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The Sixth Assessment of the Intergovernmental Panel on Climate Change describes negative effects of climate change on animals occurring on a larger scale than previously appreciated. Animal species are increasingly experiencing more frequent and extreme weather in comparison with conditions in which the species evolved. Individual variation in behavioural and physiological responses of animals to stimuli from the environment is ubiquitous across all species. Populations with relatively high levels of individual variation are more likely to be able to survive in a range of environmental conditions and cope with climate change than populations with low levels of variation. Behavioural and physiological responses are linked in animals, and personality can be defined as consistent individual behavioural and physiological responses of animals to changes in their immediate environment. Glucocorticoids (cortisol and corticosterone) are hormones that, in addition to metabolic roles, are released when the neuroendocrine stress system is activated in response to stimuli from the environment perceived to be threatening. The size of a glucocorticoid response of an animal is an indication of the animal’s personality. Animals with reactive personalities have relatively high glucocorticoid responses, are relatively slow and thorough to explore new situations, and are more flexible and able to cope with changing or unpredictable conditions than animals with proactive personalities. Animals with reactive personalities are likely to be better able to cope with environmental changes due to climate change than animals with proactive personalities. A reaction norm shows the relationship between phenotype and environmental conditions, with the slope of a reaction norm for an individual animal a measure of phenotypic plasticity. If reaction norm slopes are not parallel, there is individual variation in plasticity. Populations with relatively high individual variation in plasticity of reaction norms will have more animals that can adjust to a new situation than populations with little variation in plasticity, so are more likely to persist as environments change due to climate change. Future studies of individual variation in plasticity of responses to changing environments will help understanding of how populations of animals may be able to cope with climate change.
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Introduction

Environmental conditions are changing throughout the world due to climate change and other anthropogenic causes such as destruction of animal habitats. Changes in weather patterns associated with climate change include increased temperatures, both increases and decreases in rainfall, and increased frequency of storms. Individual animals may be able to cope with climate change by making behavioural changes and physiological adjustments that enable them to stay in their current range, or they may be able to move and survive in new areas. Animals with these characteristics may be favoured by natural selection. The ability of populations of animals to cope with climate change thus depends on individual variation in responses of animals to environmental stimuli, and on the extent to which individual animals are plastic and able to change their responses.

The central role of individual variation in the success of populations of animals in coping with climate change is explored in this review. An overview of the effects of climate change on animal populations is followed by a consideration of individual variation in responses of animals to changes in their environment, and of individual variation in plasticity in responses. The importance of individual characteristics known as personality in determining behavioural and physiological responses of animals and fitness is considered, including relationships between glucocorticoid responses, personality, and fitness. Animals with reactive personality styles are likely to be better at coping with climate change than proactive animals. A reaction norm approach enables identification of individual variation in plasticity of responses of animals to changing environments, and the last section of the review considers the use of reaction norms to help understand how populations of animals may cope with climate change.



Climate change


Climate change

It is important to define climate and to distinguish between climate and weather when considering climate change. Weather refers to atmospheric conditions such as wind, temperature, cloudiness, rainfall, humidity, and air pressure at a given time, while climate refers to average weather conditions over long periods of time (National Oceanic and Atmospheric Administration [NOAA], 2021). A standard period for averaging these variables is 30 years (World Meteorological Organization1).

Carbon dioxide, methane and nitrous oxide are together known as greenhouse gases. Greenhouse gas emissions due to human activities have increased since the pre-industrial period in the 1700s, leading to atmospheric concentrations of greenhouse gases that are unprecedented in at least the last 800 000 years. The increased concentrations of greenhouse gases, especially carbon dioxide, are causing changes in the Earth’s energy budget that in turn are leading to warming of the global climate (Intergovernmental Panel on Climate Change [IPCC], 2014). Changes in the global climate system include warming of the atmosphere with increased land and ocean temperatures, reductions in the Greenland and Arctic ice sheets, shrinkage of glaciers in the Northern and Southern Hemispheres, and sea level rise (Intergovernmental Panel on Climate Change [IPCC], 2014). These changes are commonly called climate change. Climate change, caused by anthropogenic increases in atmospheric greenhouse gases, is a combination of long-term changes in climate and short-term changes in the frequency and intensity of weather events that can have high impacts on local areas and on animals (see Figure 1). The Framework Convention on Climate Change (UNFCCC) defines climate change as: “a change of climate which is attributed directly or indirectly to human activity that alters the composition of the global atmosphere and which is in addition to natural climate variability observed over comparable time periods” (United Nations, 1992). Another term for climate change, human-induced rapid environmental change (HIREC), refers to environmental changes caused by human activities that are occurring more rapidly and at larger scales than environmental changes that organisms have likely experienced in their evolutionary past (Sih et al., 2010).
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FIGURE 1
Effects of increasing atmospheric concentrations of carbon dioxide and other greenhouse gases on climate and weather [based on (World Meteorological Organization, 2021)].


