered around a 578 

dominant breeding pair. In addition to ensuring high relatedness between helpers and the siblings 579 

they raise, genetic monogamy often correlates with a high level of parental and social 580 

coordination between partners (Møller and Birkhead 1993, Ketterson and Nolan 1999, Møller 581 

and Cuervo 2000, Lukas and Clutton-Brock 2013, Matysioková and Remeš 2013) and could thus 582 

provide hormonal and cognitive pre-adaptations for the subsequent evolution of cooperative 583 

breeding (Dillard and Westneat 2016). Indeed, genetic monogamy, or at least reduced 584 

promiscuity, is implicated as the most probable ancestral state across social Hymenoptera 585 

(Hughes et al. 2008), cooperatively breeding birds (Cornwallis et al. 2010), and social mammals 586 

(Lukas and Clutton-Brock 2012). Scenarios likely to compromise genetic monogamy include any 587 

in which males can acquire matings outside the social pair bond (broadly, male and female 588 

mating behaviour). Importantly, changes in climate could mediate mating behaviour through 589 

several direct and indirect mechanisms (see García-Roa et al. 2018 for thorough review). First, 590 

alternations in climate could mediate the costs and benefits of seeking extra-pair copulations. For 591 

instance, environmentally dependent shifts in offspring need, and thereby the need for biparental 592 

investment, might dictate the probability of desertion. This argument is invoked to explain 593 

mating patterns in a cold-weather swallow, which exhibits lower rates of extra-pair paternity 594 

compared to a related species breeding at tropical latitudes (Ferretti et al. 2016). Alternatively, 595 

the thermal environment could influence the time and energy budget available for mating. In line 596 

with this prediction, experimental studies of insects have produced a wealth of data supporting a 597 

positive link between temperature and mating rates (Saeki et al. 2005, Kindle et al. 2006, Jiao et 598 

al. 2009, Katsuki and Miyatake 2009, Best et al. 2012). While complementary bodies of 599 

evidence from the wild are more limited, a few longitudinal studies implicate a role for 600 

temperature in between-season variability in mating rates. In a long-term study population of 601 

Swedish sand lizards (Lacerta agilis), elevated seasonal temperatures have been correlated with 602 

an increase in the degree of polygyny, number of sires per clutch, and opportunity for post-603 

copulatory sexual selection, presumably due to higher rates of intersexual interaction (Olsson et 604 

al. 2011a, 2011b). Complementing this are several recent studies of birds and mammals, which 605 

have highlighted the effects of progressively longer breeding seasons on mating rates. In alpine 606 
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marmots monitored over 22 years, increasing annual proportion of extra-pair litters have been 607 

attributed to the fact that earlier snowmelt relaxes energetic, movement, and time constraints on 608 

mating (Bichet et al. 2016). Similarly in two separate longitudinal studies of arctic-breeding 609 

passerine, the relative loss of paternity to extra-pair males was found to decrease with cold 610 

weather during the female’s fertile period, probably because climatic conditions constrain the 611 

total energy budget available for extra-pair forays (Russell et al. 2005, Hoset et al. 2014). 612 

Conversely, seasonal temperature extremes can be expected to differentially constrain time and 613 

energy budgets at lower latitudes. A study out of the Netherlands, for instance, found high rates 614 

of extra-pair paternity associated with lower minimum temperatures during the peak fertile 615 

period for a passerine (Bouwman and Komdeur 2006). 616 

Finally, temperature could influence male and female mating rates by shifting the nature 617 

and outcome of post-copulatory processes (García-Roa et al. 2018). For example, in wolf 618 

spiders, higher rates of re-mating under higher temperatures results not from mating rates per se 619 

but from greater efficiency of sperm transfer, and therefore less time spent on courtship and 620 

individual copulations (Jiao et al. 2009). Similarly, in bean beetles, longer duration of sperm 621 

transfer at low temperatures has been suggested to reduce a female’s willingness to re-mate 622 

(Katsuki and Miyatake 2009). All in all, there is growing appreciation for the prediction that 623 

fluctuating ambient temperatures in future decades will influence sexual selection and sexual 624 

conflict over mating (García-Roa et al. 2018). While the consequences of variation in mating 625 

rates (e.g., genetic monogamy) for levels of within-brood conflict has not been quantified in 626 

these systems (and is not relevant in systems that do not form family groups), these examples 627 

nevertheless serve as proof of principal, which can be applied to kin-based societies. Where 628 

climatic conditions have the potential to shape patterns of paternity, such effects could 629 

substantially alter the balance between the benefits of cooperation versus conflict and ultimately, 630 

the stability of family organisation.   631 

 632 

3 The Diversification of Social living; From cohabitation to cooperation and division of labor 633 

Once social groups have emerged, either through egalitarian or kin-based routes, the 634 

diversification of social organisation will depend upon the extent to which environmental 635 

conditions reinforce additional social interactions between individuals. Evidence for a tight link 636 
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between environmental conditions and the refinement of complex cooperative behaviours can be 637 

found across diverse systems. Phylogenetic studies point not necessarily to a causal role for 638 

climate in the origins of cooperative societies (Remeš et al. 2015, but see Firman et al. 2020), but 639 

rather to the importance of cooperative behaviours, once evolved, in coping with abiotic 640 

challenges and facilitating the colonization of harsh environments (Kocher et al. 2014, 641 

Cornwallis et al. 2017). Thus, at these higher levels of social organisation, shifting abiotic 642 

conditions may be expected to interact with ongoing social evolutionary processes more in a 643 

complementary capacity, selecting for refinement of existing behaviours rather than for 644 

evolutionary innovation per se. 645 

Interestingly, emerging ecological trends appear to parallel these macroevolutionary 646 

patterns. Studies of social-living birds and mammals support the notion that exposure to stressful 647 

or unpredictable climatic conditions serve as an ecological primer for investment in cooperative 648 

behaviours (Blumstein and Armitage 1999, Canário et al. 2004, Covas et al. 2008, Guindre-649 

Parker and Rubenstein 2018a, 2018b). Importantly, measurable improvements in performance of 650 

cooperative groups appears to be linked to the ability to flexibly adjust behaviours, such as 651 

coordination and synchronicity, when faced with adverse conditions. Field and experimental 652 

studies of plovers have revealed that division of labour within biparental pairs becomes 653 

increasingly egalitarian as exposure to extreme temperature rises during incubation, with levels 654 

of paternal investment increasing relative to maternal investment (AlRashidi et al. 2010, 2011, 655 

Vincze et al. 2017). Climatic conditions also appear to shift the dynamics of labour division 656 

within extended family groups. Cooperatively breeding fairy wrens, for instance, invest more in 657 

egg production in the presence of helpers than in their absence when faced with hot, dry breeding 658 

seasons (Langmore et al. 2016). Taken together, these studies illustrate on an ecological scale 659 

how shifts to harsher climatic conditions could positively affect the selective context for 660 

cooperation within families.  661 

Alternatively, stressful climatic shifts could lead to reductions in cooperation if there is 662 

disruption in communication, or if caregivers are forced to trade off their own body condition 663 

against that of their young. Hatchling birds incubated at high temperatures exhibit lower body 664 

condition post hatching, and as a result beg less aggressively and illicit less provisioning from 665 

their parents (Mueller et al. 2019). Variation in provisioning rates may also stem directly from 666 

parents. In cooperatively breeding pied babblers, dominant caregivers provision their offspring 667 
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significantly less on hot days, while the level of provisioning by subordinate caregivers remains 668 

unchanged (Wiley and Ridley 2016). Research on sociable weavers (Leighton and Vander 669 

Meiden 2016) and mongooses (Nichols et al. 2012, Cant et al. 2014) indicates that such 670 

disproportionate division of labour during times of stress is enforced via aggressive policing of 671 

subordinant group members by dominant breeders, leading to the one-way suppression of selfish 672 

behaviour. In this way, periods of environmental stress could be expected to have destabilizing 673 

effects on cooperative groups by provoking social conflict from within. Rather, Firman et al. 674 

(2020) propose that the diversification of traits that mediate social conflict, such as body size 675 

dimorphism, could simply be an inevitable accompaniment of greater environmental selection 676 

for social living. 677 

There is also mounting evidence that climatic factors are involved in the emergence of 678 

cooperative behaviours between non-kin. In sub-social burying beetles, the degree to which 679 

breeding pairs cooperate with other breeding pairs on a shared resource has been shown to vary 680 

across elevational gradients of resource competition. Specifically, at high-temperature, low 681 

elevation sites where parents face heightened interspecific competition for resources, larger and 682 

more cooperative groups outperform non-cooperative groups due to the enhanced resource 683 

defense capacities facilitated through collective action. In contrast, pairs have higher fitness than 684 

groups at intermediate elevations and temperatures because conflict between group members is 685 

enhanced under conditions of low interspecific densities (Sun et al. 2014, Chen et al. 2018, Liu et 686 

al. 2020). In a similar example, Barbieri et al. (2015) demonstrated that the foraging efficiency 687 

and interspecific aggression of large colonies of ants (Prolasius advenus) varies with ambient 688 

temperature. Specifically, higher temperatures were found to promote higher levels of collective 689 

aggression against allopatric Monomorium antarcticum, which could affect the persistence and 690 

co-occurrence of ant societies under climate change. Combined this evidence suggests that 691 

changes in climate can mediate both the emergence of cooperation itself as well as its refinement 692 

over ecological time scales.  693 
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Table 2: A generalizable guide to future studies on climate-mediated sociality. These will expand the number of explicit, hypothesis-694 
based tests of the links between ecologically relevant climatic variables and specific traits underpinning the origins, maintenance, 695 
and/or diversification of animal societies. Convergent social traits are products of their ultimate (evolutionary) causes as well as 696 
proximate (including climatically sensitive) mechanisms, and each must be considered in concert to arrive at predictions for how 697 
social attributes of populations will likely be altered under climate change. The direction of climate-mediated effects also depends on 698 
population-specific projections, which may vary based on local environmental or biological parameters. To accommodate this 699 
variation, alternative predictions are listed and articulated to facilitate broad application across taxa and environments. The predictions 700 
listed below are not exhaustive, but rather highlight a subsample of possible experiments that could be implemented to test links 701 
between climate change and sociality.   702 

Target social 
trait  

Ultimate mechanism 
(selective context) 

underlying trait evolution 

Proximate (climate-mediated) 
mechanism underlying trait 

expression 
Predicted trait response under warming trends 

Origins (egalitarian) 
  

aggregation resource 
abundance/distribution 

length of residency at a site Projected ! in local weather conditions: 
• More benign: no change or more aggregation, depending on 
conditions elsewhere 
• More extreme: less aggregation  

thermoregulation communal denning/clustering Less aggregation with milder winters 

conspecific 
tolerance 

reduced energetic expenditure 
under metabolic challenge 

territorial aggression or display 
rate 

Projected ! in energetic reserves: 
• Constraint: higher tolerance/less aggression 
• Release: less tolerance/more aggression 

 
reduced energetic expenditure 
in repeated encounters, 
particularly with familiar 
conspecifics 

encounter frequencies, or rate 
of habituation 

Projected ! in energetic reserves: 
• Constraint: no change or elevated social reactivity via lower 
encounter rates 
• Release: short-term elevated social reactivity, long-term subdued 
reactivity via habituation 

Origins (fraternal) 
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extended parent-
offspring 
associations 

habitat saturation natal dispersal Projected ! in adult turnover rates: 
• Positive: higher rates of natal dispersal to fill vacant territories 
• Negative: lower rates of natal dispersal, provided abundant 
resources in natal site 

 
inclusive fitness via offspring 
recognition 

duration of offspring retention Projected ! in mobility/spatial structure: 
• Positive: shortened span of offspring retention due to disrupted 
spatial proximity. 
• Negative: offspring retention unchanged 

Maintenance (egalitarian) 
 

group 
membership 

predator protection individual membership 
decisions 

Projected ! in predator activity: 
• Positive: more individuals joining groups 
• Negative: no change or decrease 

 
resource 
abundance/distribution 

individual membership 
decisions 

Projected ! in critical resource distribution: 
• More concentrated: initial increase in individuals joining groups, but 
with potential fracturing due to infighting 
• More dispersed: fewer individuals joining groups in favor of solitary 
strategy 

cohesion among 
group members 

enhanced grouping benefits 
(via synchronicity) 

encounter frequencies and/or 
interattraction 

Group structure: 
• Homogeneous: enhanced cohesion via greater temperature-mediated 
rates of interaction 
• Heterogeneous: group fracturing via greater temperature-mediated 
activity  

enhanced grouping benefits 
(via group 'social code') 

frequency of 'socially 
inappropriate' agonistic 
behaviour 

Heat stress could lead to societal dissolution via this mechanism. 

