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Behavioural Ecology of Terrestrial Mammals under Changing Climate Scenarios- A review
Abstract
[bookmark: _GoBack]Climate change presents a profound and accelerating threat to terrestrial mammals, altering the ecological landscapes that shape their behavioural responses. Current knowledge on how mammals adjust behaviourally to climatic stressors, focusing on thermoregulatory strategies, foraging shifts, reproductive timing, migration patterns, and social dynamics. Behavioural ecology offers crucial insight into species' resilience, revealing that behaviour often functions as the first and most flexible line of defence against environmental instability. Observed adaptations include increased nocturnality to avoid thermal extremes, altered breeding schedules to align with changing resource availability, and expanded movement to track shifting habitats. While some species exhibit considerable plasticity, others face limits due to physiological constraints or fragmented habitats, highlighting unequal adaptive capacities across taxa. zthe need for long-term behavioural monitoring, integration of behavioural traits into predictive models, and interdisciplinary research combining ecology, physiology, and climate science. Methodological approaches such as GPS tracking, bio-logging, remote sensing, and citizen science have enhanced the ability to capture fine-scale behavioural variation. Conservation implications are significant: behavioural indicators can aid in vulnerability assessment, guide climate-adaptive wildlife management, and inform the design of dynamic protected areas. Despite these advances, major gaps remain, particularly for small-bodied, nocturnal, and tropical species where data are scarce. Future directions include refining models to incorporate behavioural plasticity, identifying resilience thresholds, and enhancing policy engagement through locally grounded behavioural knowledge. 
Keywords: behavioural plasticity, thermoregulation, migration, reproductive timing, climate resilience, conservation strategy
I. Introduction
A. Background on Behavioural Ecology
1. Definition and scope of behavioural ecology
Behavioural ecology is a scientific discipline concerned with the adaptive significance of behaviour in response to ecological conditions (Krebs et.al., 2009). It examines how natural selection shapes behavioural traits to optimize survival and reproductive success under specific environmental constraints. This field emerged from ethology and evolutionary biology and emphasizes cost-benefit analyses of behaviour through theoretical models, including optimal foraging theory, sexual selection, and game theory. Behavioural ecologists investigate both proximate causes—such as hormonal or genetic influences—and ultimate causes, which consider the evolutionary function of behaviour.
2. Importance in understanding adaptation and survival strategies
Behaviour often represents the first line of response to environmental change, providing immediate adaptability in unpredictable conditions. Species may alter migration routes, shift foraging times, or change mating displays based on resource availability and climatic stressors. These behavioural shifts can buffer organisms against ecological disturbances that may otherwise reduce fitness. For instance, predator avoidance strategies such as vigilance and group formation vary in response to habitat openness or light levels. Such behaviour can influence population viability more rapidly than slower evolutionary changes in morphology or physiology.
B. Climate Change as a Global Environmental Stressor
1. Overview of climate change impacts on ecosystems
Global climate systems are undergoing substantial alterations, including increased average surface temperatures, greater variability in precipitation, and more frequent extreme weather events (Meehl et.al., 2000). These changes affect ecosystem structure and function by altering species distributions, modifying interspecific interactions, and destabilizing food webs. Phenological events such as breeding and migration timing have become increasingly asynchronous with resource availability, leading to mismatches across trophic levels. Ecosystem services, such as pollination and nutrient cycling, are threatened by disruptions in community composition and productivity.
2. Specific relevance to terrestrial mammals
Terrestrial mammals face unique vulnerabilities under climate change due to thermoregulatory constraints, habitat specificity, and limited dispersal capacity in fragmented landscapes. Rising temperatures have led to range contractions in several mammalian species, particularly those adapted to montane or Arctic habitats. Behavioural changes such as altered diel activity patterns—shifting from diurnal to nocturnal to reduce thermal stress—have been recorded across diverse taxa. Habitat alteration caused by drought, fire, and vegetation shifts also disrupts traditional breeding sites and feeding grounds, with cascading effects on reproductive output and population dynamics.
C. Rationale for the Review
1. Gaps in current understanding of behaviour under climate change
Most existing literature focuses on physiological tolerance or species distribution models to predict responses to climate stress (Woodin et.al., 2013). Less attention has been given to behavioural flexibility, despite evidence suggesting that behaviour can be a crucial mediator of climate resilience. Behavioural responses often precede genetic adaptation and may serve as indicators of ecological stress. For example, shifts in the timing of reproduction or increased nocturnal foraging may reflect sub-lethal thermal limits not captured in physiological data. These insights remain underutilized in conservation planning and ecological forecasting.
2. Need for an integrative review on terrestrial mammals
Existing reviews frequently aggregate data across taxonomic groups or focus exclusively on avian or aquatic species, leading to a fragmented understanding of behavioural adaptation in mammals. An integrative synthesis focused on terrestrial mammals is essential for bridging knowledge across behavioural ecology, conservation biology, and climate science. Such a review can reveal generalizable trends, species-specific strategies, and knowledge gaps that hinder predictive modelling. By consolidating behavioural evidence across habitats and climate zones, researchers and policymakers can better assess vulnerability and resilience at both the species and ecosystem levels (Vos et.al., 2008).
D. Objectives and Structure of the Review
1. Summarize key behavioural adaptations
This review compiles evidence of behavioural adaptations among terrestrial mammals in response to climate-related stressors. Documented behaviours include shifts in activity periods, such as crepuscular or nocturnal foraging; changes in reproductive phenology to align with resource peaks; migration route alterations; and increased use of thermal refugia. Behavioural thermoregulation, such as burrow use or shade-seeking, has been observed in species ranging from rodents to large ungulates. These adaptations are assessed within the framework of ecological trade-offs and long-term survival outcomes.