The Intergovernmental Panel on Climate Change (IPCC) was established in 1988 and is the international body for the assessment of science related to climate change. While the IPCC includes changes due to natural processes in its definition of climate change, in practice IPCC considerations are focused on changes due to anthropogenic greenhouse gas emissions. The IPCC is now (2022) in its Sixth Assessment cycle (Intergovernmental Panel on Climate Change [IPCC], 2021b). The report from Working Group I (the Physical Science Basis) was published in August 2021 (Intergovernmental Panel on Climate Change [IPCC], 2021a) and the report from Working Group II (Impacts, Adaptation and Vulnerability) was published in February 2022 (Intergovernmental Panel on Climate Change [IPCC], 2021b). A third working group report (Mitigation of Climate Change), and the AR6 Synthesis Report, will be published later in 2022.

The Sixth Assessment explores the likely consequences for the world climate of five scenarios for emissions of greenhouse gases. Global surface temperature will continue to increase until at least mid-century under all scenarios. Global warming will reach 1.5°C by the early 2030s and will reach 2°C by mid-century unless there are deep reductions in carbon dioxide and other greenhouse gas emissions (Intergovernmental Panel on Climate Change [IPCC], 2021a). While it remains possible for emissions to be reduced to keep warming below 1.5°C, measures taken by governments to reduce national emissions have thus far not been sufficient to achieve this goal.

The Sixth Assessment states that climate change has altered marine, terrestrial and freshwater ecosystems all around the world, and that the effects of climate change have been experienced earlier, are more widespread, have been of greater magnitude, and are having more far-reaching consequences than previously anticipated (Intergovernmental Panel on Climate Change [IPCC], 2022b). It is predicted that magnitude of extreme conditions will become greater and previously rare weather conditions will become more common in coming decades (Intergovernmental Panel on Climate Change [IPCC], 2021a). Hot conditions on land have become more frequent and intense since the 1950s, while cold extremes have become less frequent. Terrestrial heatwaves that exceed the physiological thresholds of some species are regularly occurring, and marine heatwaves with generally negative consequences for animals (Cheung and Frölicher, 2020) are becoming more frequent (Intergovernmental Panel on Climate Change [IPCC], 2022a). Heavy precipitation (rainfall and snowfall) and storm events are more common and intense, and sea levels are rising (Intergovernmental Panel on Climate Change [IPCC], 2021a).



Effects of climate change on animals

Long term studies of responses of free-living animals to changes in climate variables generally identify the responses as being due to climate change. For example, Charmantier et al. (2008) reported an advance of 14 days over 47 years in the timing of egg laying in a great tit (Parus major) population in the United Kingdom. The advance in laying date was attributed to increased spring temperatures due to climate change leading to earlier emergence of caterpillars which are the primary food for nestlings. Similarly, advances of more than three days per decade in the timing of egg laying in two blue tit (Cyanistes caeruleus) populations in evergreen forest on Corsica in the Mediterranean corresponded with changes in temperature attributed to climate change (Bonamour et al., 2019).

The IPCC Sixth Assessment reported that, for terrestrial, freshwater, and marine animals and plants reported to be affected by climate change, half to two-thirds of the species have shifted their ranges to higher latitudes, and approximately two-thirds of species had advanced their timing of spring activities (Intergovernmental Panel on Climate Change [IPCC], 2022b). Responses of animals, including changes in physiology, geographic range and shifting seasonal timing are often not sufficient to cope with recent climate change. Foden et al. (2013) considered that 11 to 15% of amphibian species and 6 to 9% of bird species are both highly climate change vulnerable and already threatened with extinction (listed on the IUCN Red List). The Sixth Assessment considered that a median of 9% and a maximum of 14% of assessed terrestrial species were likely to face a very high risk of extinction (equivalent to the IUCN critically endangered status) at global warming of 1.5°C (Intergovernmental Panel on Climate Change [IPCC], 2022b). This level of warming will be reached in the 2030s if emissions of greenhouse gases continue at their current rate. Even if emissions are markedly reduced in coming years, there will be ongoing local population extinctions and extinctions of species due to climate change.

Local extinctions due to climate change were detected in 47% of plant and animal species examined, with local extinctions more prevalent in tropical than temperate habitats (Wiens, 2016; Intergovernmental Panel on Climate Change [IPCC], 2022a). A survey of plant distribution in Arizona mountains found local extinctions of 15 species of plants, including Quercus gambelii (Gambel oak), Muhlenbergia porteri (bush muhly) and Urochloa arizonica (AZ panic grass), in comparison with 50 years earlier (Brusca et al., 2013). In the alpine Himalayas of Sikkim 75 species of plants, including Rhododendron nivale (dwarf snow rhododendron), Potentilla fruticosa (shrubby cinquefoil) and Lepidium capitatum (Himalayan peppergrass), were locally extinct in comparison with 1850 (Telwala et al., 2013). Species extinctions have been attributed to climate change for the golden toad (Incilius periglenes) that lived in cloud forest in Costa Rica and for the Bramble Cays Melomys (Melomys rubicola), an Australian rodent. It seems likely that other species living in remote areas will also have become extinct due to climate change.