Maintenance (fraternal) 
  

within-family 
conflict 

inclusive fitness benefits 
spread to all family members 

mating rates (mediating within-
family relatedness) 

Projected ! in energetic reserves: 
• Constraint: family conflict unchanged 
• Release: increased conflict via increased rates of mating, decreased 
relatedness 

Diversification 
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cooperation social buffer against climatic 
harshness, interspecific 
competition 

division of labour, reduction in 
intragroup conflict 

Projected ! in climatic 'harshness' or uncertainty: 
• More benign: cooperative effort is unchanged; conflict may be 
greater 
• More extreme: greater effort divided or re-allocated among 
members to increase efficiency 

703 
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Conclusions 704 

Global climate change has been implicated as a major driver of ecological and 705 

evolutionary change across biological systems. However, the question of whether climate change 706 

modulates the evolution of social systems has largely been ignored. In this review, we have 707 

detailed a range of scenarios through which projected climate change could impact social 708 

systems via relatively simple, climatically sensitive, mechanisms that shape socially relevant 709 

behaviours. We argue that the subtle ecological shifts in the opportunities, nature, and context of 710 

these social interactions have the potential to fundamentally alter the processes underlying the 711 

evolution of social systems in a range of different ways. While such responses are likely to have 712 

the largest effect in systems where socially relevant traits are expressed facultatively and where 713 

social structures have yet to achieve long-term stability, they could also resonate across gradients 714 

of social complexity. We therefore argue that an underappreciated consequence of climate 715 

change is the role it plays in catalyzing a myriad of constructive and destructive effects on the 716 

emergence, maintenance and diversification of social organisation.  717 

While existing empirical evidence can be woven into a convincing framework for 718 

predicting how the effects we outline may play out in natural systems, there are significant 719 

limitations in our current understanding. First, the current literature is deficient of empirical 720 

evidence that explicitly tests the extent to which climate does or does not social behaviour in 721 

nature. Second, our mechanistic understanding of the links between climatic variables and 722 

complex social behaviours is limited. Third, we have yet to embrace integrated approaches 723 

tackling larger questions of how such effects could scale to influence social evolution over the 724 

short- and long-term. These limitations must be addressed if we are to fully appreciate the extent 725 

to which ongoing climate change might act as a catalyst for social evolution, and what ecological 726 

consequences may accompany these changes. While the aim of this review was explicitly non- 727 

prescriptive in this respect, it has highlighted several key questions and predictions that could be 728 

targeted to begin to generate this broader understanding (Table 2). Addressing these questions 729 

will require the integration of scientific insights from diverse fields; from ongoing correlative 730 

and experimental studies examining co-variation between climate and social traits at multiple 731 

levels of biological organisation, to studies targeting the hormonal, neruo-molecular and 732 

physiological mechanisms underpinning social responses to climate, to experimental evolution. 733 

Combined, these approaches will deepen our understanding of underappreciated avenues through 734 
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which climate change has the potential to alter biological systems. In addition, while our focus 735 

here was primarily on social effects likely to result in response to shifting thermal regimes, 736 

projected climate change will undoubtedly alter additional components of the local and global 737 

environment. These effects include, but are not limited to, precipitation, the frequency of 738 

extreme weather events, pollution and habitat loss. Each of these effects has the potential to alter 739 

the trajectories of social systems in similar or distinct ways to those outlined above and, in some 740 

instances, could exacerbate the effects of temperature. Thus, we propose that future research 741 

aimed at testing predictions of climate-mediated sociality via the mechanisms we have outlined 742 

in this review (Table 2) should also incorporate additional climatic and environmental factors. 743 

As global environments rapidly change, greater depth of knowledge is crucial for 744 

informing a broader understanding of the interface between ecology and evolution. Expanding 745 

future studies to interrogate the predictions outlined in this review will contribute to this goal in 746 

two major ways. First, exploring in detail the mechanisms through which subtle shifts in climate 747 

underlie behaviours involved in intraspecific interactions will provide novel insights into the eco-748 

evolutionary dynamics governing social evolution. Second, until now studies of the impact of 749 

rapid environmental changes on biotic systems have mainly focused on the direct effects of 750 

climate change. We argue that this approach overlooks a multitude of indirect effects and 751 

feedbacks that can both exacerbate or constrain the effects of global climate change. Indeed, 752 

many aspects of social living are susceptible to transformation under climate change, which 753 

could dampen or exacerbate current predictions of deleterious outcomes via impacts on 754 

population vital rates, and the capacity of species to buffer environmental uncertainty. By 755 

providing novel perspectives and data regarding probable effects of climate change on biological 756 

systems, we will ultimately generate a more holistic understanding of the ways in which climate 757 

change will affect populations across both ecological and evolutionary time scales.  758 

 759 

  760 



 37 

Acknowledgements 761 

 762 

We thank Tobias Uller, Charlie Cornwallis, Dan Noble and members of the Behavioural and 763 

Evolutionary Ecology Research group at the University of Tasmania for constructive comments 764 

and feedback on earlier versions of the manuscript. JBM was supported by an Australian 765 

Government Endeavour Research Leadership Award. GMW is supported by the Australian 766 

Research Council (DP180102615).   767 



 38 

References 768 

Abram, P. K., G. Boivin, J. Moiroux, and J. Brodeur. 2017. Behavioural effects of temperature 769 
on ectothermic animals: unifying thermal physiology and behavioural plasticity. Biological 770 
Reviews 92:1859–1876. 771 

Aktipis, C. A., and E. Fernandez-Duque. 2011. Parental investment without kin recognition: 772 
Simple conditional rules for parent-offspring behavior. Behavioral Ecology and 773 
Sociobiology 65:1079–1091. 774 

Alatalo, R. V. 1982. Effects of temperature on foraging behaviour of small forest birds wintering 775 
in northern Finland. Ornis Fennica 59:1–12. 776 

Alford, R. A., and M. P. Cohen. 1996. Factors affecting the diurnal shelter use by the Cane toad, 777 
Bufo marinus. Herpetologica 52:172–181. 778 

AlRashidi, M., A. Kosztolányi, C. Küpper, I. C. Cuthill, S. Javed, and T. Székely. 2010. The 779 
influence of a hot environment on parental cooperation of a ground-nesting shorebird, the 780 
Kentish plover Charadrius alexandrinus. Frontiers in Zoology 7:1. 781 

AlRashidi, M., A. Kosztolányi, M. Shobrak, C. Küpper, and T. Székely. 2011. Parental 782 
cooperation in an extreme hot environment: Natural behaviour and experimental evidence. 783 
Animal Behaviour 82:235–243. 784 

Andrew, N. R., R. A. Hart, M. P. Jung, Z. Hemmings, and J. S. Terblanche. 2013. Can temperate 785 
insects take the heat? A case study of the physiological and behavioural responses in a 786 
common ant, Iridomyrmex purpureus (Formicidae), with potential climate change. Journal 787 
of Insect Physiology 59:870–880. 788 

Angilletta, M. J., and A. E. Dunham. 2003. The temperature-size rule in ectotherms: Simple 789 
evolutionary explanations may not be general. American Naturalist 162:332–342. 790 

Angilletta, M. J., T. D. Steury, and M. W. Sears. 2004. Temperature, growth rate, and body size 791 
in ectotherms: Fitting pieces of a life-history puzzle. Integrative and Comparative Biology 792 
44:498–509. 793 

Arnold, K. E., and I. P. F. Owens. 1998. Cooperative breeding in birds: A comparative test of the 794 
life history hypothesis. Proceedings of the Royal Society B: Biological Sciences 265:739–795 
745. 796 

Arnold, K. E., and I. P. F. Owens. 1999. Cooperative breeding in birds: the role of ecology. 797 
Behavioral Ecology 10:465–471. 798 

Arnold, W. 1993. Social evolution in marmots and the adaptive value of joint hibernation. 799 
Verhandlungen der Deutschen … 86:79–93. 800 

Arribas, P., P. Abellán, J. Velasco, D. T. Bilton, A. Millán, and D. Sánchez-Fernández. 2012. 801 
Evaluating drivers of vulnerability to climate change: A guide for insect conservation 802 
strategies. Global Change Biology 18:2135–2146. 803 

Atkinson, D. 1994. Temperature and Organism Size—A Biological Law for Ectotherms? 804 
Advances in Ecological Research 25:1–58. 805 

Aureli, F., and G. Schino. 2019. Social complexity from within: how individuals experience the 806 



 39 

structure and organization of their groups. Behavioral Ecology and Sociobiology 73:6. 807 
Aviles, L. 1986. Sex-ratio bias and possible group selection in the social spider Anelosimus 808 

eximius. American Naturalist 128:1–12. 809 
Aviles, L., and J. Guevara. 2017. Sociality in spiders. Pages 188–223 in D. R. Rubenstein and P. 810 

Abbott, editors. Comparative Social Evolution. Cambridge university Press, Cambridge, 811 
U.K. 812 

Baeckens, S., J. Martín, R. García-Roa, P. Pafilis, K. Huyghe, and R. Van Damme. 2018. 813 
Environmental conditions shape the chemical signal design of lizards. Functional Ecology 814 
32:566–580. 815 

Bailey, N. W., and M. Kölliker. 2019. Social runaway: Fisherian elaboration (or reduction) of 816 
socially selected traits via indirect genetic effects. Evolution 73:1549–1563. 817 

Bailey, N. W., L. Marie-Orleach, and A. J. Moore. 2018. Indirect genetic effects in behavioral 818 
ecology: Does behavior play a special role in evolution? Behavioral Ecology 29:1–11. 819 

Baird, J. M., and M. L. May. 2003. Fights at the dinner table: Agonistic behavior in Pachydiplax 820 
longipennis (Odonata: Libellulidae) at feeding sites. Journal of Insect Behavior 16:189–216. 821 

Balbontín, J., A. P. Møller, I. G. Hermosell, A. Marzal, M. Reviriego, and F. De Lope. 2009. 822 
Geographic patterns of natal dispersal in barn swallows Hirundo rustica from Denmark and 823 
Spain. Behavioral Ecology and Sociobiology 63:1197–1205. 824 

Barbieri, R. F., J. Grangier, and P. J. Lester. 2015. Synergistic effects of temperature, diet and 825 
colony size on the competitive ability of two ant species. Austral Ecology 40:90–99. 826 