2. Identify emerging trends and knowledge gaps
Recent studies highlight a trend toward increased behavioural plasticity in response to thermal stress. Carnivores and herbivores in arid and semi-arid ecosystems have altered spatial patterns to remain within thermal neutral zones (Rezaei et.al., 2023). There is growing interest in how social behaviour and group dynamics influence resilience, including cooperative breeding or coordinated movement to track shifting habitats. Despite these findings, data remain limited for small-bodied species, cryptic taxa, and regions with low research intensity, such as tropical dry forests and high-altitude grasslands.
3. Provide future research directions
Priorities for future research include the development of long-term behavioural datasets linked to high-resolution climate and habitat data. Emerging technologies such as bio-logging, remote camera traps, and environmental DNA (eDNA) offer new methods to capture behavioural variation at fine temporal and spatial scales. Models incorporating behavioural plasticity alongside demographic and physiological traits can improve predictions of extinction risk and population stability. Collaborative approaches involving indigenous knowledge systems and local communities can enrich contextual understanding and enhance conservation outcomes.
II. Overview of Climate Change Effects on Terrestrial Environments
A. Temperature Extremes and Variability
Global and regional temperature trends demonstrate a significant warming trend since the late 19th century (Ring et.al., 2012). According to the Intergovernmental Panel on Climate Change (IPCC), the global surface temperature has increased by approximately 1.1°C since the pre-industrial period (1850–1900). This warming trend is expected to continue, with projections under high-emission scenarios (SSP5-8.5) indicating an increase of up to 4.4°C by 2100.The frequency and intensity of extreme heat events have increased. Between 1950 and 2018, heatwaves have become more common and prolonged across continents such as North America, Europe, and Australia. At the same time, cold spells have declined in intensity and frequency, particularly in high-latitude and alpine ecosystems. These thermal extremes disrupt ecological processes. Elevated temperatures affect plant respiration and photosynthesis, which can lead to altered species productivity and distribution. Cold-sensitive species in mountainous and polar regions are experiencing habitat compression as they shift their ranges to cooler altitudes or latitudes.
B. Altered Precipitation Patterns and Water Availability
Significant shifts in precipitation regimes have been observed globally. Areas such as the Mediterranean Basin, southern Africa, and parts of South America have recorded decreased annual rainfall over the past century. Conversely, parts of northern Europe and central Asia have seen increased precipitation levels. Precipitation changes affect terrestrial ecosystems by altering soil moisture levels, river flows, and groundwater recharge (Weltzin et.al., 2003). Reduced precipitation in the southwestern United States has led to prolonged droughts that stress vegetation and lead to reduced carbon uptake. Decreasing snowpack and accelerated glacial melting have critical implications for ecosystems reliant on meltwater. The Himalayan glaciers, for example, lost mass at an average rate of 0.3 meters water equivalent per year between 2000 and 2016. This trend reduces downstream water availability during dry seasons, impacting both plant and animal life.
C. Shifts in Vegetation and Habitat Structure
Warming temperatures and precipitation anomalies are altering vegetation composition and biome boundaries (Snyder et.al., 2004). Boreal forests are shifting poleward, and temperate grasslands are experiencing encroachment by woody shrubs. Species composition within ecosystems is also changing. Studies from North American forests have recorded a decline in cold-adapted tree species like spruce and fir, while deciduous species such as oaks and maples are becoming more dominant. These structural changes affect habitat availability for fauna. As forests transition to more drought-tolerant species, dependent wildlife such as certain bird and insect species must adapt, migrate, or face local extinction.
D. Increased Frequency of Extreme Events (e.g., droughts, wildfires)
Extreme climatic events such as droughts and wildfires are increasing in both frequency and intensity. Between 1984 and 2015, the area burned by wildfires in the western United States doubled due to warming and drying conditions. Droughts significantly affect plant productivity, leading to reduced biomass and altered nutrient cycling. The 2003 European drought reduced net primary productivity across the continent by 30%, equivalent to reversing four years of carbon sequestration. Wildfires alter soil composition, reduce biodiversity, and create feedback loops that can increase atmospheric CO₂ levels. Post-fire landscapes often become dominated by invasive species, leading to further ecological degradation.
E. Phenological Changes in Ecosystem Dynamics
Phenology the timing of biological events has shifted significantly due to climate change (Piao et.al., 2019). Long-term data sets show earlier onset of spring events, such as leaf unfolding and bird migration, by 2.3 to 5.1 days per decade in temperate zones. Disruption in phenological synchrony can have cascading effects. Earlier flowering of plants without corresponding shifts in pollinator activity can reduce reproductive success. Similarly, mismatch between insect emergence and bird breeding can affect chick survival rates. These changes challenge ecosystem resilience and productivity, as species interactions become increasingly desynchronized, leading to reduced ecological stability over time.
III. Behavioural Responses of Terrestrial Mammals to Climate Change
A. Thermoregulatory Behaviours
1. Alterations in activity patterns (e.g., nocturnality, seasonal movement)
Shifts in ambient temperature due to climate change have led to significant alterations in the daily and seasonal activity patterns of terrestrial mammals (Levy et.al., 2019). Research has documented increased nocturnality in mammals as a behavioural adaptation to rising daytime temperatures. A global meta-analysis involving 62 mammal species found an average increase of 36% in nocturnal activity in human-disturbed and warming environments. Species such as the white-tailed deer (Odocoileus virginianus) and wild boar (Sus scrofa) have shifted their foraging and locomotion to nighttime hours to avoid thermal stress and optimize energy expenditure. Seasonal migration has also been impacted. Caribou (Rangifer tarandus), which rely on ice and snow conditions for their migratory routes and timing, have shown mismatched migrations relative to food availability and calving grounds due to changing snowmelt and temperature regimes. This behavioural shift affects fitness outcomes, particularly in northern ungulate populations.