It is also valuable to consider responses of animals to variables associated with climate change, with studies of these responses providing information that will help with prediction of effects of climate change on animals. Table 1 gives examples of responses of animals to changes in climate and weather variables. A review of studies of behavioural responses of invertebrates and vertebrates to climate variables found that changes in phenology were the most commonly reported responses (Beever et al., 2017). Changes in the timing of reproductive behaviour were the most common timing changes, followed by changes in timing of movements (dispersal or migration). Changes in the timing of feeding, foraging, and habitat use were also reported, along with changes in thermoregulation behaviour activities. For the studies that were considered, temperature was identified in 67% of the studies as the climate variable associated with changes in behaviour. Some changes in animal behaviour were attributed to indirect effects of climate variables such as changes in food resources or habitat structure.


TABLE 1    Examples of responses of animals to changes in the environment associated with climate and weather variables.

[image: Table 1]

Animal populations can persist in changing environments by individual animals changing their behaviour or their physiology, for example, by starting to feed at a different time of day or by increasing their evaporative heat loss in hot conditions, by moving to a different area, or by adapting through a change in the genetic composition of the population (Fuller et al., 2010). The ability of a population to cope with changing environments and persist in the face of climate change thus depends on the extent to which individual animals can adjust to the changes or move to a new area, and the extent to which the population can adapt to the changes through natural selection of characteristics that enable individual animals to cope with a changed environment.




Individual variation


Individual variation in behavioural and physiological traits

Animals have morphological, physiological, and behavioural characteristics known as traits, for example, plumage colour in a bird, level of activation of the hypothalamo-pituitary-adrenal axis and glucocorticoid secretion in response to a threat, or timing of departure in a migratory species. For every trait, there are differences between individual animals in the level or nature of the trait. Individual differences arise from a combination of experiences of the animal and additive genetic variation (Dochtermann et al., 2015). Examples of genetic variation contributing to individual differences in glucocorticoid responses are the development of lines of rainbow trout (Overli et al., 2002) and Japanese quail (Odeh et al., 2003) selected for low or high glucocorticoid responses. Individual differences resulting from experiences of an animal include maternal and paternal effects, epigenetic effects, and environmental effects that can have long-term consequences (Dochtermann et al., 2015), such as prolonged periods of food shortage.

Some examples of individual variation in behavioural and physiological traits are given in Table 2. Recognition of individual variation, and of its significance, led Charles Darwin to formulate the concept of natural selection in which some animals have characteristics or traits that enable them to be more likely to survive, successfully reproduce and pass on heritable traits to their offspring, leading over time to these traits becoming more frequent in the population (Darwin, 1859). Natural selection, the process in which heritable differences between organisms in survival and reproduction lead to increases in the proportion of beneficial traits within a population from one generation to the next, is a fundamental concept for biology (Gregory, 2009). In other words, natural selection is a process in which some organisms have higher fitness than others (produce more offspring than others) and hence the genotypes of these organisms increase in frequency in a population. Natural selection can only occur when there is individual variation in a population, hence individual variation is central to natural selection. Although individual variation is a key concept for biology, the importance of considering the range of individual characteristics in populations, rather than just mean values, has only become apparent relatively recently (Bolnick et al., 2003, 2011; Cockrem, 2013b; Mimura et al., 2017).


TABLE 2    Examples of individual variation in behavioural and physiological variables.
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When a population has a large amount of individual variation in a trait, then there will be animals that are suited to a wider range of situations than in a population where there is a small amount of variation in the trait. Populations with relatively high levels of individual variation are thus more likely to be able to survive in a range of environmental conditions than populations with low levels of individual variation. For example, if animals in one population all forage in the same area each day whereas animals in another population forage in several areas, then there is greater individual variation in foraging location in the second population. The second population will thus be less vulnerable than the first population to a shortage of food in one area. Maldonado-Chaparro et al. (2017) found that benefits of plasticity in body mass growth rate outweighed costs of plasticity in yellow-bellied marmots (Marmota flaviventris) in Colorado. Their modelling approach showed that individual variation in compensatory growth following harsh conditions decreased the probability of population extinction in unfavourable climate situations.