Barneche, D. R., M. Kulbicki, S. R. Floeter, A. M. Friedlander, and A. P. Allen. 2016. Energetic 827 
and ecological constraints on population density of reef fishes. Proceedings of the Royal 828 
Society B: Biological Sciences 283:20152186. 829 

Bartolini, T., S. Butail, and M. Porfiri. 2015. Temperature influences sociality and activity of 830 
freshwater fish. Environmental Biology of Fishes 98:825–832. 831 

Bearhop, S., W. Fiedler, R. W. Furness, S. C. Votier, S. Waldron, J. Newton, G. J. Bowen, P. 832 
Berthold, and K. Farnsworth. 2005. Assortative mating as a mechanism for rapid evolution 833 
of a migratory divide. Science 310:502–504. 834 

Beckers, O. M., and J. Schul. 2008. Developmental plasticity of mating calls enables acoustic 835 
communication in diverse environments. Proceedings of the Royal Society B: Biological 836 
Sciences 275:1243–1248. 837 

Bee, M. A., and H. C. Gerhardt. 2001. Habituation as a mechanism of reduced aggression 838 
between neighboring territorial male bullfrogs (Rana catesbeiana). Journal of Comparative 839 
Psychology 115:68–82. 840 

Beebee, T. J. C. 1995. Amphibian breeding and climate. Nature 374:219–220. 841 
Beery, A. K., and I. Zucker. 2010. Oxytocin and same-sex social behavior in female meadow 842 

voles. Neuroscience 169:665–673. 843 
van Beest, F. M., B. Van Moorter, and J. M. Milner. 2012. Temperature-mediated habitat use 844 

and selection by a heat-sensitive northern ungulate. Animal Behaviour 84:723–735. 845 



 40 

Beiswenger, R. E. 1977. Diel Patterns of Aggregative Behavior in Tadpoles of Bufo Americanus, 846 
in Relation to Light and Temperature. Ecology 58:98–108. 847 

Best, A. R., Z. Lewis, G. D. D. Hurst, and A. Lizé. 2012. Thermal environment during and 848 
outside courtship jointly determine female remating rate in Drosophila melanogaster. 849 
Animal Behaviour 83:1483–1490. 850 

Bestion, E., J. Clobert, and J. Cote. 2015. Dispersal response to climate change: Scaling down to 851 
intraspecific variation. Ecology Letters 18:1226–1233. 852 

Bian, X., T. Chandler, A. Pinilla, and R. A. Peters. 2019. Now you see me, now you don’t: 853 
Environmental conditions, signaler behavior, and receiver response thresholds interact to 854 
determine the efficacy of a movement-based animal signal. Frontiers in Ecology and 855 
Evolution 7:1–16. 856 

Bichet, C., D. Allainé, S. Sauzet, and A. Cohas. 2016. Faithful or not: Direct and indirect effects 857 
of climate on extra-pair paternities in a population of alpine marmots. Proceedings of the 858 
Royal Society B: Biological Sciences 283:20162240. 859 

Biro, P. A., C. Beckmann, and J. A. Stamps. 2010. Small within-day increases in temperature 860 
affects boldness and alters personality in coral reef fish. Proceedings of the Royal Society 861 
B: Biological Sciences 24:361–368. 862 

Biro, P. A., and J. A. Stamps. 2008. Are animal personality traits linked to life-history 863 
productivity? Trends in Ecology and Evolution 23:361–368. 864 

Biro, P. A., and J. A. Stamps. 2010. Do consistent individual differences in metabolic rate 865 
promote consistent individual differences in behavior? Trends in Ecology and Evolution 866 
25:653–659. 867 

Bisi, F., L. A. Wauters, D. G. Preatoni, and A. Martinoli. 2015. Interspecific competition 868 
mediated by climate change: Which interaction between brown and mountain hare in the 869 
Alps? Mammalian Biology 80:424–430. 870 

Blumstein, D. T., and K. B. Armitage. 1999. Cooperative Breeding in Marmots. Oikos 84:369–871 
382. 872 

Both, C., A. V. Artemyev, B. Blaauw, R. J. Cowie, A. J. Dekhuijzen, T. Eeva, A. Enemar, L. 873 
Gustafsson, E. V. Ivankina, A. Järvinen, N. B. Metcalfe, N. E. I. Nyholm, J. Potti, P. A. 874 
Ravussin, J. J. Sanz, B. Silverin, F. M. Slater, L. V. Sokolov, J. Török, W. Winkel, J. 875 
Wright, H. Zang, and M. E. Visser. 2004. Large-scale geographical variation confirms that 876 
climate change causes birds to lay earlier. Proceedings of the Royal Society B: Biological 877 
Sciences 271:1657–1662. 878 

Botterill-James, T., B. Halliwell, E. Cooper-Scott, T. Uller, E. Wapstra, and G. M. While. 2016. 879 
Habitat structure influences parent-offspring association in a social lizard. Frontiers in 880 
Ecology and Evolution 4:96. 881 

Bouwman, K. M., and J. Komdeur. 2006. Weather conditions affect levels of extra-pair paternity 882 
in the reed bunting Emberiza schoeniclus. Journal of Avian Biology 37:238–244. 883 

Brooks, R. J., and J. B. Falls. 1975. Individual recognition by song in white-throated sparrows. I. 884 
Discrimination of songs of neighbors and strangers. Canadian Journal of Zoology 53:879–885 
888. 886 



 41 

Brown, J. H., J. F. Gillooly, A. P. Allen, V. M. Savage, and G. B. West. 2004. Toward a 887 
metabolic theory of ecology. Ecology 85:1771–1789. 888 

Brown, J. L. 1969. Territorial behavior and population regulation in birds. The Wilson Bulletin 889 
81:293–329. 890 

Brown, J. L., and E. R. Brown. 1984. Parental facilitation: parent-offspring relations in 891 
communally breeding birds. Behavioral Ecology and Sociobiology 14:203–209. 892 

de Bruijn, R., and L. M. Romero. 2018. The role of glucocorticoids in the vertebrate response to 893 
weather. General and Comparative Endocrinology 269:11–32. 894 

Cahill, A. E., M. E. Aiello-Lammens, M. Caitlin Fisher-Reid, X. Hua, C. J. Karanewsky, H. Y. 895 
Ryu, G. C. Sbeglia, F. Spagnolo, J. B. Waldron, O. Warsi, and J. J. Wiens. 2013. How does 896 
climate change cause extinction? Proceedings of the Royal Society B: Biological Sciences 897 
280:1–9. 898 

Canário, F., S. Matos, and M. Soler. 2004. Environmental Constraints and Cooperative Breeding 899 
in the Azure-Winged Magpie. The Condor 106:608–617. 900 

Cant, M. A., H. J. Nichols, R. A. Johnstone, and S. J. Hodge. 2014. Policing of reproduction by 901 
hidden threats in a cooperative mammal. Proceedings of the National Academy of Sciences 902 
of the United States of America 111:326–330. 903 

Carazo, P., E. Font, and E. Desfilis. 2008. Beyond “nasty neighbours” and “dear enemies”? 904 
Individual recognition by scent marks in a lizard (Podarcis hispanica). Animal Behaviour 905 
76:1953–1963. 906 

Careau, V., D. Thomas, M. M. Humphries, and D. Réale. 2008. Energy metabolism and animal 907 
personality. Oikos 117:641–653. 908 

Carleton, K. L., J. W. L. Parry, J. K. Bowmaker, D. M. Hunt, and O. Seehausen. 2005. Colour 909 
vision and speciation in Lake Victoria cichlids of the genus Pundamilia. Molecular Ecology 910 
14:4341–4353. 911 

Carter, C. S., J. R. Williams, D. M. Witt, and T. R. Insel. 1992. Oxytocin and social bonding. 912 
Annals of the New York Academy of Sciences 652:205–211. 913 

Chadwick, J. G., K. H. Nislow, and S. D. McCormick. 2015. Thermal onset of cellular and 914 
endocrine stress responses correspond to ecological limits in brook trout, an iconic cold-915 
water fish. Conservation Physiology 3:1–12. 916 

Chapperon, C., and L. Seuront. 2011. Behavioral thermoregulation in a tropical gastropod: Links 917 
to climate change scenarios. Global Change Biology 17:1740–1749. 918 

Chen, B.-F., M. Liu, D. R. Rubenstein, S.-J. Sub, J.-N. Liu, and S.-F. Shen. 2018. A chemically 919 
triggered transition from conflict to cooperation in burying beetles. bioRxiv:389163. 920 

Chornesky, E. A. 1991. The ties that bind: Inter-clonal cooperation may help a fragile coral 921 
dominate shallow high-energy reefs. Marine Biology 109:41–51. 922 

Clutton-Brock, T. H. 1991. The Evolution of Parental Care. Princeton University Press, 923 
Princeton, New Jersey, U.S.A. 924 

Clutton-Brock, T. H., D. Gaynor, G. M. McIlrath, A. D. C. Maccoll, R. Kansky, P. Chadwick, 925 
M. Manser, J. D. Skinner, and P. N. M. Brotherton. 1999. Predation, group size and 926 



 42 

mortality in a cooperative mongoose, Suricata suricatta. Journal of Animal Ecology 927 
68:672–683. 928 

Cochrane, A., C. J. Yates, G. L. Hoyle, and A. B. Nicotra. 2015. Will among-population 929 
variation in seed traits improve the chance of species persistence under climate change? 930 
Global Ecology and Biogeography 24:12–24. 931 

Cockrem, J. F., M. A. Bahry, and V. S. Chowdhury. 2019. Cortisol responses of goldfish 932 
(Carassius auratus) to air exposure, chasing, and increased water temperature. General and 933 
Comparative Endocrinology 270:18–25. 934 

Colchen, T., F. Teletchea, P. Fontaine, and A. Pasquet. 2017. Temperature modifies activity, 935 
inter-individual relationships and group structure in a fish. Current Zoology 63:175–183. 936 

Collins, M., R. Knutti, J. Arblaster, J. Dufresne, T. Fichefet, P. Friedlingstein, X. Gao, W. 937 
Gutowski, T. Johns, G. Krinner, M. Shongwe, C. Tebaldi, A. Weaver, and M. Wehner. 938 
2013. Long-term Climate Change: Projections, Commitments and Irreversibility. In: 939 
Climate Change 2013: The Physical Science. Pages 1029–1136 in T. Stocker, D. Qin, and 940 
G. Plattner, editors. Climate Change 2013 the Physical Science Basis: Working Group I 941 
Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate 942 
Change. Cambridge University Press, Cambridge, U.K. 943 

Connaughton, M. A., M. H. Taylor, and M. L. Fine. 2000. Effects of fish size and temperature on 944 
weakfish disturbance calls: Implications for the mechanism of sound generation. Journal of 945 
Experimental Biology 203:1503–1512. 946 

Conrad, T., C. Stöcker, and M. Ayasse. 2017. The effect of temperature on male mating signals 947 
and female choice in the red mason bee, Osmia bicornis (L.). Ecology and Evolution 948 
7:8966–8975. 949 

Conradt, L., and T. J. Roper. 2000. Activity synchrony and social cohesion: A fission-fusion 950 
model. Proceedings of the Royal Society B: Biological Sciences 267:2213–2218. 951 

Cornwallis, C. K., C. A. Botero, D. R. Rubenstein, P. A. Downing, S. A. West, and A. S. Griffin. 952 
2017. Cooperation facilitates the colonization of harsh environments. Nature Ecology and 953 
Evolution 1:57. 954 

Cornwallis, C. K., S. A. West, K. E. Davis, and A. S. Griffin. 2010. Promiscuity and the 955 
evolutionary transition to complex societies. Nature 466:969–972. 956 