2. Shelter-seeking and microhabitat use
To mitigate heat stress, many mammals are increasingly relying on cooler microhabitats (Fuller et.al., 2016). For instance, small mammals like the American pika (Ochotona princeps) seek thermal refuge under talus slopes and rock crevices, adjusting their activity windows to early morning and late evening. Studies in arid environments have shown increased use of shaded vegetation patches, burrows, or dens during peak thermal hours by species such as the desert kangaroo rat (Dipodomys deserti) and meerkats (Suricata suricatta). Advanced thermal imaging techniques have demonstrated how elephants (Loxodonta africana) modulate their microhabitat usage to optimize body temperature regulation, seeking water bodies and dense vegetation during high-heat periods. These shelter-seeking behaviours contribute to thermoregulation and reduce metabolic costs in increasingly unpredictable climates.
B. Foraging and Diet Shifts
1. Changes in diet composition and foraging strategies
Warming and shifts in plant phenology are driving changes in the availability and nutritional quality of food resources (Nord et.al., 2009). Herbivorous mammals, such as moose (Alces alces), have shown reduced access to preferred aquatic plants due to drought-related drying of wetlands. In response, dietary shifts toward less nutritious terrestrial vegetation have been recorded, affecting body condition and reproductive output. Carnivores like the red fox (Vulpes vulpes) are expanding their dietary range to include more omnivorous sources as prey availability shifts due to warming-induced habitat changes.  Foraging strategies are also adjusting Polar bears (Ursus maritimus), facing sea ice retreat, are increasingly scavenging on terrestrial carcasses and bird colonies.
2. Movement to new feeding grounds
Altered climate conditions are prompting mammals to move to new foraging areas to meet their dietary and energetic needs. A study of North American mountain goats (Oreamnos americanus) showed uphill migration in search of cooler habitats with more stable forage availability. Similarly, African antelopes such as the oryx (Oryx gazella) are expanding their foraging ranges as aridification alters grassland dynamics. Telemetry data from several mammalian herbivores, including elk (Cervus canadensis), indicate increased movement distances in response to altered snow depth and forage patch availability, highlighting behavioural plasticity in navigating resource-scarce environments.
C. Reproductive and Parental Behaviours
1. Changes in mating systems and timing
Climate change is modifying the timing and synchrony of reproductive events (Singer et.al., 2010). Warmer spring temperatures have led to earlier breeding in species like red deer (Cervus elaphus), with parturition dates advancing by 3.5 days per decade over the past 40 years. This advancement, if not matched by food availability, can lead to reproductive failure or reduced offspring survival.In some rodent populations, altered climate conditions are affecting sexual dimorphism and mating systems. For example, prairie voles (Microtus ochrogaster) show changes in reproductive hormone levels linked to shortened winter seasons, which can influence pairing systems and social structure.
2. Nesting and denning behaviour under altered climate regimes
Maternal behaviours, such as nest site selection and timing of denning, are shifting in response to climatic stressors. Grizzly bears (Ursus arctos horribilis) are denning later and emerging earlier due to reduced snow cover and warmer winter temperatures. These behavioural changes may lead to energy imbalances and increased risk to cub survival.Arctic foxes (Vulpes lagopus) are altering den site selection by choosing higher elevations or locations with deeper snow cover to protect from premature warming and predation. Ground squirrels (Spermophilus spp.) have shown changes in hibernation patterns, with earlier emergence reducing reproductive synchrony and increasing vulnerability to late cold spells (Wells et.al., 2022).
D. Movement and Migration Patterns
1. Shifts in home range and dispersal behaviour
Rising global temperatures and changing precipitation patterns are altering mammalian spatial behaviour, particularly in terms of home range and dispersal. Home range—the area habitually used by an animal—has been shown to expand under thermal stress or food scarcity. For example, the European roe deer (Capreolus capreolus) expanded its home range during warmer winters to locate available forage, with recorded range increases of up to 40% in some regions. Dispersal behaviour, especially among juveniles and subadults, is shifting in response to changing resource distributions and habitat fragmentation caused by climate variability. A study on red foxes (Vulpes vulpes) across the Arctic tundra documented increased long-distance dispersal events, attributed to altered snow cover and prey distribution. Similarly, telemetry data on cougars (Puma concolor) in North America revealed altered dispersal timing and direction due to drought-induced prey declines. Species such as the American marten (Martes americana) are retreating from formerly occupied areas with reduced snow depth, a critical habitat requirement for hunting and denning, and are dispersing into more northern or elevated territories. These behavioural shifts in movement patterns represent adaptations aimed at maintaining survival and reproductive success under changing environmental constraints.
2. Climate-driven range expansions or contractions
As bioclimatic zones shift, many terrestrial mammals are undergoing range expansions or contractions based on their thermal tolerance and ecological flexibility (Elsen et.al., 2022). A global review of mammal distributions found that over 50% of studied species exhibited poleward or elevational range shifts averaging 11 meters uphill and 17 kilometers poleward per decade. Species with broader ecological niches are expanding their range into new territories. The red fox (Vulpes vulpes), previously absent from the Arctic tundra, has moved into higher latitudes, displacing native Arctic foxes (Vulpes lagopus) due to competitive superiority in milder climates. In contrast, range contractions are being observed among climate-sensitive species. The American pika (Ochotona princeps) has disappeared from over 40% of previously occupied sites in the Great Basin due to rising temperatures and reduced snowpack, which affect both thermal regulation and habitat moisture. Moose (Alces alces) in southern parts of their range are experiencing declines due to heat stress, parasite proliferation, and habitat degradation, leading to contraction of populations southward and elevational retreat in mountainous regions. Such climate-driven redistributions have profound implications for biodiversity, interspecies interactions, and ecosystem functioning.
E. Social and Interspecific Interactions
1. Changes in group size and social structure
Environmental stressors induced by climate variability are reshaping mammalian group dynamics and social organization (Fisher et.al., 2021). Studies on African elephants (Loxodonta africana) show that prolonged droughts influence group cohesion and fission-fusion dynamics. Under extreme water scarcity, smaller subgroups are formed to reduce competition at watering points. Meerkats (Suricata suricatta), living in arid environments, display reduced cooperative behaviour during extended dry periods, with a decline in sentinel activity and pup feeding effort. These behavioural shifts correspond to changes in resource availability and body condition. In primates, such as baboons (Papio spp.), high ambient temperatures have been correlated with decreased social grooming and reduced time spent in cohesive groups, suggesting thermoregulatory costs alter traditional social behaviours. Group size is also influenced by predation risk, which may itself fluctuate under climate change. For instance, studies in northern Canada have shown that caribou (Rangifer tarandus) form larger aggregations in response to predator pressure, but habitat degradation and earlier snowmelt disrupt these protective group dynamics.