There can be disadvantages associated with individual variation, and Sih et al. (2004) noted that, in a simple view, natural selection should reduce variation and all individuals should be optimal in all environments. However, there can be multiple optimal behaviours for an environmental situation. An optimal behaviour for an animal in a situation involves a trade-off of costs and benefits. Individuals can differ in their trade-offs and hence exhibit different behaviours within the same environment, and there can be a range of behavioural types with similar fitness in a population (Sih et al., 2004). For example, specialists and generalists can coexist in a population (Moran, 1992). An extensive search of the literature for vertebrate and invertebrate species by Forsman and Wennersten (2016) found that greater genotypic and phenotypic individual variation in populations was indeed associated with lower vulnerability to environmental changes, smaller changes in population size, greater success and establishment in new areas, larger geographic ranges, and smaller risks of extinction. Experimental studies considered by Forsman and Wennersten (2016) generally showed that individual variation was more important under challenging conditions than benign conditions.

In addition to differences between animals in the level of a trait, there can also be differences between animals in the extent to which a trait can change when environmental conditions change. Differences between animals in the flexibility (plasticity) of traits can have important implications for the likelihood of success in coping with changing environments (Cockrem, 2013a), so in addition to individual variation in traits it is important to consider individual variation in plasticity of traits.



Individual variation in phenotypic plasticity

When an animal can change its behaviour or physiology in response to changes in its environment, the animal is showing phenotypic plasticity. Phenotypic plasticity is the capacity of a genotype to have different phenotypes in different environmental conditions (see Figure 2A), so phenotypic plasticity in a trait is the capacity of the trait to alter as environmental conditions change (see Valladares et al., 2006; Nussey et al., 2007). There is individual variation in the extent to which animals are flexible and plastic and can adjust to changing or unpredictable conditions (see Table 3). Results from a long-term study of a Dutch population of great tits by Nussey et al. (2005) are a good example of individual variation in plasticity in a trait. Birds with high plasticity in the timing of reproduction were able to advance their laying dates in years with warm spring temperatures and to delay their laying dates in years with cool spring temperatures. These birds were better able to match their reproductive timing with the peak in the availability of caterpillars to feed their offspring than birds with low plasticity in the timing of reproduction. Plasticity of laying dates was heritable, and there was a positive relationship between plasticity and fitness. Natural selection could therefore lead to changes in the composition of the population, in terms of laying date, with the proportion of birds with higher plasticity of laying date increasing and the population laying date being able to advance. The long-term success of the population will depend on the extent to which changes in the mean laying date are able to keep up with changes in caterpillar food availability that are occurring in response to warming spring temperatures due to climate change.


[image: image]

FIGURE 2
(A) Relationship between phenotype and level of an environmental variable for an animal with plasticity in responses to the variable in comparison with an animal that does not have phenotypic plasticity. (B) Example of relationships between foraging range and predictability of food supply for an animal with a reactive personality and an animal with a proactive personality. Reactive animals are more plastic than proactive animals and are more likely to respond to a change from a predictable to an unpredictable food situation by increasing their foraging range or changing their foraging locations.



TABLE 3    Examples of individual variation in plasticity of behavioural and physiological responses of animals to changes in their environment.

[image: Table 3]

Populations that have relatively high individual variation in phenotypic plasticity are more likely to have animals that can adjust to changing environments than populations with low individual variation in plasticity. Variation within a population in levels of phenotypic plasticity is thus related to the ability of populations to cope with changing environments associated with climate change, leading to the question of whether plasticity in relevant traits will be sufficient for a species to keep up with environmental changes (Wong and Candolin, 2014). Studies of individual variation in plasticity of behavioural and physiological responses of animals to changes in their environment (see Table 3 for examples) are thus important for understanding responses of populations of animals to climate change.




Personality


Personality and responses to changes in the immediate environment

Patterns of daily behaviour and of responses to environmental changes are characteristics of individual animals that are remarkably consistent. Levels of flexibility in responses to stimuli from the environment, in other words, the amount of phenotypic plasticity in traits, are also characteristics of each animal. Terms for the individual differences in behaviour that are consistently expressed in different situations include behavioural syndrome (Dingemanse and Wright, 2020), temperament (Reale et al., 2007), and personality (Carere and Eens, 2005; Dingemanse et al., 2010; Stamps and Groothuis, 2010). Coping style, a related term defined as a coherent set of behavioural and physiological stress responses which is consistent over time (Koolhaas et al., 1999), refers to the capacity of individual animals to cope with environmental challenges.