Covas, R., M. A. Du Plessis, and C. Doutrelant. 2008. Helpers in colonial cooperatively breeding 957 
sociable weavers Philetairus socius contribute to buffer the effects of adverse breeding 958 
conditions. Behavioral Ecology and Sociobiology 63:103–112. 959 

Crick, H. Q. P., C. Dudley, D. E. Glue, and D. L. Thompson. 1997. UK brids are laying eggs 960 
earlier. Nature 388:526. 961 

Cushing, B. S., J. O. Martin, L. J. Young, and C. S. Carter. 2001. The effects of peptides on 962 
partner preference formation are predicted by habitat in prairie voles. Hormones and 963 
Behavior 39:48–58. 964 

Dantzer, B., S. Boutin, M. M. Humphries, and A. G. McAdam. 2012. Behavioral responses of 965 
territorial red squirrels to natural and experimental variation in population density. 966 
Behavioral Ecology and Sociobiology 66:865–878. 967 



 43 

Davis, A. R. 2012. Kin presence drives philopatry and social aggregation in juvenile Desert 968 
Night Lizards (Xantusia vigilis). Behavioral Ecology 23:18–24. 969 

Davis Rabosky, A. R., A. Corl, H. E. M. Liwanag, Y. Surget-Groba, and B. Sinervo. 2012. 970 
Direct fitness correlates and thermal consequences of facultative aggregation in a Desert 971 
Lizard. PLoS ONE 7:e40866. 972 

Davison, P. J., and J. Field. 2016. Social polymorphism in the sweat bee Lasioglossum 973 
(Evylaeus) calceatum. Insectes Sociaux 50:379–386. 974 

Davison, P. J., and J. Field. 2018. Limited social plasticity in the socially polymorphic sweat bee 975 
Lasioglossum calceatum. Behavioral Ecology and Sociobiology 72:56. 976 

Deutsch, C. A., J. J. Tewksbury, R. B. Huey, K. S. Sheldon, C. K. Ghalambor, D. C. Haak, and 977 
P. R. Martin. 2008. Impacts of climate warming on terrestrial ectotherms across latitude. 978 
Proceedings of the National Academy of Sciences of the United States of America 979 
105:6668–6672. 980 

Dew, R. M., W. A. Shell, and S. M. Rehan. 2018. Changes in maternal investment with climate 981 
moderate social behaviour in a facultatively social bee. Behavioral Ecology and 982 
Sociobiology 72:69. 983 

Dillard, J. R., and D. F. Westneat. 2016. Disentangling the correlated evolution of monogamy 984 
and cooperation. Trends in Ecology and Evolution 31:503–513. 985 

Dillon, M. E., G. Wang, and R. B. Huey. 2010. Global metabolic impacts of recent climate 986 
warming. Nature 467:704–706. 987 

Doak, D. F., and W. F. Morris. 2010. Demographic compensation and tipping points in climate-988 
induced range shifts. Nature 467:959–962. 989 

Doering, G. N., I. Scharf, H. V. Moeller, and J. N. Pruitt. 2018. Social tipping points in animal 990 
societies in response to heat stress. Nature Ecology and Evolution 2:1298–1305. 991 

Dostálková, I., and M. Špinka. 2010. When to go with the crowd: Modelling synchronization of 992 
all-or-nothing activity transitions in grouped animals. Journal of Theoretical Biology 993 
263:437–338. 994 

Drown, D. M., and M. J. Wade. 2014. Runaway coevolution: Adaptation to heritable and 995 
nonheritable environments. Evolution 68:3039–3046. 996 

Du, W. B., X. Bin Cao, L. Zhao, and M. Bin Hu. 2009. Evolutionary games on scale-free 997 
networks with a preferential selection mechanism. Physica A: Statistical Mechanics and its 998 
Applications 388:4509–4524. 999 

Dunn, P. O., and D. W. Winkler. 1999. Climate change has affected the breeding date of tree 1000 
swallows throughout North America. Proceedings of the Royal Society B: Biological 1001 
Sciences 266:2487–2490. 1002 

Dupoué, A., M. Sorlin, M. Richard, J. F. Le Galliard, O. Lourdais, J. Clobert, and F. Aubret. 1003 
2020. Mother-offspring conflict for water and its mitigation in the oviparous form of the 1004 
reproductively bimodal lizard, Zootoca vivipara. Biological Journal of the Linnean Society 1005 
129:1–13. 1006 

Eggleston, D. B., and R. N. Lipcius. 1992. Shelter selection by spiny lobster under variable 1007 



 44 

predation risk, social conditions, and shelter size. Ecology 73:992–1011. 1008 
Eikenaar, C., D. S. Richardson, L. Brouwer, and J. Komdeur. 2007. Parent presence, delayed 1009 

dispersal, and territory acquisition in the Seychelles warbler. Behavioral Ecology 18:874–1010 
879. 1011 

Ekman, J., and M. Griesser. 2002. Why offspring delay dispersal: Experimental evidence for a 1012 
role of parental tolerance. Proceedings of the Royal Society B: Biological Sciences 1013 
269:1117–1125. 1014 

Ekman, J., B. Sklepkovych, and H. Tegelstrom. 1994. Offspring retention in the siberian jay 1015 
(Perisoreus infaustus): The prolonged brood care hypothesis. Behavioral Ecology 5:245–1016 
253. 1017 

Emlen, S. T. 1982. The evolution of helping. 1. An ecological constraints model. American 1018 
Naturalist 119:29–29. 1019 

Emlen, S. T., and L. W. Oring. 1977. Ecology, sexual selection, and the evolution of mating 1020 
systems. Science 197:215–223. 1021 

Engler, J. O., D. Rödder, O. Elle, A. Hochkirch, and J. Secondi. 2013. Species distribution 1022 
models contribute to determine the effect of climate and interspecific interactions in moving 1023 
hybrid zones. Journal of Evolutionary Biology 26:2487–2496. 1024 

Falls, J. B. 1982. Individual recognition by sounds in birds. Pages 237–278 in D. E. Kroodsma 1025 
and E. H. Miller, editors. Acoustic Communication in Birds, Vol. 2. Academic Press, New 1026 
York, New York, USA. 1027 

Ferretti, V., M. Liljesthröm, A. S. López, I. J. Lovette, and D. W. Winkler. 2016. Extra-pair 1028 
paternity in a population of Chilean Swallows breeding at 54 degrees south. Journal of Field 1029 
Ornithology 87:155–161. 1030 

Field, J., and S. Brace. 2004. Pre-social benefits of extended parental care. Nature 428:650–652. 1031 
Firman, R. C., D. R. Rubenstein, J. M. Moran, K. C. Rowe, and B. A. Buzatto. 2020. Extreme 1032 

and variable climatic conditions drive the evolution of sociality in Australian rodents. 1033 
Current Biology 30:691–697. 1034 

Fletcher, L. E. 2008. Cooperative signaling as a potential mechanism for cohesion in a 1035 
gregarious sawfly larva, Perga affinis. Behavioral Ecology and Sociobiology 62:1127–1036 
1138. 1037 

Franks, S. J., S. Sim, and A. E. Weis. 2007. Rapid evolution of flowering time by an annual plant 1038 
in response to a climate fluctuation. Proceedings of the National Academy of Sciences of 1039 
the United States of America 104:1278–1282. 1040 

Frigerio, D., J. Dittami, E. Möstl, and K. Kotrschal. 2004. Excreted corticosterone metabolites 1041 
co-vary with ambient temperature and air pressure in male Greylag geese (Anser anser). 1042 
General and Comparative Endocrinology 137:29–36. 1043 

Gao, X., C. Jin, D. Llusia, and Y. Li. 2015. Temperature-induced shifts in hibernation behavior 1044 
in experimental amphibian populations. Scientific Reports 5:11580. 1045 

García-Roa, R., F. Garcia-Gonzalez, D. Noble, and P. Carazo. 2018. Temperature as a modulator 1046 
of sexual selection. 1047 



 45 

Gayou, D. C. 1984. Effects of Temperature on the Mating Call of Hyla versicolor. Copeia 1048 
3:733–738. 1049 

Ghedini, G., C. R. White, and D. J. Marshall. 2018. Metabolic scaling across succession: Do 1050 
individual rates predict community-level energy use? Functional Ecology 32:1447–1456. 1051 

Gibbs, A. G., A. K. Louie, and J. A. Ayala. 1998. Effects of temperature on cuticular lipids and 1052 
water balance in a desert Drosophila: Is thermal acclimation beneficial? Journal of 1053 
Experimental Biology 201:71–80. 1054 

Gienapp, P., R. Leimu, and J. Merilä. 2007. Responses to climate change in avian migration time 1055 
- Microevolution versus phenotypic plasticity. Climate Research 35:25–35. 1056 

Gillooly, J. F., J. H. Brown, G. B. West, V. M. Savage, and E. L. Charnov. 2001. Effects of size 1057 
and temperature on metabolic rate. Science 293:2248–2251. 1058 

Goller, M., F. Goller, and S. S. French. 2014. A heterogeneous thermal environment enables 1059 
remarkable behavioral thermoregulation in Uta stansburiana. Ecology and Evolution 1060 
4:3319–3329. 1061 

Goodson, J. L., A. M. Kelly, and M. A. Kingsbury. 2012a. Evolving nonapeptide mechanisms of 1062 
gregariousness and social diversity in birds. Hormones and Behavior 61:239–250. 1063 

Goodson, J. L., and R. R. Thompson. 2010. Nonapeptide mechanisms of social cognition, 1064 
behavior and species-specific social systems. Current Opinion in Neurobiology 20:784–794. 1065 

Goodson, J. L., L. C. Wilson, and S. E. Schrock. 2012b. To flock or fight: Neurochemical 1066 
signatures of divergent life histories in sparrows. Proceedings of the National Academy of 1067 
Sciences 109:10685–10692. 1068 

Gordon, D. M. 2013. The rewards of restraint in the collective regulation of foraging by 1069 
harvester ant colonies. Nature 498:91–93. 1070 

Graves, B. M., and D. Duvall. 1995. Aggregation of squamate reptiles associated with gestation, 1071 
oviposition, and parturition. Herpetological Monographs 9:102–119. 1072 

Greenfield, M. D. 2002. Signalers and receivers: Mechanisms and evolution of arthropod 1073 
communication. Oxford University Press, Oxford, U.K. 1074 

Grew, R., T. Ratz, J. Richardson, and P. T. Smiseth. 2019. Parental care buffers against effects of 1075 
ambient temperature on offspring performance in an insect. Behavioral Ecology 30:1443–1076 
1450. 1077 

Griesser, M., and J. Ekman. 2004. Nepotistic alarm calling in the Siberian jay, Perisoreus 1078 
infaustus. Animal Behaviour 67:933–939. 1079 

Griesser, M., and J. Ekman. 2005. Nepotistic mobbing behaviour in the Siberian jay, Perisoreus 1080 
infaustus. Animal Behaviour 69:345–352. 1081 

Groó, Z., P. Szenczi, O. Bánszegi, Z. Nagy, and V. Altbäcker. 2018. The influence of familiarity 1082 
and temperature on the huddling behavior of two mouse species with contrasting social 1083 
systems. Behavioural Processes 151:67–72. 1084 

Groom, S. V. C., and S. M. Rehan. 2018. Climate-mediated behavioural variability in 1085 
facultatively social bees. Biological Journal of the Linnean Society 125:165–170. 1086 