2. Competitive and predator-prey dynamics affected by behaviour
Climate change is modifying temporal and spatial overlap between predators and prey, as well as between competitive species (Carroll et.al., 2024). As warming alters foraging windows and mobility, predator-prey interactions become increasingly asynchronous. For example, Arctic wolves (Canis lupus arctos) face reduced hunting success when caribou alter migration routes or timings due to temperature-driven snowmelt. Increased range overlap between generalist and specialist species is intensifying interspecific competition. The northward expansion of the red fox is not only reducing the range of Arctic foxes but also impacting rodent prey communities through intensified predation. The same applies to invasive species, such as raccoons (Procyon lotor) in temperate zones, which are expanding their range into areas occupied by native mesopredators and displacing them through both direct aggression and resource competition. Predator avoidance behaviour is also shifting. For instance, ungulates like elk (Cervus canadensis) are altering diel activity patterns to avoid predators under thermal constraints, often leading to increased encounters with human infrastructure. These interactions highlight the complex and cascading effects of climate-induced behavioural adaptations on interspecies dynamics.
IV. Case Studies Across Mammalian Taxa
A. Large Herbivores (e.g., deer, elephants, bison)
1. Seasonal migration and resource tracking
Large herbivores exhibit strong seasonal migration patterns influenced by climate-driven shifts in resource availability (Martin et.al., 2018). Caribou (Rangifer tarandus) across Arctic and sub-Arctic regions migrate annually over distances up to 1,200 km to track food availability and avoid deep snow. Warmer winters and altered snow patterns have disrupted traditional migration cues, leading to earlier or delayed movements and mismatches with peak plant productivity. Bison (Bison bison) in Yellowstone National Park have adjusted their spatial patterns by moving to higher elevations during warmer periods to access cooler microclimates and better forage quality. Data show that from 1985 to 2015, the average elevation used by bison during summer increased by approximately 180 meters. African elephants (Loxodonta africana) have expanded their migratory routes in response to prolonged droughts, with some populations increasing their dry-season travel distances by up to 50% to reach permanent water sources. These adaptations illustrate the reliance of large herbivores on climatic signals to navigate resource-rich landscapes.
2. Thermal stress responses
Large-bodied mammals with low surface-area-to-volume ratios are particularly vulnerable to heat stress (Shrestha et.al., 2014). Elephants use behavioral strategies such as increased bathing, resting in shade, and nocturnal movement to reduce thermal loads. Infrared thermography studies confirm significant changes in skin temperature regulation during hot seasons. Red deer (Cervus elaphus) in temperate regions exhibit reduced daytime activity and increased use of forest cover during heatwaves. A study in southern Europe showed that activity levels dropped by 34% during periods of extreme heat (>30°C), directly affecting feeding time and energy intake. Thermal constraints on activity have also been documented in American bison. During extreme heat, bison spend more time wallowing and reduce grazing activity, compromising nutritional intake during key reproductive periods.
B. Carnivores (e.g., bears, foxes, big cats)
1. Hunting and prey-switching behaviour
Shifting prey distributions due to changing snowpack, vegetation, and hydrology are prompting carnivores to alter their foraging strategies (Helman et.al., 2022). Polar bears (Ursus maritimus), which primarily hunt seals on sea ice, are increasingly forced to scavenge on terrestrial resources like bird colonies, eggs, and carrion due to ice retreat. Cougars (Puma concolor) in semi-arid regions are exhibiting increased predation on livestock and smaller mammals during drought conditions, as traditional ungulate prey becomes less abundant or shifts to different ranges. In Alaska, brown bears (Ursus arctos) have changed their diet composition by consuming more vegetation and berries when salmon runs are delayed due to altered stream flow from glacial melt. Red foxes (Vulpes vulpes) in northern latitudes have shifted hunting activity to target smaller prey and scavenged carcasses during mild winters, which reduce snowpack depth and allow easier foraging access across broader territories.
2. Conflict with humans under resource scarcity
Climate-induced resource scarcity is driving carnivores into human-dominated landscapes. Leopards (Panthera pardus) and tigers (Panthera tigris) have increased their presence near agricultural areas and livestock holdings during periods of prey scarcity linked to drought and habitat degradation. These shifts elevate human-wildlife conflict risk and mortality rates on both sides.In parts of North America, coyotes (Canis latrans) have expanded into urban areas, taking advantage of anthropogenic food sources. Research shows a 25% increase in urban occupancy following years of reduced rainfall that suppressed natural prey populations. Brown bears in Central Asia have begun frequenting garbage sites and settlements during failed crop seasons. Such behavioural changes, while adaptive, often lead to retaliatory killings and long-term conservation challenges.
C. Small Mammals (e.g., rodents, lagomorphs)
1. Burrowing, hibernation, and estivation
Small mammals rely heavily on behavioural thermoregulation strategies such as burrowing and hibernation (Milling et.al., 2018). Ground squirrels (Spermophilus spp.) have adjusted hibernation onset and emergence dates in response to warming temperatures. In the Rocky Mountains, hibernation periods shortened by up to 25 days over four decades, increasing exposure to unpredictable spring weather. The American pika (Ochotona princeps) uses burrows and subnivean spaces to avoid heat stress. Studies show population declines at lower elevations where ambient temperatures exceed thermal thresholds for extended periods. Kangaroo rats (Dipodomys spp.) and other desert rodents engage in estivation during high-temperature, low-moisture conditions, remaining in burrows and reducing metabolic activity to conserve water and energy.