Relationships between behavioural and physiological traits in animals have been explored in numerous studies. Reviews of such studies, for example McMahon et al. (2022), found reports of negative associations, positive associations, or no association between behavioural and physiological traits. This is not surprising, as the studies have been conducted in a wide range of captive and experimental situations, with varying methodologies, sample sizes, and numbers of behavioural variables measured. The studies have generally considered only a single physiological variable, and there is a need for studies incorporating several physiological processes at once to better characterise physiological profiles in relation to behavioural profiles (McMahon and Cavigelli, 2021; McMahon et al., 2022). Nonetheless, when results from many studies are considered together, regular patterns emerge for physiological profiles in relation to behavioural characteristics and it becomes apparent that behavioural and physiological responses are linked in animals. Personality can be defined as consistent individual behavioural and physiological responses of animals to changes in their immediate environment (Cockrem, 2007, 2013a,b). Coevolution of linked behavioural and physiological traits leads to consistency of these traits (Wolf and McNamara, 2012), and to the individual differences in suites of correlated behaviours expressed in different situations which are features of personalities (Carere and Eens, 2005). Personality is heritable, with approximately 52% of animal personality variation identified in a review of published studies attributable to additive genetic variation (Dochtermann et al., 2015).

While personality characteristics vary across a spectrum, animals can be classified into two broad groups. Animals that are highly responsive are said to have a reactive personality, and animals that have relatively smaller responses are said to have proactive personalities (Koolhaas et al., 1999; Sih et al., 2004; Cockrem, 2007). Proactive and reactive personality styles are equivalent to proactive and reactive coping styles. Personality styles can be apparent in animals in a wide range of situations. For example, proactive common brush tail possums (Trichosurus vulpecula) in Australia had a more diverse and higher quality diet than reactive possums (Herath et al., 2021), and reactive but not proactive Atlantic cod (Gadus morhua) reduced their home ranges as sea temperatures increased in a Norwegian fjord (Villegas-Ríos et al., 2018). Proposed characteristics of animals with proactive and reactive personalities are shown in Table 4. Animals with proactive personalities can be considered to have active responses to immediate threats (“fight or flight” responses), to be relatively bold and aggressive, to be fast and superficial in their exploration of new situations, to be relatively rigid and routine-like in behaviour, and to have relatively low glucocorticoid responses to threatening stimuli [see Cockrem (2007) and Koolhaas et al. (2010)]. These animals have relatively low sensitivity to their immediate environment. Animals with reactive personalities can be considered to have passive responses to immediate threats (freeze-hide behaviour), have higher glucocorticoid responses to threats than proactive animals, and to be relatively slow and thorough to explore new situations [see Cockrem (2007) and Koolhaas et al. (2010)]. Reactive animals have relatively high sensitivity to their immediate environment and are more plastic (flexible) and more able to cope with changing circumstances than animals with proactive personalities (Geffroy et al., 2020). Differences between animals in cognition (mechanisms for the acquisition and processing of information from the environment) may contribute to the differences between personality styles in the sensitivity of animals to their immediate environment (Sih and Del Giudice, 2012).


TABLE 4    Proposed characteristics of animals with proactive and reactive personalities [adapted from Cockrem (2007)].
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Personality and coping with climate change

The environments in which animals have evolved are, at varying rates, changing due to climate change. Some populations of animals will be better able to cope with these environmental changes than other populations. There may be individuals in a population that can survive and breed in environmental conditions that differ from those experienced by the population in the past or can move to live in a new area. Alternatively, adaptation to novel environmental conditions can occur when individual animals have phenotypic plasticity in traits and can express phenotypes that enable the animals to survive. Natural selection for phenotypes that confer fitness in the changing situation (Fox et al., 2019) will lead to changes in the composition of the population. The survival of populations of animals will depend in part on the amount of individual variation in behavioural and physiological traits that contribute to fitness, together with the amount of individual variation in plasticity of these traits.

Plasticity can be adaptive (beneficial) or non-adaptive (Wilson, 1998). Adaptive plasticity can be acted upon by natural selection (Ghalambor et al., 2007), is favoured over fixed strategies when an environment is changing (Berrigan and Scheiner, 2004), and allows a genotype to have a broad tolerance to environmental conditions across multiple environments (Ghalambor et al., 2007). Plasticity that is non-adaptive and not subject to natural selection nonetheless enables animals to change in response to changing environmental conditions, and may “buy time” for a population to evolve and survive in environments that are changing due to climate change (Diamond and Martin, 2021). Plasticity may also have costs (Murren et al., 2015). Suggestions for potential costs of plasticity have included costs associated with cognition (Geffroy et al., 2020), energetic costs of the sensory and regulatory mechanisms of plasticity, and costs associated with the process of acquiring information about the environment which may be risky, involve energy for sampling, or reduce foraging or mating efficiency (DeWitt et al., 1998). Sih et al. (2004) noted that natural selection can favour the evolution of limited plasticity in situations where individuals have poor information about their environment, or if individuals avoid situations where limited plasticity would be a disadvantage. Conversely, Berrigan and Scheiner (2004) described how natural selection will favour plasticity over fixed strategies when the mean fitness of individuals with the plastic strategy exceeds that of individuals with the fixed strategy. Heterogeneity of the environment, in terms of changes in the environment with time or differences between areas in environmental conditions, was considered to be a necessary, but not sufficient, condition for plasticity to be favoured (Berrigan and Scheiner, 2004).