 46 

Guindre-Parker, S., and D. R. Rubenstein. 2018a. No short-term physiological costs of offspring 1087 
care in a cooperatively breeding bird. Journal of Experimental Biology 221:jeb186569. 1088 

Guindre-Parker, S., and D. R. Rubenstein. 2018b. Multiple benefits of alloparental care in a 1089 
fluctuating environment. Royal Society Open Science 5:172406. 1090 

Gunderson, A. R., and M. Leal. 2016. A conceptual framework for understanding thermal 1091 
constraints on ectotherm activity with implications for predicting responses to global 1092 
change. Ecology Letters 19:111–120. 1093 

Hall, L. E., and A. D. Chalfoun. 2019. Behavioural plasticity modulates temperature-related 1094 
constraints on foraging time for a montane mammal. Journal of Animal Ecology 88:363–1095 
375. 1096 

Halliwell, B., T. Uller, D. G. Chapple, M. G. Gardner, E. Wapstra, and G. M. While. 2017a. 1097 
Habitat saturation promotes delayed dispersal in a social reptile. Behavioral Ecology 1098 
28:515–522. 1099 

Halliwell, B., T. Uller, B. R. Holland, and G. M. While. 2017b. Live bearing promotes the 1100 
evolution of sociality in reptiles. Nature Communications 8:2030. 1101 

Halupka, L., and K. Halupka. 2017. The effect of climate change on the duration of avian 1102 
breeding seasons: A meta-analysis. Proceedings of the Royal Society B: Biological Sciences 1103 
284:1–10. 1104 

Hamann, E., A. E. Weis, and S. J. Franks. 2018. Two decades of evolutionary changes in 1105 
Brassica rapa in response to fluctuations in precipitation and severe drought. Evolution 1106 
72:2682–2696. 1107 

Hamilton, W. D. 1964a. The genetical evolution of social behaviour. II. Journal of Theoretical 1108 
Biology 7:17–54. 1109 

Hamilton, W. D. 1964b. The genetical evolution of social behaviour. I. Journal of Theoretical 1110 
Biology 7:1–52. 1111 

Hatchwell, B. J., and J. Komdeur. 2000. Ecological constraints, life history traits and the 1112 
evolution of cooperative breeding. Animal Behaviour 59:1079–1086. 1113 

Heathcote, R. J. P., E. Bell, P. D’Ettorre, G. M. While, and T. Uller. 2014. The scent of sun 1114 
worship: Basking experience alters scent mark composition in male lizards. Behavioral 1115 
Ecology and Sociobiology 68:861–870. 1116 

Hensor, E., I. D. Couzin, R. James, and J. Krause. 2005. Modelling density-dependent fish shoal 1117 
distributions in the laboratory and field. Oikos 110:344–352. 1118 

Hester, K. C., E. T. Peltzer, W. J. Kirkwood, and P. G. Brewer. 2008. Unanticipated 1119 
consequences of ocean acidification: A noisier ocean at lower pH. Geophysical Research 1120 
Letters 35:L19601. 1121 

Hoset, K. S., Y. Espmark, F. Fossøy, B. G. Stokke, H. Jensen, M. I. Wedege, and A. Moksnes. 1122 
2014. Extra-pair paternity in relation to regional and local climate in an Arctic-breeding 1123 
passerine. Polar Biology 37:89–97. 1124 

Hughes, W. O. H., B. P. Oldroyd, M. Beekman, and F. L. W. Ratnieks. 2008. Ancestral 1125 
monogamy shows kin selection is key to the evolution of eusociality. Science 320:1213–1126 



 47 

1216. 1127 
Hüppop, O., and W. Winkel. 2006. Climate change and timing of spring migration in the long-1128 

distance migrant Ficedula hypoleuca in central Europe: The role of spatially different 1129 
temperature changes along migration routes. Journal of Ornithology 147:344–353. 1130 

Hurst, T. P. 2007. Thermal effects on behavior of juvenile walleye pollock (Theragra 1131 
chalcogramma): implications for energetics and food web models. Canadian Journal of 1132 
Fisheries and Aquatic Sciences 64:449–457. 1133 

Iglesias-Carrasco, M., M. L. Head, J. Martín, and C. Cabido. 2018. Increased temperature 1134 
disrupts chemical communication in some species but not others: The importance of local 1135 
adaptation and distribution. Ecology and Evolution 8:1031–1042. 1136 

Inouye, D. W., B. Barr, K. B. Armitage, and B. D. Inouye. 2000. Climate change is affecting 1137 
altitudinal migrants and hibernating species. Proceedings of the National Academy of 1138 
Sciences of the United States of America 97:1630–1633. 1139 

Insel, T. R. 1992. Oxytocin - A neuropeptide for affiliation: Evidence from behavioral, receptor 1140 
autoradiographic, and comparative studies. Psychoneuroendocrinology 17:3–35. 1141 

Janson, C. H. 1998. Testing the predation hypothesis for vertebrate sociality: Prospects and 1142 
pitfalls. Behaviour 135:389–410. 1143 

Javarone, M. A., and D. Marinazzo. 2017. Evolutionary dynamics of group formation. PLoS 1144 
ONE 12:e0187960. 1145 

Jetz, W., and D. R. Rubenstein. 2011. Environmental uncertainty and the global biogeography of 1146 
cooperative breeding in birds. Current Biology 21:72–78. 1147 

Jezovit, J. A., R. Rooke, J. Schneider, and J. D. Levine. 2020. The evolution of social 1148 
organization: Climate influences variation in drosophilid social networks. bioRxiv. 1149 

Jiao, X., J. Wu, Z. Chen, J. Chen, and F. Liu. 2009. Effects of temperature on courtship and 1150 
copulatory behaviours of a wolf spider Pardosa astrigera (Araneae: Lycosidae). Journal of 1151 
Thermal Biology 34:348–352. 1152 

Johansen, J. L., V. Messmer, D. J. Coker, A. S. Hoey, and M. S. Pratchett. 2014. Increasing 1153 
ocean temperatures reduce activity patterns of a large commercially important coral reef 1154 
fish. Global Change Biology 20:1067–1074. 1155 

Kappeler, P. M. 2019. A framework for studying social complexity. Behavioral Ecology and 1156 
Sociobiology 73:13. 1157 

Kappeler, P. M., T. Clutton-Brock, S. Shultz, and D. Lukas. 2019. Social complexity: patterns, 1158 
processes, and evolution. Behavioral Ecology and Sociobiology 73:5. 1159 

Karell, P., K. Ahola, T. Karstinen, J. Valkama, and J. E. Brommer. 2011. Climate change drives 1160 
microevolution in a wild bird. Nature Communications 2:1–7. 1161 

Katsuki, M., and T. Miyatake. 2009. Effects of temperature on mating duration, sperm transfer 1162 
and remating frequency in Callosobruchus chinensis. Journal of Insect Physiology 55:112–1163 
115. 1164 

Kavanagh, K. D., and J. E. Olney. 2006. Ecological correlates of population density and behavior 1165 
in the circumtropical black triggerfish Melichthys niger (Balistidae). Environmental Biology 1166 



 48 

of Fishes 76:387–398. 1167 
Kearney, R. M. 2013. Activity restriction and the mechanistic basis for extinctions under climate 1168 

warming. Ecology Letters 16:1470–1479. 1169 
Ketterson, E. D., and V. Nolan. 1999. Adaptation, exaptation, and constraint: A hormonal 1170 

perspective. The American Naturalist 154:S4–S25. 1171 
Kikvidze, Z., and R. M. Callaway. 2009. Ecological facilitation may drive major evolutionary 1172 

transitions. BioScience 59:399–404. 1173 
Kindle, T. K., K. M. Johnson, T. M. Ivy, C. B. Weddle, and S. K. Sakaluk. 2006. Female mating 1174 

frequency increases with temperature in two cricket species, Gryllodes sigillatus and Acheta 1175 
domesticus (Orthoptera: Gryllidae). Canadian Journal of Zoology 84:1345–1350. 1176 

Knell, R. J. 2009. Population density and the evolution of male aggression. Journal of Zoology 1177 
278:83–90. 1178 

Kocher, S. D., L. Pellissier, C. Veller, J. Purcell, M. A. Nowak, M. Chapuisat, and N. E. Pierce. 1179 
2014. Transitions in social complexity along elevational gradients reveal a combined impact 1180 
of season length and development time on social evolution. Proceedings of the Royal 1181 
Society B: Biological Sciences 281:20140627. 1182 

Kochhann, D., D. F. Campos, and A. L. Val. 2015. Experimentally increased temperature and 1183 
hypoxia affect stability of social hierarchy and metabolism of the Amazonian cichlid 1184 
Apistogramma agassizii. Comparative Biochemistry and Physiology -Part A : Molecular 1185 
and Integrative Physiology 190:54–60. 1186 

Kokko, H., and J. Ekman. 2002. Delayed dispersal as a route to breeding: Territorial inheritance, 1187 
safe havens, and ecological constraints. American Naturalist 160:468–484. 1188 

Kokko, H., A. López-Sepulcre, and L. J. Morrell. 2006. From hawks and doves to self-consistent 1189 
games of territorial behavior. American Naturalist 167:901–912. 1190 

Kokko, H., and P. Lundberg. 2001. Dispersal, migration, and offspring retention in saturated 1191 
habitats. The American Naturalist 157:188–202. 1192 

Komdeur, J., and J. Ekman. 2010. Adaptations and constraints in the evolution of delayed 1193 
dispersal: Implications for cooperation. Pages 306–327 in T. Székely, A. J. Moore, and J. 1194 
Komdeur, editors. Social Behaviour: Genes, Ecology and Evolution. Cambridge university 1195 
Press, Cambridge, U.K. 1196 

Krause, J., and G. D. Ruxton. 2002. Living in Groups. Oxford University Press, Oxford, U.K. 1197 
Kvarnemo, C. 1998. Temperature modulates competitive behaviour: Why sand goby males fight 1198 

more in warmer water. Ethology Ecology and Evolution 2:105–114. 1199 
Langen, T. A., F. Tripet, and P. Nonacs. 2000. The red and the black: Habituation and the dear-1200 

enemy phenomenon in two desert Pheidole ants. Behavioral Ecology and Sociobiology 1201 
48:285–292. 1202 

Langkilde, T., D. O’Connor, and R. Shine. 2007. Benefits of parental care: Do juvenile lizards 1203 
obtain better-quality habitat by remaining with their parents? Austral Ecology 32:950–954. 1204 

Langmore, N. E., L. D. Bailey, R. G. Heinsohn, A. F. Russell, and R. M. Kilner. 2016. Egg size 1205 
investment in superb fairy-wrens: Helper effects are modulated by climate. Proceedings of 1206 



 49 

the Royal Society B: Biological Sciences 283:20161875. 1207 
Lankford, S. E., T. E. Adams, and J. J. Cech. 2003. Time of day and water temperature modify 1208 

the physiological stress response in green sturgeon, Acipenser medirostris. Comparative 1209 
Biochemistry and Physiology - A Molecular and Integrative Physiology 135:291–302. 1210 

Leighton, G. M., and L. N. Vander Meiden. 2016. Sociable weavers increase cooperative nest 1211 
construction after suffering aggression. PloS one 11:e0150953. 1212 

Lema, S. C. 2006. Population divergence in plasticity of the AVT system and its association with 1213 
aggressive behaviors in a Death Valley pupfish. Hormones and Behavior 50:183–193. 1214 

Lesbarrères, D., and T. Lodé. 2002. Variations in male calls and responses to an unfamiliar 1215 
advertisement call in a territorial breeding anuran, rana dalmatina: Evidence for a “dear 1216 
enemy” effect. Ethology Ecology and Evolution 14:287–295. 1217 