2. Rapid generation-time responses
Small mammals, due to short life cycles and high reproductive rates, exhibit rapid behavioural and genetic adaptation. Deer mice (Peromyscus maniculatus) in the Sierra Nevada have shifted their reproductive timing in response to earlier snowmelt, with first breeding dates advancing by over two weeks since the 1980s. Field voles (Microtus agrestis) demonstrate flexible litter sizes and altered maternal investment under fluctuating climatic conditions, enabling population recovery after harsh winters or droughts. Rapid responses are also evident in urban-adapted species such as the house mouse (Mus musculus), which adjusts food hoarding and nesting behaviour during anomalous temperature shifts, demonstrating high behavioural plasticity.
D. Primates and Social Mammals
1. Behavioural flexibility and cognitive adaptations
Primates, known for their cognitive abilities, demonstrate substantial behavioural flexibility under changing environmental conditions (Stewart et.al., 2025). Chacma baboons (Papio ursinus) in South Africa adjust foraging routes and group movement patterns to access ephemeral water sources and fruiting trees during dry seasons. GPS tracking reveals increased daily travel distances by up to 30% during droughts. Chimpanzees (Pan troglodytes) in Uganda display innovative behaviours like modifying leaf-sponging techniques and altering feeding schedules to cope with seasonal water stress. In temperate zones, Japanese macaques (Macaca fuscata) have extended their bathing behaviour in thermal springs to cope with cold stress, a cultural trait now passed between generations through social learning.
2. Social learning in response to climate variability
Social mammals use learning from conspecifics to respond to environmental variability (Box et.al., 1999). African wild dogs (Lycaon pictus) exhibit cooperative hunting adaptations, adjusting pack coordination during periods of prey scarcity and heat extremes. Capuchin monkeys (Cebus capucinus) in Central America show changes in tool use and foraging techniques that spread socially in response to resource shifts brought on by droughts and altered fruiting patterns. Elephants demonstrate transgenerational knowledge sharing, with matriarchs guiding herds to distant waterholes during severe droughts based on remembered landscape features, a critical survival behaviour as traditional watering areas dry out more frequently.
V. Mechanisms Behind Behavioural Adaptations
A. Phenotypic Plasticity vs. Genetic Adaptation
Phenotypic plasticity, the ability of an organism to modify its behaviour or physiology in response to environmental conditions, is a primary mechanism through which terrestrial mammals respond to climate change. Unlike genetic adaptation, which involves heritable changes across generations, plasticity enables immediate, reversible responses that do not require evolutionary change. For example, North American red squirrels (Tamiasciurushudsonicus) have advanced their breeding dates by 18 days over a 10-year period in response to earlier spring onset, with most of the shift attributed to plastic responses rather than genetic evolution. Similarly, snowshoe hares (Lepus americanus) exhibit seasonal coat color change, but this response is now increasingly mismatched with snow cover duration. While some variation in timing exists among individuals, it is primarily plastic rather than adaptive at the genetic level. Genetic adaptation does occur, but often over longer timescales. In a study on Soay sheep (Ovis aries), natural selection favored individuals with smaller body sizes as winters became milder, showing a gradual genetic response to changing environmental pressures. These examples illustrate that while both mechanisms are at play, phenotypic plasticity dominates short-term behavioural changes under climate stress.
B. Role of Learning and Innovation in Behavioural Shifts
Cognitive flexibility is a key factor in behavioural adaptation among mammals, especially in social or long-lived species (Sol et.al., 2020). Learning from experience and social transmission of new behaviours can buffer populations against rapid environmental change. African elephants (Loxodonta africana) have demonstrated cultural memory, where matriarchs lead herds to distant water sources during prolonged droughts based on past experiences. This capacity for experiential learning enhances group survival in variable climates. Tool use and foraging innovations are increasingly documented in primates as responses to climate-related resource variability. Chimpanzees (Pan troglodytes) in arid savannas modify their extractive foraging techniques and create rudimentary tools to access underground water and food sources during dry periods. Urban-adapted raccoons (Procyon lotor) exhibit increased behavioural innovation in response to anthropogenic environments, with experiments showing that raccoons learn novel foraging strategies faster when exposed to variable food access (Stanton et.al., 2023). Learning-based plasticity thus plays a critical role in enhancing behavioural resilience.
C. Physiological Constraints and Energetic Trade-offs
Behavioural adaptation is often constrained by underlying physiological limits and energy balance requirements. High ambient temperatures, for example, restrict activity in many mammals to cooler parts of the day, leading to trade-offs between thermoregulation and foraging.Studies on wildebeest (Connochaetestaurinus) in semi-arid savannas show reduced foraging time during heat stress, resulting in weight loss and decreased reproduction. Similar constraints are evident in small mammals like desert kangaroo rats (Dipodomys deserti), which limit above-ground activity to nocturnal periods but face increased predation risk and reduced foraging efficiency. Reproductive effort also faces energetic trade-offs under changing climates. Arctic ground squirrels (Urocitellusparryii), which depend on stored body fat for successful hibernation, experience reduced fat accumulation in warmer years, leading to decreased overwinter survival. Energetic stress directly limits adaptive capacity, shaping which behaviours are viable under given environmental conditions.
D. Feedback Between Behaviour and Ecosystem Functioning
Changes in animal behaviour under climate stress can alter ecosystem processes, creating feedback loops that influence vegetation, nutrient cycles, and species interactions (Rahman et.al., 2022). Large herbivores such as reindeer (Rangifer tarandus) affect tundra vegetation through grazing, trampling, and seed dispersal. Changes in migration timing and range shift these impacts spatially, influencing plant community composition and soil carbon dynamics. Predator-prey interactions also affect trophic cascades. Wolves (Canis lupus) in Yellowstone, through behavioural pressure on elk (Cervus canadensis), have indirectly promoted willow regeneration in riparian zones—a phenomenon known as a behaviourally mediated trophic cascade. Climate-driven changes in wolf hunting patterns may enhance or suppress such ecosystem effects. Rodent behaviour impacts soil structure and seed dispersal. Altered burrowing and caching behaviour in response to rainfall variability can modify plant recruitment and nutrient distribution. Thus, behavioural adaptations are not isolated responses but actively reshape ecological networks.