Traits that contribute to fitness are some of the traits that comprise the individual characteristics of animals known as personalities. It has been suggested that slow exploring reactive animals are less successful in stable environments than fast exploring proactive animals but are more successful in changeable environments (Dingemanse and Reale, 2005; Cockrem, 2007). For example, reactive animals more likely than proactive animals to respond to a change from a predictable to an unpredictable food situation by increasing their foraging range (see Figure 2B) or by changing their foraging locations. Animals with reactive personalities are likely to be better able to cope with environmental changes due to climate change than animals with proactive personalities, as suggested for birds by Cockrem (2013a). This suggestion is consistent with Sih (2013) who proposed that reactive, highly exploratory animals may be better able to cope with novel situations than proactive animals, and hence better able to cope with human-induced rapid environmental change (HIREC). In wild boars in Europe, slow explorers raised more offspring than fast explorers (Vetter et al., 2016), and fast exploring juvenile rabbits had lower survival than slow exploring rabbits (Rodel et al., 2015). Shy animals are more plastic than bold animals (Adriaenssens and Johnsson, 2011; Dammhahn and Almeling, 2012; Kareklas et al., 2016; Jolles et al., 2019). A study of free-living blue tits in Scotland showed that neophobic (reactive personality) birds changed their foraging behaviour at a feeder in response to changes in air temperature, whereas neophilic (proactive personality) birds did not change their foraging behaviour (Herborn et al., 2014). The reactive birds were more behaviourally flexible, had greater plasticity, and were better able to cope with a change in the environment than the proactive birds (Herborn et al., 2014).

If reactive animals that show plasticity in response to environmental change have higher fitness than other animals, then there is the potential for natural selection to lead to a change in the composition of the population so there is a greater proportion of animals with reactive personalities. Also, proactive animals may be more likely to move away from a habitat that changes than are reactive animals, so the remaining population would have a higher proportion of reactive animals than before the environmental change. The proportions of animals with different personalities may thus change over time in populations of animals that are experiencing environmental changes due to climate change, as suggested by Geffroy et al. (2020).



Glucocorticoids, personality, and fitness

Glucocorticoid hormones are secreted in reptiles, birds and mammals by the adrenal gland which is part of the hypothalamo-pituitary-adrenal (HPA) axis. In fish and amphibians, glucocorticoids are secreted by the interrenal gland in the hypothalamo-pituitary-interrenal (HPI) axis. Cortisol is the predominant glucocorticoid in fish and most mammals, except rodents, and corticosterone is the predominant glucocorticoid in amphibians, reptiles, and birds.

Glucocorticoids are metabolic hormones with a primary function to increase blood glucose concentrations. These hormones have a wide range of other actions, including actions on behaviour, the immune system, the cardiovascular system, and the reproductive system (Sapolsky et al., 2000). Glucocorticoids are involved in responses of animals to stimuli from the environment that are perceived to be threatening (Cockrem, 2013b). They are often called stress hormones, almost always in the absence of a definition of stress, even though their primary roles are not in stress responses (MacDougall-Shackleton et al., 2019). Glucocorticoids are secreted into the blood, and glucocorticoid concentrations are measured in plasma and serum. Concentrations of glucocorticoids and of glucocorticoid metabolites are also measured in an increasingly wide variety of other sample types including saliva, urine, faeces, feathers, hair, and blubber. It should be noted that, despite widespread assumptions in the literature, concentrations measured in samples other than plasma, serum or saliva are not directly related to blood concentrations (Romero and Beattie, 2022). Glucocorticoid concentrations in blood samples collected from animals shortly after they are captured or restrained are often called baseline glucocorticoids, while changes in glucocorticoid concentrations after capture, restraint, or exposure to a stimulus thought to be threatening for an animal, are called glucocorticoid responses. However, glucocorticoid concentrations in blood increase rapidly when an animal is captured, restrained, or confined, measured concentrations may not accurately reflect concentrations in undisturbed animals, and the term baseline can be misleading.