Lichtenstein, J. L. L., D. N. Fisher, B. L. McEwen, D. T. Nondorf, E. Calvache, C. Schmitz, J. 1218 
Elässer, and J. N. Pruitt. 2019. Collective aggressiveness limits colony persistence in high- 1219 
but not low-elevation sites at Amazonian social spiders. Journal of Evolutionary Biology 1220 
32:1362–1367. 1221 

Lin, Y. H., S. F. Chan, D. R. Rubenstein, M. Liu, and S. F. Shen. 2019. Resolving the paradox of 1222 
environmental quality and sociality: The ecological causes and consequences of cooperative 1223 
breeding in two lineages of birds. American Naturalist 194:207–216. 1224 

Linn, C. E., M. G. Cambell, and W. L. Roelofs. 1988. Temperature modulation of behavioural 1225 
thresholds controlling male moth sex pheromone response specificity. Physiological 1226 
Entomology 13:59–67. 1227 

Lion, S., and M. van Baalen. 2007. From infanticide to parental care: why spatial structure can 1228 
help adults be good parents. The American naturalist 170:E26–E46. 1229 

Liu, M., S.-F. Chan, D. R. Rubenstein, S.-J. Sun, B.-F. Chen, and S.-F. Shen. 2020. Ecological 1230 
transitions in grouping benefits explain the paradox of environmental quality and sociality. 1231 
The American Naturalist. 1232 

Lloret, F., A. Escudero, J. M. Iriondo, J. Martínez-Vilalta, and F. Valladares. 2012. Extreme 1233 
climatic events and vegetation: The role of stabilizing processes. 1234 

Logan, J. A., J. Régnière, and J. A. Powell. 2003. Assessing the impacts of global warming on 1235 
forest pest dynamics. Frontiers in Ecology and the Environment 1:130–137. 1236 

Lovell, S. F., and M. R. Lein. 2004. Neighbor-stranger discrimination by song in a suboscine 1237 
bird, the alder flycatcher, Empidonax alnorum. Behavioral Ecology 15:799–804. 1238 

Lukas, D., and T. Clutton-Brock. 2012. Cooperative breeding and monogamy in mammalian 1239 
societies. Proceedings of the Royal Society B: Biological Sciences 279:2151–2156. 1240 

Lukas, D., and T. H. Clutton-Brock. 2013. The evolution of social monogamy in mammals. 1241 
Science 341:526–530. 1242 

Luther, D., and R. Danner. 2016. Males with larger bills sing at higher rates in a hot and dry 1243 
environment. The Auk 133:770–778. 1244 

Marler, P. 1976. On animal aggression. The roles of strangeness and familiarity. The American 1245 
psychologist 31:239–246. 1246 



 50 

Martín, J., and P. López. 2006. Interpopulational differences in chemical composition and 1247 
chemosensory recognition of femoral gland secretions of male lizards Podarcis hispanica: 1248 
Implications for sexual isolation in a species complex. Chemoecology 16:31–38. 1249 

Martín, J., and P. López. 2013. Effects of global warming on sensory ecology of rock lizards: 1250 
Increased temperatures alter the efficacy of sexual chemical signals. Functional Ecology 1251 
27:1332–1340. 1252 

Massot, M., J. Clobert, and R. Ferrière. 2008. Climate warming, dispersal inhibition and 1253 
extinction risk. Global Change Biology 14:461–469. 1254 

Matern, S. A., J. J. Cech, and T. E. Hopkins. 2000. Diel movements of bat rays, Myliobatis 1255 
californica, in Tomales Bay, California: Evidence for behavioral thermoregulation? 1256 
Environmental Biology of Fishes 58:173–182. 1257 

Mathot, K. J., N. J. Dingemanse, and S. Nakagawa. 2019. The covariance between metabolic rate 1258 
and behaviour varies across behaviours and thermal types: meta-analytic insights. 1259 
Biological Reviews 94:1056–1074. 1260 

Matysioková, B., and V. Remeš. 2013. Faithful females receive more help: The extent of male 1261 
parental care during incubation in relation to extra-pair paternity in songbirds. Journal of 1262 
Evolutionary Biology 26:155–162. 1263 

Mayer, M., S. C. Frank, A. Zedrosser, and F. Rosell. 2019. Causes and consequences of inverse 1264 
density-dependent territorial behaviour and aggression in a monogamous mammal. Journal 1265 
of Animal Ecology 00:1–12. 1266 

Mayer, M., A. Zedrosser, and F. Rosell. 2017. When to leave: the timing of natal dispersal in a 1267 
large, monogamous rodent, the Eurasian beaver. Animal Behaviour 123:375–382. 1268 

Maynard Smith, J. 1977. Parental investment: A prospective analysis. Animal Behaviour 25:1–9. 1269 
Maynard Smith, J., and E. Szathmáry. 1997. The Major Transitions in Evolution. Oxford 1270 

University Press, Oxford, UK. 1271 
McGlothlin, J. W., A. J. Moore, J. B. Wolf, and E. D. Brodie. 2010. Interacting phenotypes and 1272 

the evolutionary process. III. Social evolution. Evolution 64:2558–2574. 1273 
McGregor, P. K. 1993. Signalling in territorial systems: a context for individual identification, 1274 

ranging and eavesdropping. Philosophical Transactions - Royal Society of London, B 340. 1275 
Mckinnon, E. A., M. P. Laplante, O. P. Love, K. C. Fraser, S. Mackenzie, and F. Vézina. 2019. 1276 

Tracking landscape-scale movements of snow buntings and weather-driven changes in flock 1277 
composition during the temperate winter. Frontiers in Ecology and Evolution 7:1–11. 1278 

McLarney, W. O., D. G. Engstrom, and J. H. Todd. 1974. Effects of increasing temperature on 1279 
social behaviour in groups of yellow bullheads (Ictalurus natalis). Environmental Pollution 1280 
7:111–119. 1281 

Meller, K., A. V. Vähätalo, T. Hokkanen, J. Rintala, M. Piha, and A. Lehikoinen. 2016. 1282 
Interannual variation and long-term trends in proportions of resident individuals in partially 1283 
migratory birds. Journal of Animal Ecology 85:570–580. 1284 

Michelena, P., J. Gautrais, J. F. Gérard, R. Bon, and J. L. Deneubourg. 2008. Social cohesion in 1285 
groups of sheep: Effect of activity level, sex composition and group size. Applied Animal 1286 



 51 

Behaviour Science 112:81–93. 1287 
Milazzo, M., S. Mirto, P. Domenici, and M. Gristina. 2013. Climate change exacerbates 1288 

interspecific interactions in sympatric coastal fishes. Journal of Animal Ecology 82:468–1289 
477. 1290 

Møller, A. P. 2011. When climate change affects where birds sing. Behavioral Ecology 22:212–1291 
217. 1292 

Møller, A. P., and T. R. Birkhead. 1993. Certainty of paternity covaries with paternal care in 1293 
birds. Behavioral Ecology and Sociobiology 33:261–268. 1294 

Møller, A. P., and J. J. Cuervo. 2000. The evolution of paternity and paternal care in birds. 1295 
Behavioral Ecology 11:472–485. 1296 

Montiglio, P. O., J. W. McGlothlin, and D. R. Farine. 2018. Social structure modulates the 1297 
evolutionary consequences of social plasticity: A social network perspective on interacting 1298 
phenotypes. Ecology and Evolution 8:1451–1464. 1299 

Moore, A. J., E. D. Brodie, and J. B. Wolf. 1997. Interacting phenotypes and the evolutionary 1300 
process: I. Direct and indirect genetic effects of social interactions. Evolution 51:1351–1301 
1362. 1302 

Morellet, N., C. Bonenfant, L. Börger, F. Ossi, F. Cagnacci, M. Heurich, P. Kjellander, J. D. C. 1303 
Linnell, S. Nicoloso, P. Sustr, F. Urbano, and A. Mysterud. 2013. Seasonality, weather and 1304 
climate affect home range size in roe deer across a wide latitudinal gradient within Europe. 1305 
Journal of Animal Ecology 82:1326–1339. 1306 

Mougenot, F., M. Combe, and R. Jeanson. 2012. Ontogenesis and dynamics of aggregation in a 1307 
solitary spider. Animal Behaviour 84:391–398. 1308 

Mueller, A. J., K. D. Miller, and E. K. Bowers. 2019. Nest microclimate during incubation 1309 
affects posthatching development and parental care in wild birds. Scientific Reports 9. 1310 

Munch, K. L., D. W. A. Noble, T. Botterill-James, I. S. Koolhof, B. Halliwell, E. Wapstra, and 1311 
G. M. While. 2018. Maternal effects impact decision-making in a viviparous lizard. Biology 1312 
Letters 14:20170556. 1313 

Nelson, C. T. J., and R. W. Elwood. 1997. Parental state and offspring recognition in the 1314 
biparental cichlid fish Pelvicachromis pulcher. Animal Behaviour 54:803–809. 1315 

Nichols, H. J., M. B. V. Bell, S. J. Hodge, and M. A. Cant. 2012. Resource limitation moderates 1316 
the adaptive suppression of subordinate breeding in a cooperatively breeding mongoose. 1317 
Behavioral Ecology 23:635–642. 1318 

O’Connor, D. E., and R. Shine. 2004. Parental care protects against infanticide in the lizard 1319 
Egernia saxatilis (Scincidae). Animal Behaviour 68:1361–1369. 1320 

O’Connor, M. I., M. F. Piehler, D. M. Leech, A. Anton, and J. F. Bruno. 2009. Warming and 1321 
resource availability shift food web structure and metabolism. PLoS Biology 7:1–6. 1322 

Ohlberger, J. 2013. Climate warming and ectotherm body size - from individual physiology to 1323 
community ecology. Functional Ecology 27:991–1001. 1324 

Olsson, M., T. Schwartz, E. Wapstra, T. Uller, B. Ujvari, T. Madsen, and R. Shine. 2011a. 1325 
Climate change, multiple paternity and offspring survival in lizards. Evolution 65:3323–1326 



 52 

3326. 1327 
Olsson, M., E. Wapstra, T. Schwartz, T. Madsen, B. Ujvari, and T. Uller. 2011b. In hot pursuit: 1328 

Fluctuating mating system and sexual selection in sand lizards. Evolution 65:574–583. 1329 
Ondrasek, N. R. 2016. Emerging frontiers in social neuroendocrinology and the study of 1330 

nonapeptides. Ethology 122:443–455. 1331 
Ondrasek, N. R., A. Wade, T. Burkhard, K. Hsu, T. Nguyen, J. Post, and I. Zucker. 2015. 1332 

Environmental modulation of same-sex affiliative behavior in female meadow voles 1333 
(Microtus pennsylvanicus). Physiology and Behavior 140:118–126. 1334 

Ord, T. J., and J. A. Stamps. 2017. Why does the rate of signal production in ectotherms vary 1335 
with temperature? Behavioral Ecology 28:1272–1282. 1336 

Ord, T. J., and S. Tonia Hsieh. 2011. A highly social, land-dwelling fish defends territories in a 1337 
constantly fluctuating environment. Ethology 117:918–927. 1338 

Van Oudenhove, L., E. Billoir, R. Boulay, C. Bernstein, and X. Cerdá. 2011. Temperature limits 1339 
trail following behaviour through pheromone decay in ants. Naturwissenschaften 98:1009–1340 
1017. 1341 