VI. Methodological Approaches to Studying Behavioural Ecology under Climate Change
A. Long-term Ecological Monitoring
Long-term monitoring provides foundational data to detect trends in species behaviour, phenology, and habitat use over extended timeframes (Denny et.al., 2014). These datasets help distinguish between natural variability and climate-driven changes. For example, the North American Breeding Bird Survey and the Long-Term Ecological Research (LTER) Network have tracked shifts in migration, breeding timing, and population dynamics for over five decades. One key outcome from long-term studies is the advancement of spring events in mammals such as red squirrels (Tamiasciurushudsonicus), with documented breeding dates occurring up to 18 days earlier over a 10-year period due to warmer springs. Similarly, phenological changes in ground squirrels (Spermophilus spp.) monitored over 39 years have revealed altered emergence dates linked to earlier snowmelt and warming soil temperatures. These programs offer invaluable insight into behavioural shifts by allowing researchers to correlate long-term climate trends with animal responses across generations and geographic scales.
B. Remote Sensing and GPS Tracking
Remote sensing technologies, such as satellite imagery, are used to measure environmental variables like vegetation greenness (NDVI), snow cover, and surface temperature (Du et.al., 2019). These variables are critical to assessing habitat conditions and how mammals adjust movement and foraging behaviour in response.GPS collars have revolutionized the study of animal movement. For instance, GPS-tagged caribou (Rangifer tarandus) in the Arctic have been shown to modify migratory routes and calving site selection in response to snow depth and vegetation onset as detected through MODIS satellite data. African elephants (Loxodonta africana) equipped with GPS collars demonstrated expanded movement ranges during dry periods, with some herds increasing travel distance by over 50 km to access permanent water sources. Such data reveal how animals spatially and temporally adjust behaviour in response to climate variability.Remote sensing thus complements behavioural data by contextualizing movement and activity patterns within dynamic landscapes.
C. Bio-logging and Telemetry
Bio-logging involves attaching sensors to animals to record physiological and behavioural data, including heart rate, body temperature, and locomotion (Wilmers et.al., 2015). These tools allow for fine-scale analysis of how animals cope with environmental stress in real-time.Heart rate monitors used on bighorn sheep (Ovis canadensis) have shown increased physiological stress during periods of elevated temperatures and low forage availability, aligning with observed reductions in activity and feeding. Accelerometers and temperature sensors on brown bears (Ursus arctos) revealed that denning duration has decreased due to warmer winters, with earlier emergence dates recorded over recent decades. Telemetry also supports behavioural ecology by tracking interactions, habitat selection, and predator-prey dynamics. For example, wolves (Canis lupus) fitted with GPS and accelerometers have provided data on kill rates, hunting effort, and pack movement in response to prey distribution and snow conditions. Bio-logging offers direct insights into individual-level responses, essential for understanding behavioural adaptations.
D. Experimental and Modelling Approaches
Experimental studies are essential for isolating causal relationships between environmental variables and behavioural responses. These range from controlled lab experiments to large-scale field manipulations. For instance, warming chambers and open-top chambers (OTCs) are used to simulate climate scenarios in wild habitats and study their effects on small mammals’ activity and resource use. Climate envelope and agent-based models (ABMs) simulate behavioural responses under different climate scenarios. For example, dynamic energy budget models have been used to project changes in hibernation patterns of marmots (Marmota spp.), incorporating temperature thresholds and fat reserves to forecast survival. Species distribution models have successfully predicted range shifts based on climate data, habitat preferences, and behavioural plasticity. Coupled with empirical field data, these models inform conservation planning and vulnerability assessments under climate scenarios. Integrating modelling with experimental results strengthens predictive capacity regarding future behavioural shifts (Urban et.al., 2016).
E. Citizen Science and Community-based Observations
Citizen science contributes large-scale data collection that supports behavioural ecology research, particularly for widespread or elusive species. Platforms such as iNaturalist, eMammal, and Zooniverse allow the public to record sightings, behaviours, and habitat use across wide geographies.Camera trap networks powered by volunteers have been used to detect nocturnal activity changes in mammals such as coyotes (Canis latrans) and foxes (Vulpes spp.), revealing behavioural shifts in urban and semi-urban environments. Snow tracking surveys and roadkill reporting by local communities have also aided in monitoring seasonal movement and mortality trends in species like elk (Cervus canadensis) and moose (Alces alces), helping researchers assess the interaction between mobility and climate variables. Engaging communities ensures continuous, cost-effective data generation and fosters local stewardship in climate adaptation strategies (Shandas et.al., 2008).
VII. Challenges and Knowledge Gaps
A. Lack of Behavioural Data in Understudied Regions/Species
One of the most significant barriers to understanding behavioural responses to climate change is the scarcity of long-term and fine-scale behavioural data across diverse ecosystems and taxa. Most documented behavioural studies focus on temperate and polar regions, while tropical, arid, and high-altitude environments remain vastly underrepresented in global research efforts. Small, cryptic, or nocturnal mammals—such as insectivores, marsupials, and fossorial rodents—are often excluded from datasets due to observational difficulties, despite evidence suggesting they may be highly sensitive to climatic shifts. For example, behavioural patterns in species like the Namib golden mole (Eremitalpa granti) or Malagasy tenrecs (Tenrecidae) are poorly understood under thermal stress, limiting comparative analyses across ecological contexts.Knowledge gaps also extend to lesser-studied behaviours such as play, parental investment variability, and interspecies cooperation, all of which may change under climate-induced pressures but remain insufficiently documented. Expanding monitoring networks and encouraging region-specific research will be essential to improve global understanding.