Glucocorticoids are often measured in animals in relation to questions about responses of animals to changes in their environment. Glucocorticoid responses to stimuli from the environment are generally called stress responses. Stimuli that activate glucocorticoid responses act via receptors which send signals to what can be called the neuroendocrine stress system (see Figure 3). It is proposed that responses of animals to threatening or potentially threatening changes in the external and internal environments arise from neural pathways and processes which can be called the neuroendocrine stress system, with stimuli that activate the system known as stressors. This proposed system consists of neural pathways in the brain that convey information from the external and internal environments to the hypothalamus, neural structures that process this information, the HPA or HPI axis, and components of the sympathetic nervous system. Visual, auditory, olfactory and touch stimuli from the external environment that activate receptors in the eyes, ears, nose and skin and lead to activation of the neuroendocrine stress system can be called emotional stressors (Cockrem, 2007). Activation of these receptors generates signals that are processed by the limbic forebrain. It is suggested that individual characteristics known as personality influence whether a stimulus is perceived to be a threat and hence whether changes in behaviour, activity of the HPA or HPI axis, the sympathetic nervous system and other physiological pathways are activated (Cockrem, 2007). Stimuli that activate the neuroendocrine stress system without processing of the signals by the limbic forebrain can be called physical stressors (Cockrem, 2007). These stimuli can come from the internal environment via activation of glucoreceptors, baroreceptors and osmoreceptors, from the external or internal environments via the activation of thermoreceptors or pain receptors, and from humoral signals of inflammation such as cytokines.


[image: image]

FIGURE 3
Schematic view of what is proposed to be called the neuroendocrine stress system. Responses of animals to threatening or potentially threatening changes in the external and internal environments arise from neural pathways and processes which can be called the neuroendocrine stress system, with stimuli that activate the system known as stressors.


A glucocorticoid response is a response to a stimulus from the immediate environment that is perceived as a threat, usually a visual stimulus. Glucocorticoid responses can be detected as increased concentrations of glucocorticoids in the blood within several minutes of a stimulus beginning (Romero and Reed, 2005). The duration of a response depends on the extent to which the stimulus is perceived to be a threat and on the duration of the stimulus. There is marked variation between individual animals in their glucocorticoid responses (Cockrem, 2013b). Some animals consistently have little or no response to a stimulus that initiates a large response in other animals, so a stimulus that is perceived as very threatening by one animal can be perceived quite differently by another animal. Higher glucocorticoid responses in some animals compared with others reflect an increased biological sensitivity to context in the animals with higher glucocorticoid responses (Boyce and Ellis, 2005). In other words, some animals are more aware of, and more sensitive to stimuli from their immediate environment than other animals. It has been suggested that the size of a glucocorticoid response of an animal is determined by individual characteristics of the animal which can be called personality (see Figure 4; Cockrem, 2007, 2013a).
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FIGURE 4
The influence of individual characteristics (personality) on behaviour responses, and glucocorticoid responses to changes in the immediate environment. These responses both influence fitness [based on Cockrem (2007, 2013a)].


It has been assumed that fitness in animals [the ability of animals to survive and breed (Orr, 2009)] is determined by baseline glucocorticoids or by glucocorticoid responses [see the Cort-Fitness Hypothesis; (Bonier et al., 2009)]. However, fitness in animals is not determined by glucocorticoid hormones alone, and differences between animals in fitness are not a direct consequence of differences between animals in baseline glucocorticoids or the size of the glucocorticoid responses. Relationships between glucocorticoids, personality and fitness are usually overlooked in the literature on the significance of glucocorticoid responses in relation to fitness in animals. Survival and breeding success depend on the behaviour and physiology of animals, not just on glucocorticoids, and is not surprising that there is no clear support for any of the three main hypotheses about glucocorticoids and fitness (Breuner and Berk, 2019; Romero and Gormally, 2019).




Reaction norms and responses of animals to changing environments


Reaction norms

The persistence of populations of animals in changing environments in coming decades will depend, in part, on the abilities of individual animals to show plasticity in behavioural and physiological characteristics that affect the likelihood of successful breeding and survival. Understanding of relationships between individual characteristics and environmental variables requires the description and quantification of the relationships. The reaction norm approach is widely used in studies of plants and animals for situations where a phenotype varies in relation to an environment variable. The term reaction norm was first used in its current sense by Schmalhausen et al. (1949), and began to be used regularly in discussions of phenotypic plasticity from the 1980s [e.g., Stearns (1989)]. A reaction norm can be defined as “the set of phenotypes that can be produced by an individual genotype that is exposed to different environmental conditions” (Schlichting and Pigliucci, 1998). Other definitions have included “the way that an individual’s phenotype varies across environments” (Ghalambor et al., 2007) and “a function describing the change in a genotype’s phenotype across an environmental gradient” (Nussey et al., 2007).

Reaction norms are commonly depicted on graphs with a trait on the y-axis and an environment variable on the x-axis. The environment variable may be continuous, for example ambient temperature, or discrete, for example two situations in which a trait was measured. The slope of a reaction norm for an individual animal is a measure of phenotypic plasticity. Figure 2A shows reaction norms for an animal with the same phenotype at different levels of an environment variable (slope equals zero, no plasticity in the phenotypic trait), and for an animal whose phenotype changed at different levels of the environment variable (positive slope, plasticity in the trait). Figure 2B shows reaction norms for foraging range in relation to levels of food availability.