Parker, K. J., K. M. Phillips, L. F. Kinney, and T. M. Lee. 2001. Day length and sociosexual 1342 
cohabitation alter central oxytocin receptor binding in female meadow voles (Microtus 1343 
pennsylvanicus). Behavioral Neuroscience 115:1349–1356. 1344 

Parmesan, C., N. Ryrholm, C. Stefanescu, J. K. Hill, C. D. Thomas, H. Descimon, B. Huntley, L. 1345 
Kaila, J. Kullberg, T. Tammaru, W. J. Tennent, J. A. Thomas, and M. Warren. 1999. 1346 
Poleward shifts in geographical ranges of butterfly species associated with regional 1347 
warming. Nature 399:579–583. 1348 

Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change impacts 1349 
across natural systems. Nature 421:37–42. 1350 

Pärn, H., T. H. Ringsby, H. Jensen, and B. E. Sæther. 2011. Spatial heterogeneity in the effects 1351 
of climate and density-dependence on dispersal in a house sparrow metapopulation. 1352 
Proceedings of the Royal Society B: Biological Sciences 279:144–152. 1353 

Partan, S. R. 2013. Ten unanswered questions in multimodal communication. Behavioral 1354 
Ecology and Sociobiology 67:1523–1539. 1355 

Pascoal, S., X. Liu, Y. Fang, S. Paterson, M. G. Ritchie, N. Rockliffe, M. Zuk, and N. W. Bailey. 1356 
2018. Increased socially mediated plasticity in gene expression accompanies rapid adaptive 1357 
evolution. Ecology Letters 21:546–556. 1358 

Patriquin, K. J., M. L. Leonard, H. G. Broders, W. M. Ford, E. R. Britzke, and A. Silvis. 2016. 1359 
Weather as a proximate explanation for fission–fusion dynamics in female northern long-1360 
eared bats. Animal Behaviour 122:47–57. 1361 

Port, M., P. M. Kappeler, and R. A. Johnstone. 2011. Communal defense of territories and the 1362 
evolution of sociality. American Naturalist 178:787–800. 1363 

Port, M., O. Schülke, and J. Ostner. 2017. From individual to group territoriality: Competitive 1364 
environments promote the evolution of sociality. American Naturalist 189:E46–E57. 1365 

Pritchard, V. L., J. Lawrence, R. K. Butlin, and J. Krause. 2001. Shoal choice in zebrafish, Danio 1366 



 53 

rerio: The influence of shoal size and activity. Animal Behaviour 62:1085–1088. 1367 
Pruitt, J. N., A. Berdahl, C. Riehl, N. Pinter-Wollman, H. V. Moeller, E. G. Pringle, L. M. Aplin, 1368 

E. J. H. Robinson, J. Grilli, P. Yeh, V. M. Savage, M. H. Price, J. Garland, I. C. Gilby, M. 1369 
C. Crofoot, G. N. Doering, and E. A. Hobson. 2018. Social tipping points in animal 1370 
societies. Proceedings of the Royal Society B: Biological Sciences 285. 1371 

Pruitt, J. N., K. W. Demes, and D. R. Dittrich-Reed. 2011. Temperature mediates shifts in 1372 
individual aggressiveness, activity level, and social behavior in a spider. Ethology 117:318–1373 
325. 1374 

Pulido, F., and P. Berthold. 2010. Current selection for lower migratory activity will drive the 1375 
evolution of residency in a migratory bird population. Proceedings of the National Academy 1376 
of Sciences of the United States of America 107:7341–7346. 1377 

Queller, D. C. 1994. Extended parental care and the origin of eusociality. Proceedings of the 1378 
Royal Society B: Biological Sciences 256:105–111. 1379 

Quigley, J. T., and S. G. Hinch. 2006. Effects of rapid experimental temperature increases on 1380 
acute physiological stress and behaviour of stream dwelling juvenile chinook salmon. 1381 
Journal of Thermal Biology 31:429–441. 1382 

Radford, A. N., and A. R. Ridley. 2006. Recruitment calling: A novel form of extended parental 1383 
care in an altricial species. Current Biology 16:1700–1704. 1384 

Ratnasabapathi, D., J. Burns, and R. Souchek. 1992. Effects of temperature and prior residence 1385 
on territorial aggression in the convict cichlid Cichlasoma nigrofasciatum. Aggressive 1386 
Behavior 18:365–372. 1387 

Raulo, A., and B. Dantzer. 2018. Associations between glucocorticoids and sociality across a 1388 
continuum of vertebrate social behavior. Ecology and Evolution 8:7697–7716. 1389 

Réale, D., D. Berteaux, A. G. McAdam, and S. Boutin. 2003. Lifetime selection on heritable life-1390 
history traits in a natural population of red squirrels. Evolution 57:2416–2423. 1391 

Reeve, H. K. 1989. The evolution of conspecific acceptance thresholds. American Naturalist 1392 
133:407–435. 1393 

Remeš, V., R. P. Freckleton, J. Tökölyi, A. Liker, and T. Székely. 2015. The evolution of 1394 
parental cooperation in birds. Proceedings of the National Academy of Sciences of the 1395 
United States of America 12:13603–13608. 1396 

Rézouki, C., M. Tafani, A. Cohas, A. Loison, J. M. Gaillard, D. Allainé, and C. Bonenfant. 2016. 1397 
Socially mediated effects of climate change decrease survival of hibernating Alpine 1398 
marmots. Journal of Animal Ecology 85:761–773. 1399 

Rivrud, I. M., L. E. Loe, and A. Mysterud. 2010. How does local weather predict red deer home 1400 
range size at different temporal scales? Journal of Animal Ecology 79:1280–1295. 1401 

Royle, N. J., S. H. Alonzo, and A. J. Moore. 2016. Co-evolution, conflict and complexity: what 1402 
have we learned about the evolution of parental care behaviours? Current Opinion in 1403 
Behavioral Sciences 12:30–36. 1404 

Royle, N. J., P. T. Smiseth, and M. Kölliker. 2012. The Evolution of Parental Care. Oxford 1405 
University Press, Oxford, U.K. 1406 



 54 

Rubenstein, D. I. 1978. On Predation, Competition, and the Advantages of Group Living. Pages 1407 
205–231 in P. P. G. Bateson and P. H. Klopfer, editors. Social Behaviour. Plenum Press, 1408 
New York, New York, USA. 1409 

Rudin, F. S., L. W. Simmons, and J. L. Tomkins. 2019. Social cues affect quantitative genetic 1410 
variation and covariation in animal personality traits. Evolution 73:540–553. 1411 

Russell, A. P., A. M. Bauer, and M. K. Johnson. 2005. Migration in amphibians and reptiles: An 1412 
overview of patterns and orientation mechanisms in relation to life history strategies. Pages 1413 
151–203 in A. M. T. Elewa, editor. Migration of Organisms: Climate Geography Ecology. 1414 
Springer Netherlands. 1415 

Russell, E. M., Y. Yom-Tov, and E. Geffen. 2004. Extended parental care and delayed dispersal: 1416 
Northern, tropical, and southern passerines compared. Behavioral Ecology 15:831–838. 1417 

Saeki, Y., K. C. Kruse, and P. V. Switzer. 2005. Physiological costs of mate guarding in the 1418 
Japanese beetle (Popillia japonica Newman). Ethology 111:863–877. 1419 

Santangelo, N., and A. H. Bass. 2006. New insights into neuropeptide modulation of aggression: 1420 
Field studies of arginine vasotocin in a territorial tropical damselfish. Proceedings of the 1421 
Royal Society B: Biological Sciences 273:3085–3092. 1422 

Santos, F. C., and J. M. Pacheco. 2005. Scale-free networks provide a unifying framework for 1423 
the emergence of cooperation. Physical Review Letters 95:098104. 1424 

Sartorius, S. S., J. P. S. Do Amaral, R. D. Durtsche, C. M. Deen, and W. I. Lutterschmidt. 2002. 1425 
Thermoregulatory accuracy, precision, and effectiveness in two sand-dwelling lizards under 1426 
mild environmental conditions. Canadian Journal of Zoology 80:1966–1976. 1427 

Savage, V. M., J. F. Gillooly, J. H. Brown, G. B. West, and E. L. Charnov. 2004. Effects of body 1428 
size and temperature on population growth. American Naturalist. 1429 

Scharf, I., A. Feldman, M. Novosolov, D. Pincheira-Donoso, I. Das, M. Böhm, P. Uetz, O. 1430 
Torres-Carvajal, A. Bauer, U. Roll, and S. Meiri. 2015. Late bloomers and baby boomers: 1431 
Ecological drivers of longevity in squamates and the tuatara. Global Ecology and 1432 
Biogeography 24:396–405. 1433 

Seebacher, F., and J. Krause. 2017. Physiological mechanisms underlying animal social 1434 
behaviour. Philosophical Transactions of the Royal Society B: Biological Sciences 1435 
372:20160231. 1436 

Seebacher, F., and J. Krause. 2019. Epigenetics of social behavior. Trends in Ecology and 1437 
Evolution 34:818–830. 1438 

Seki, Y., and M. Koganezawa. 2011. Factors influencing winter home ranges and activity 1439 
patterns of raccoon dogs Nyctereutes procyonoides in a high-altitude area of Japan. Acta 1440 
Theriologica 56:171–177. 1441 

Sentis, A., F. Ramon-Portugal, J. Brodeur, and J. L. Hemptinne. 2015. The smell of change: 1442 
Warming affects species interactions mediated by chemical information. Global Change 1443 
Biology 21:3586–3594. 1444 

Shah, B., R. Shine, S. Hudson, and M. Kearney. 2003. Sociality in lizards: Why do thick-tailed 1445 
geckos (Nephrurus milii) aggregate? Behaviour 140:1039–1052. 1446 



 55 

Sheriff, M. J., G. J. Kenagy, M. Richter, T. Lee, O. Tøien, F. Kohl, C. L. Buck, and B. M. 1447 
Barnes. 2011. Phenological variation in annual timing of hibernation and breeding in nearby 1448 
populations of arctic ground squirrels. Proceedings of the Royal Society B: Biological 1449 
Sciences 278:2369–2375. 1450 

Shettleworth, S. J. 1998. Cognition, Evolution, and Behavior. Oxford University Press, New 1451 
York, New York, USA. 1452 

Sinervo, B., F. Méndez-de-la-Cruz, D. B. Miles, B. Heulin, E. Bastiaans, M. V. S. Cruz, R. Lara-1453 
Resendiz, N. Martínez-Méndez, M. L. Calderón-Espinosa, R. N. Meza-Lázaro, H. Gadsden, 1454 
L. J. Avila, M. Morando, I. J. De La Riva, P. V. Sepúlveda, C. F. D. Rocha, N. 1455 
Ibargüengoytía, C. A. Puntriano, M. Massot, V. Lepetz, T. A. Oksanen, D. G. Chappie, A. 1456 
M. Bauer, W. R. Branch, J. Clobert, and J. W. Sites. 2010. Erosion of lizard diversity by 1457 
climate change and altered thermal niches. Science 328:894–899. 1458 

Singer, A., J. M. J. Travis, and K. Johst. 2013. Interspecific interactions affect species and 1459 
community responses to climate shifts. Oikos 122:358–366. 1460 

Siracusa, E. R., D. R. Wilson, E. K. Studd, S. Boutin, M. M. Humphries, B. Dantzer, J. E. Lane, 1461 
and A. G. McAdam. 2019. North American red squirrels mitigate costs of territory defence 1462 
through social plasticity. Animal Behaviour 151:29–42. 1463 

Skelly, D. K. 2004. Microgeographic countergradient variation in the wood frog, Rana sylvatica. 1464 
Evolution 58:160–165. 1465 