B. Complexity in Disentangling Climate Effects from Other Stressors
Multiple environmental and anthropogenic factors often operate concurrently, complicating efforts to isolate climate as a singular driver of behavioural change (Rosa et.al., 2015). Habitat fragmentation, land-use change, pollution, invasive species, and hunting interact with climatic variables in ways that may obscure causality. For example, behavioural shifts in large carnivores such as lions (Panthera leo) and leopards (Panthera pardus) could result from both prey redistribution due to drought and human encroachment, making attribution challenging. Similarly, changes in migration patterns in ungulates like saiga antelope (Saiga tatarica) may reflect both climate variability and infrastructure barriers such as fences and roads. These complex interactions require integrated, multidisciplinary frameworks that account for socio-ecological feedbacks. Without such approaches, behavioural interpretations may misrepresent the true nature of ecological responses to climate trends.
C. Limitations in Predictive Behavioural Models
Behavioural models used to forecast species responses under future climate scenarios often lack the resolution to incorporate real-world ecological variability or behavioural plasticity (Munday et.al., 2013). Many rely on correlative species distribution models (SDMs), which associate presence-absence data with climatic envelopes but ignore mechanisms such as learning, social structure, or individual variation. For instance, SDMs may fail to account for seasonal behavioural adaptations like altitudinal migrations, torpor, or habitat-switching that buffer species from extreme conditions. Inaccuracies in predicting the future range of pikas (Ochotona spp.) have been linked to poor model inclusion of behavioural refugia such as talus microhabitats. Models also frequently assume uniform responses across individuals and populations, which contradicts empirical findings showing significant behavioural diversity even within the same species. Incorporating agent-based models, machine learning, and real-time tracking data may improve model robustness but currently remains underutilized.
D. Ethical and Logistical Challenges in Field Research
Field research on mammalian behaviour faces increasing ethical and logistical hurdles, particularly under changing environmental conditions (Hughey et.al., 2018). Rising temperatures and habitat instability can increase mortality risk during capture or tagging, especially in thermally sensitive or endangered species. Transporting equipment, ensuring researcher safety, and maintaining long-term observation in remote areas becomes more difficult with climate-induced hazards such as floods, wildfires, or droughts. For example, long-term monitoring of polar bears (Ursus maritimus) has been disrupted by unpredictable sea ice dynamics, complicating access to denning areas. Ethical concerns also arise regarding the impact of behavioural research itself on animal welfare. Telemetry collars, while informative, may alter movement or social interactions, particularly in tightly bonded social species like wolves (Canis lupus) or elephants (Loxodonta africana). Institutional review boards and permitting agencies now require stricter compliance with wildlife welfare standards, often leading to reduced sampling or data collection opportunities.Balancing data collection with ethical responsibility and safety is a growing concern, requiring new technologies and collaborative frameworks to reduce field impact.
VIII. Conservation and Management Implications
A. Using Behavioural Indicators for Vulnerability Assessment
Behavioural traits can serve as early-warning indicators of climate sensitivity, providing valuable insight before demographic declines occur (Baruah et.al., 2020). Unlike population trends, behavioural shifts such as altered migration, activity patterns, or breeding phenology are often detectable with short-term monitoring and may precede observable impacts on abundance or distribution. For example, changes in diel activity—such as increased nocturnality—have been recorded in over 60% of monitored mammal species under thermal or anthropogenic stress, including species like jaguars (Panthera onca), wild boars (Sus scrofa), and cougars (Puma concolor). These responses signal habitat unsuitability or altered risk environments and help prioritize conservation interventions.Behavioural indicators also aid in assessing adaptive capacity. Species exhibiting limited behavioural plasticity, such as the American pika (Ochotona princeps), have been classified as high-risk, while more flexible species, including coyotes (Canis latrans), demonstrate broader tolerances. Integrating these behavioural metrics into vulnerability assessments enhances predictive accuracy and improves conservation planning.
B. Climate-Informed Wildlife Management Strategies
Effective wildlife management under changing climates requires integrating behavioural data with ecological and climatic variables (Anthony et.al., 2000). Management plans increasingly use behaviour-based evidence to guide decisions on habitat connectivity, migration corridors, and resource provisioning.Ungulate management in Yellowstone has shifted with the understanding that elk (Cervus canadensis) are altering migratory behaviour in response to snowpack and forage shifts, leading to adjusted hunting quotas and corridor protections. Caribou (Rangifer tarandus) management in Arctic Canada incorporates satellite tracking data to protect calving grounds from development during climate-sensitive periods.Wildlife translocations are also informed by behavioural profiles. Reintroduction efforts for species such as black-footed ferrets (Mustela nigripes) have prioritized individuals with higher exploratory behaviour and boldness, traits associated with improved post-release survival under novel environmental conditions. Behaviourally informed management enhances the resilience of conservation actions to dynamic climate impacts.
C. Designing Behaviourally Adaptive Protected Areas
Protected area (PA) design must incorporate behavioural flexibility and species' changing ecological requirements under climate stress (Wilson et.al., 2020). Static boundaries often fail to accommodate shifting ranges or seasonal movements driven by temperature and resource availability.Landscape-scale planning has begun incorporating movement ecology to develop climate-resilient conservation networks. For instance, protected area zoning for African elephants (Loxodonta africana) now includes seasonal migration pathways and water points identified via GPS telemetry, improving access to resources during prolonged droughts. In the Amazon, dynamic conservation models simulate jaguar (Panthera onca) movement under deforestation and climate scenarios, guiding adaptive corridor development that reflects real-time behavioural needs. Similar efforts in the Alps use elevation-linked habitat modelling to predict future range shifts in ibex (Capra ibex), allowing protected area extension into higher altitudes. PAs designed with behavioural adaptation in mind are more likely to support species persistence under climate uncertainty.