Individual animals can have phenotypes that do not change in different environment conditions (parallel reaction norms with slopes that equal zero, no plasticity), phenotypes that change at the same rate (parallel reaction norms with same positive or negative slopes, same plasticity), or phenotypes that change at different rates (non-parallel reaction norms with different slopes, individual variation in plasticity). These three situations are shown in Figure 5.
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FIGURE 5
Reaction norms for individual animals with no phenotypic plasticity (reaction norms parallel with slopes equal to zero; upper panel), the same degree of phenotypic plasticity (reaction norms parallel with slopes not equal to zero; middle panel), and individual variation in plasticity (reaction norms not parallel with slopes not equal to zero; lower panel).


The slope of a reaction norm, the rate of change in a phenotype in relation to changes in an environmental variable, can be used to predict the phenotype of an animal outside the measured range of the environmental variable. However, in some animals the slope at levels of the environment variable outside the historical range may differ from the slope measured within the historical range (Figure 6). Reaction norm measurements are thus needed both in free-living animals exposed to natural environment conditions, and in experimental situations where levels of an environment variable can be lower or higher than the historical range of levels to which the species has been exposed naturally.
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FIGURE 6
Reaction norms for an animal with the same slope of reaction norm in historical and novel environmental conditions [image: image] and for an animal with different slopes in novel conditions in comparison with an historical range of conditions [image: image]. The reaction norm for the second animal in historical conditions did not predict the reaction norm in novel conditions [adapted from Ghalambor et al. (2007)].




The use of reaction norms for understanding how individual animals and populations may cope with climate change

Recognition of the importance of individual variation in plasticity of responses of animals to changing environments, and the use of reaction norms to identify this variation, is relatively recent. Dingemanse et al. (2010) described behavioural reaction norms for identification of individual plasticity in relation to animal personality. Cockrem (2013a) showed how reaction norms can be used to quantify plasticity and individual variation in plasticity of glucocorticoid responses and suggested that reaction norms for corticosterone responses in birds could be used to predict how birds could cope with environmental changes due to climate change. Brommer (2013) reviewed studies that showed individual variation in plasticity of traits in animals, Valladares et al. (2014) modelled reaction norms to show how individual variation in plasticity of response to temperature could be used to predict changes in species distribution, and Taff and Vitousek (2016) described how reaction norms could be used to study individual variation in endocrine flexibility. Some reaction norm studies that reported individual variation in plasticity for free living animals and for animals in experimental situations are listed in Table 5.


TABLE 5    Examples of reaction norm studies that showed individual variation in slopes (individual variation in plasticity).

[image: Table 5]

The reaction norm approach enables identification of individual variation in plasticity of responses of animals to changing environments. Reaction norm graphs for individual animals, such as those in Figure 5, show the extent to which animals in a population have phenotypic plasticity for a trait in different environmental conditions. If the slopes of reaction norms are low, then the animals have low plasticity and the capabilities of animals in the population to change a trait in response to changing environmental conditions are low. Conversely, if reaction norm slopes are high, then animals have relatively high capabilities to change as environmental conditions change. Importantly, when the slopes of reaction norms for individual animals are not parallel, then the reaction norm graph shows individual variation in plasticity and hence the extent to which individual animals differ in their responses to changing conditions.

Phenotypic plasticity, the capacity of a trait to have different phenotypes in different environmental conditions, is important for individual animals and hence for populations to be able to cope with changes in their environments associated with climate change (Sih et al., 2011; Wong and Candolin, 2014; Fox et al., 2019). Individual variation in plasticity is also important (Kelly, 2019). Populations with relatively high individual variation in plasticity of reaction norms, will have more animals that can adjust to a new situation than populations with little variation in plasticity. The populations with high variation in plasticity are more likely to persist as environments change due to climate change than populations with low individual variation in plasticity. Studies that use reaction norms to identify phenotypic plasticity and individual variation in plasticity in responses of animals to changes in environment variables can inform conservation policy (Cooke et al., 2021), and will be valuable for understanding how populations of animals may cope with climate change.




Conclusion

The Sixth Assessment of the Intergovernmental Panel on Climate Change, published in 2021 and 2022, describes negative effects of climate change on animals occurring more rapidly and on a larger scale than previously appreciated. Animal species are increasingly experiencing adverse weather conditions that differ in frequency and intensity from the conditions in which the species evolved. Individual variation in behavioural and physiological responses of animals to stimuli from the environment is ubiquitous across all species. There is also individual variation in the extent to which animals are flexible and plastic and can adjust to changing or unpredictable conditions. Populations that have relatively high individual variation in plasticity are more likely to have some individuals that can cope with climate change than populations with low individual variation in plasticity. Reaction norms, which show phenotypic plasticity in traits, are useful for identifying this plasticity. Future studies of individual variation in plasticity of responses to changing environments will help understanding of how populations of animals may be able to cope with climate change.
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