Smit, B., G. Zietsman, R. O. Martin, S. J. Cunningham, A. E. McKechnie, and P. A. R. Hockey. 1466 
2016. Behavioural responses to heat in desert birds: implications for predicting vulnerability 1467 
to climate warming. Climate Change Responses 3:9. 1468 

Smith, R., and R. Ballinger. 2001. The ecological consequences of habitat and microhabitat use 1469 
in lizards: A review. Contemporary Herpetology 3:1–13. 1470 

Socias-Martínez, L., and P. M. Kappeler. 2019. Catalyzing transitions to sociality: Ecology 1471 
builds on parental care. Frontiers in Ecology and Evolution 7:1–17. 1472 

Somero, G. N. 2010. The physiology of climate change: How potentials for acclimatization and 1473 
genetic adaptation will determine “winners” and “losers.” Journal of Experimental Biology 1474 
213:912–920. 1475 

Sperry, J. H., M. P. Ward, and P. J. Weatherhead. 2013. Effects of temperature, moon phase, and 1476 
prey on nocturnal activity in ratsnakes: An automated telemetry study. Journal of 1477 
Herpetology 47:105–111. 1478 

Spohn, B. G., and A. J. Moore. 1997. Environmental effects on agonistic interactions between 1479 
males of the cockroach Nauphoeta cinerea. Ethology 103:855–864. 1480 

Stamps, J. A. 1988. Conspecific attraction and aggregation in territorial species. American 1481 
Naturalist 131:329–247. 1482 

Stapley, J. 2006. Individual variation in preferred body temperature covaries with social 1483 
behaviours and colour in male lizards. Journal of Thermal Biology 31:362–369. 1484 

Stears, K., T. A. Nuñez, E. A. Muse, B. M. Mutayoba, and D. J. McCauley. 2019. Spatial 1485 
ecology of male hippopotamus in a changing watershed. Scientific Reports 9:15392. 1486 



 56 

Stoddard, P. K., M. D. Beecher, C. L. Horning, and M. S. Willis. 1990. Strong neighbor-stranger 1487 
discrimination in song sparrows. The Condor 92:1051–1056. 1488 

Stokes, M. K., N. A. Slade, and S. M. Blair. 2001. Influences of weather and moonlight on 1489 
activity patterns of small mammals: A biogeographical perspective. Canadian Journal of 1490 
Zoology 79:966–972. 1491 

Strain, J., and R. Mumme. 1988. Effects of food supplementation, song playback, and 1492 
temperature on vocal territorial behavior of Carolina wrens. The Auk: Ornithological 1493 
Advances 105:11–16. 1494 

Street, G. M., A. R. Rodgers, and J. M. Fryxell. 2015. Mid-day temperature variation influences 1495 
seasonal habitat selection by moose. Journal of Wildlife Management 79:505–512. 1496 

Sun, S.-J., D. R. Rubenstein, B.-F. Chen, S.-F. Chan, J.-N. Liu, M. Liu, W. Hwang, P.-S. Yang, 1497 
and S.-F. Shen. 2014. Climate-mediated cooperation promotes niche expansion in burying 1498 
beetles. eLife 3:e02440. 1499 

Sylvester, J. R. 1972. Effect of thermal stress on predator avoidance in sockeye salmon. Journal 1500 
of the Fisheries Research Board of Canada 29:601–603. 1501 

Tallamy, D. W., and T. K. Wood. 1986. Convergence patterns in subsocial insects. Annual 1502 
review of entomology. Vol. 31 31:369–390. 1503 

Thomas, C. D., and J. J. Lennon. 1999. Birds extend their ranges northwards. Nature 399:213. 1504 
Tingley, M. W., W. B. Monahan, S. R. Beissinger, and C. Moritz. 2009. Birds track their 1505 

Grinnellian niche through a century of climate change. Proceedings of the National 1506 
Academy of Sciences of the United States of America 106:19637–19643. 1507 

Torricelli, P., M. Lugli, and G. Pa Van. 1990. Analysis of sounds produced by male Padogobius 1508 
martensi (Pisces, gobiidae) and factors affecting their structural properties. Bioacoustics 1509 
2:261–275. 1510 

Trefry, S. A., and D. S. Hik. 2009. Eavesdropping on the neighbourhood: Collared pika 1511 
(Ochotona collaris) responses to playback calls of conspecifics and heterospecifics. 1512 
Ethology 115:928–938. 1513 

Trubenová, B., S. Novak, and R. Hager. 2015. Indirect genetic effects and the dynamics of social 1514 
interactions. PLoS ONE 10:e0126907. 1515 

Trumbo, S. T., and A. J. Fiore. 1994. Interspecific competition and the evolution of communal 1516 
breeding in burying beetles. American Midland Naturalist 131:169–174. 1517 

Turbill, C. 2008. Winter activity of Australian tree-roosting bats: Influence of temperature and 1518 
climatic patterns. Journal of Zoology 276:285–290. 1519 

Valenzano, D. R., E. Terzibasi, A. Cattaneo, L. Domenici, and A. Cellerino. 2006. Temperature 1520 
affects longevity and age-related locomotor and cognitive decay in the short-lived fish: 1521 
Nothobranchius furzeri. Aging Cell 5:275–278. 1522 

Valladares, F., S. Matesanz, F. Guilhaumon, M. B. Araújo, L. Balaguer, M. Benito-Garzón, W. 1523 
Cornwell, E. Gianoli, M. van Kleunen, D. E. Naya, A. B. Nicotra, H. Poorter, and M. A. 1524 
Zavala. 2014. The effects of phenotypic plasticity and local adaptation on forecasts of 1525 
species range shifts under climate change. Ecology Letters 17:1351–1364. 1526 



 57 

Vézina, F., and D. W. Thomas. 2000. Social status does not affect resting metabolic rate in 1527 
wintering dark-eyed junco (Junco hyemalis). Physiological and Biochemical Zoology 1528 
73:231–236. 1529 

Villellas, J., D. F. Doak, M. B. García, and W. F. Morris. 2015. Demographic compensation 1530 
among populations: What is it, how does it arise and what are its implications? Ecology 1531 
Letters 8:1139–1152. 1532 

Vincze, O., A. Kosztolányi, Z. Barta, C. Küpper, M. Alrashidi, J. A. Amat, A. Argüelles Ticó, F. 1533 
Burns, J. Cavitt, W. C. Conway, M. Cruz-López, A. E. Desucre-Medrano, N. dos Remedios, 1534 
J. Figuerola, D. Galindo-Espinosa, G. E. García-Peña, S. Gómez Del Angel, C. Gratto-1535 
Trevor, P. Jönsson, P. Lloyd, T. Montalvo, J. E. Parra, R. Pruner, P. Que, Y. Liu, S. T. 1536 
Saalfeld, R. Schulz, L. Serra, J. J. H. St Clair, L. E. Stenzel, M. A. Weston, M. Yasué, S. 1537 
Zefania, and T. Székely. 2017. Parental cooperation in a changing climate: fluctuating 1538 
environments predict shifts in care division. Global Ecology and Biogeography 26:347–358. 1539 

Walker, T. J. 1962. Factors responsible for intraspecific variation in the calling songs of crickets. 1540 
Evolution 16:407–428. 1541 

Walsh, B. S., S. R. Parratt, A. A. Hoffmann, D. Atkinson, R. R. Snook, A. Bretman, and T. A. R. 1542 
Price. 2019. The impact of climate change on fertility. Trends in Ecology & Evolution 1543 
34:249–259. 1544 

Ward, D., and M. K. Seely. 1996. Behavioral thermoregulation of six Namib Desert tenebrionid 1545 
beetle species (Coleoptera). Annals of the Entomological Society of America 89:442–451. 1546 

Watanabe, M. E. 2008. Colony collapse disorder: Many suspects, no smoking gun. BioScience 1547 
58:384–388. 1548 

Weetman, D., D. Atkinson, and J. C. Chubb. 1999. Water temperature influences the shoaling 1549 
decisions of guppies, Poecilia reticulata, under predation threat. Animal Behaviour 58:735–1550 
741. 1551 

Werner, C. M., D. J. N. Young, H. D. Safford, and T. P. Young. 2019. Decreased snowpack and 1552 
warmer temperatures reduce the negative effects of interspecific competitors on 1553 
regenerating conifers. Oecologia 191:731–743. 1554 

While, G. M., and T. Uller. 2014. Quo vadis amphibia? Global warming and breeding phenology 1555 
in frogs, toads and salamanders. Ecography 37:921–929. 1556 

White, F. N., and R. C. Lasiewski. 1971. Rattlesnake denning: Theoretical considerations on 1557 
winter temperatures. Journal of Theoretical Biology 30:553–557. 1558 

Wilde, L. R., L. Günther, F. Mayer, M. Knörnschild, and M. Nagy. 2018. Thermoregulatory 1559 
requirements shape mating opportunities of male proboscis bats. Frontiers in Ecology and 1560 
Evolution 6:199. 1561 

Wiley, E. M., and A. R. Ridley. 2016. The effects of temperature on offspring provisioning in a 1562 
cooperative breeder. Animal Behaviour 117:187–195. 1563 

Wilkinson, G. S., G. Carter, K. M. Bohn, B. Caspers, G. Chaverri, D. Farine, L. Günther, G. 1564 
Kerth, M. Knörnschild, F. Mayer, M. Nagy, J. Ortega, and K. Patriquin. 2019. Kinship, 1565 
association, and social complexity in bats. Behavioral Ecology and Sociobiology 73:7. 1566 



 58 

Willis, C. K. R., and R. M. Brigham. 2004. Roost switching, roost sharing and social cohesion: 1567 
Forest-dwelling big brown bats, Eptesicus fuscus, conform to the fission-fusion model. 1568 
Animal Behaviour 68:495–505. 1569 

Wilson, A. J., U. Gelin, M. C. Perron, and D. Réale. 2009. Indirect genetic effects and the 1570 
evolution of aggression in a vertebrate system. Proceedings of the Royal Society B: 1571 
Biological Sciences 276:533–541. 1572 

Wilson, E. O. 1975. Sociobiology: The New Synthesis. Belknap, Cambridge, U.K. 1573 
Wilson, E. O. 1992. The Diversity of Life. Harvord University Press, Cambridge, Massachusetts, 1574 

USA. 1575 
Wilson, E. O. 2000. Sociobiology. Harvard University Press, Cambridge, Massachusetts, USA. 1576 
Wolf, B. 2000. Global warming and avian occupancy of hot deserts: a physiological and 1577 

behavioral perspective. Revista chilena de historia natural 73:395–400. 1578 
Wong, M. Y. L. 2012. Abiotic stressors and the conservation of social species. Biological 1579 

Conservation 155:77–84. 1580 
Wood, C. M., and D. G. MacDonald. 1997. Global Warming: Implications for Freshwater and 1581 

Marine Fish. Cambridge University Press, Cambridge, U.K. 1582 
Wyatt, T. D. 2003. Pheromones and animal behaviour: Communication by smell and taste. 1583 

Cambridge University Press, Cambridge, U.K. 1584 
Yocom, T. G., and T. A. Edsall. 1974. Effect of acclimation temperature and heat shock on 1585 

vulnerability of fry of lake whitefish (Coregonus clupeaformis) to predation. Journal of the 1586 
Fisheries Research Board of Canada 31:1503–1506. 1587 

Zhao, D., and P. Feng. 2015. Temperature increase impacts personality traits in aquatic non-1588 
native species: Implications for biological invasion under climate change. Current Zoology 1589 
61:966–971. 1590 

 1591 
 1592 