D. Human-Wildlife Conflict and Adaptation Strategies
Climate-induced behavioural changes are increasing spatial and temporal overlap between wildlife and human populations, heightening conflict potential. Carnivores like leopards (Panthera pardus) and bears (Ursus arctos) are expanding into agricultural and peri-urban areas during periods of prey scarcity and habitat degradation, resulting in increased livestock depredation and property damage. Adaptive conflict mitigation strategies focus on anticipating behavioural shifts and managing human responses. Early warning systems using camera traps and GPS alerts help prevent encounters in high-risk zones. Crop-guarding interventions and alternative water provisioning for wildlife during droughts have reduced crop damage by elephants in southern Africa by over 50%. Community engagement and compensation schemes improve tolerance and facilitate coexistence. In Nepal, buffer zone programs have incorporated local ecological knowledge about elephant behaviour, leading to coordinated fencing and patrolling efforts that have reduced human injury incidents. By incorporating behavioural ecology into conflict management, interventions become more proactive, effective, and context-specific (Wallen et.al., 2018).
IX. Future 
A. Integrating Behavioural Data into Climate Models
Behavioural data remains underutilized in climate forecasting and species distribution projections. Traditional species distribution models (SDMs) often rely solely on presence-absence or bioclimatic variables, omitting dynamic behavioural processes such as movement plasticity, activity timing, or thermoregulation strategies. Inclusion of behavioural parameters can significantly enhance model accuracy, especially for predicting non-linear responses to climatic extremes. For example, biophysical models that incorporate thermoregulatory behaviour have been used to predict lizard activity budgets under warming scenarios, and similar frameworks are being applied to mammals such as kangaroo rats (Dipodomys spp.) and pikas (Ochotona princeps). These models include metabolic constraints, shelter-seeking behaviour, and daily activity rhythms, leading to more refined estimates of habitat suitability and extinction risk. Agent-based models (ABMs), which simulate individual decision-making and social interactions under environmental constraints, offer another frontier (Liang et.al., 2022). These have been applied to simulate predator-prey dynamics under altered vegetation and temperature patterns, providing insight into cascading behavioural effects on ecosystems. Expanding behavioural datasets and linking them to climate models will help anticipate emergent ecological patterns under future climate scenarios.
B. Cross-disciplinary Research (Ecology, Ethology, Physiology, Climate Science)
Understanding behavioural responses to climate change requires interdisciplinary collaboration across multiple scientific domains (Olsen et.al., 2013). Ethology provides insights into behaviour mechanics and plasticity; ecology contextualizes these behaviours within populations and communities; physiology reveals the internal constraints; and climate science supplies the environmental drivers. Collaborative studies have shown that species such as  African elephants (Loxodonta africana) adjust movement and water-use patterns under thermal stress, but only through combined physiological monitoring (e.g., skin temperature), ecological modelling (e.g., resource mapping), and climate projection can the full behavioural trajectory be understood. Integrating isotopic analysis, hormone assays, and remote sensing can provide holistic views of behavioural adaptation. For instance, combining cortisol levels from faecal samples with GPS tracking data has clarified how stress and foraging range expansion relate in large herbivores like caribou (Rangifer tarandus).Interdisciplinary platforms and data-sharing initiatives are essential to unify these perspectives, overcome siloed approaches, and develop scalable conservation responses.
C. Focus on Behavioural Resilience and Limits to Adaptation
Not all species exhibit sufficient behavioural flexibility to cope with rapid environmental shifts. Identifying thresholds beyond which behaviour ceases to buffer organisms from environmental stress is critical (Lopez et.al., 2023). These thresholds represent points where physiological limits or ecological mismatches overpower behavioural coping mechanisms. For example, despite demonstrating behavioural thermoregulation by altering activity periods, desert rodents face survival declines once maximum operative temperatures exceed tolerance ranges, even during nocturnal foraging. Similarly, pikas (Ochotona princeps), despite shifting their foraging windows and seeking deeper crevices, experience mass local extirpations when ambient temperatures persist above 25°C. Understanding where behavioural plasticity fails is vital for identifying species most at risk and prioritizing adaptive management. Long-term monitoring coupled with experimental studies is needed to define these limits across functional groups and ecological systems.
D. Policy Integration and Stakeholder Engagement
For behavioural ecology to inform conservation under climate change, its findings must be translated into actionable policy (Cooke et.al., 2021). This requires engaging with stakeholders across sectors land managers, indigenous communities, agricultural planners, and urban developers to integrate behavioural data into land-use and resource governance.Behaviourally driven early warning indicators, such as altered migration timing or human-wildlife conflict emergence, should inform adaptive management frameworks and environmental impact assessments. Wildlife corridors designed using behavioural movement data are increasingly being included in climate adaptation planning at national levels in regions such as southern Africa and parts of Europe. Stakeholder co-design in research—such as participatory mapping of seasonal animal behaviour or incorporating local ecological knowledge into behavioural databases—improves policy relevance. For instance, Maasai communities in Tanzania have contributed observational data on elephant behaviour that enhanced drought response strategies and livestock management. Bridging the gap between scientific findings and governance systems is essential to ensure that behavioural adaptation knowledge translates into climate-resilient conservation outcomes.

X. Conclusion
Terrestrial mammals are exhibiting a wide range of behavioural adaptations in response to accelerating climate change, including altered activity patterns, shifts in migration, thermoregulation, and foraging strategies. These behaviours serve as critical buffers, often preceding genetic adaptation and mitigating immediate physiological stress. Despite growing evidence, significant knowledge gaps remain particularly for understudied taxa and regions limiting predictive capacity and conservation planning. Integrating behavioural data into ecological models, enhancing long-term monitoring, and fostering interdisciplinary collaboration are essential for understanding species resilience and thresholds of adaptability. Behavioural indicators offer early-warning signals of climate vulnerability, which can inform proactive management and policy decisions. Designing adaptive protected areas, mitigating human-wildlife conflict, and engaging local communities are vital for ensuring long-term ecosystem stability. As global temperatures rise, leveraging behavioural ecology offers a promising pathway to strengthen biodiversity conservation and enhance ecosystem resilience in an increasingly unpredictable climate context.
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