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Climate has far reaching impacts on biological
systems. Survival and reproduction depend on
how well adapted individuals are to local climate
patterns. Climate change can disrupt the match
between organisms and their local environment,
reducing survival and reproduction and causing
subsequent impacts on populations or species’ dis-
tributions across geographic regions. Changes in
climate may benefit some species and cause extinc-
tion for others. Cumulatively, it will alter biological
communities and the functioning of ecosystems.
Changes to ecosystem functions can in turn
increase or decrease the rate of human-driven cli-
mate change. In addition to effects of climate vari-
ables such as temperature and precipitation, plants
may respond directly to rising concentrations of
CO2, while aquatic species cope with changes in
water chemistry as greenhouse gasses dissolve
in water. The earth is already experiencing suffi-
cient climate change to affect biological systems;
well-documented changes in plant and animal
populations are related to recent climate change.
Predicting future biological impacts of climate
change remains a formidable challenge for science.

Introduction

Emission of carbon dioxide, methane and other greenhouse
gasses is a primary driver of current and future human-caused
climate change (IPCC, 2014). Biological systems respond not
only to the resulting changes in climate but also directly to
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changes in atmospheric concentrations of greenhouse gasses and
to secondary effects such as rising sea levels and changes in
water chemistry.
One of the fundamental lessons from the science of ecology

is that patterns of climate strongly influence the distribution and
abundances of living organisms. Climate describes weather pat-
terns for a given location over an extended period of time (e.g.
10+ years). Climate is not just the average conditions of temper-
ature and precipitation but also the seasonal and annual weather
variation, including the frequency and severity of extreme events
such as storms or drought. The earth’s climatic patterns are now
changing and human activities are major contributing factors
driving these changes (IPCC, 2014). The types of impacts climate
change will have on living systems have far reaching conse-
quences for natural ecosystems and the people who depend on
the goods and services that ecosystems provide.
The distribution of the general types of plants and animals,

or biomes, around the world can be predicted with some accu-
racy from climate patterns. General climate patterns are in turn
generated by atmospheric circulation patterns caused by differ-
ential heating of the earth’s surface, which determine the tem-
perature and precipitation patterns in a given area. Relatively
minor changes in the overall heat balance of the earth can change
atmospheric circulation and result in local climate changing more
dramatically than indicated by the degree of average warming.
For example, a 1∘C increase in average temperature can trans-
late into significantly longer growing seasons, greater number of
extremely hot days, and changes in the patterns and intensity of
precipitation (Melillo et al., 2014). In addition, a 1∘C increase
in global average temperature will result in some geographic
regions experiencing much greater than 1∘C warming, while
other regions show little or no warming. This has been observed
with the warming of recent decades where the arctic has warmed
much more quickly than the global average (IPCC, 2014). See
also: Ecosystem Concepts: Introduction; Plant Physiological
Responses to Climate and Environmental Change
Climate changes of this magnitude have already been observed

to impact species and entire biological communities (McCarty,
2001, Rosenzweig et al., 2008). Ongoing and future climate
changes will have far reaching effects on biological systems,
including humans. Each species is likely to respond differently to
changes in climate. For some species, climate will remain within
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Figure 1 The current geographic range of species is limited to areas with a suitable climate (a). As climate changes and the areas with suitable climate shift
towards the poles, species will respond in different ways. For some species, geographic distributions might shift to track changes in suitable climate, with little
change in the overall size of their range (b). However, for other species the area of suitable habitat may decline (c), or their ability to shift their geographic
range to take advantage of new areas may be limited by physical barriers such as mountains or bodies of water (d) or restrictions on the movement of
individuals that limit the ability to disperse (e). However, other factors besides climate can influence future geographic distributions. For example, some
species will evolve to adapt to new climatic conditions and remain in their current geographic range, while interactions with competitors, predators and
pathogens might prevent species from using areas with newly suitable habitat (f). Finally, species that are unable to respond adequately to new climatic
conditions or whose suitable habitat becomes too small (c) will go extinct. Reproduced with permission from Lambers (2015) © The American Association
for the Advancement of Science.

the existing range of tolerances. If a local climate shifts outside
the species’ range of tolerances, one of three responses will
occur: adaptation (environmental or genetic change), relocation
or extinction (Figure 1).
One of the great challenges for biology today is to try to

understand how future changes in climate will impact biologi-
cal systems. Progress towards this goal depends on understanding
the underlying mechanisms as to how individuals and species
respond to changes in climate, examining biological responses to
recent climate changes and integrating this information in exper-
iments and models to try to understand how complex biological
systems will interact under future changing climate conditions.

How Climate Impacts Life

The basic components of climate – temperature and mois-
ture – have pervasive impacts on organisms. Physiological
processes define life, and at the most basic level these are
chemical reactions. As such, they are subject to the unavoidable
relationship between temperature and the speed of chemical reac-
tions. While the rates of simple chemical reactions increase as
temperature increases, physiological processes respond in a more
complex manner. This typically involves a thermal optima where
the reaction proceeds most quickly. Physiological processes
proceed more slowly at temperatures above or below the thermal

optimum. Most physiological processes are also water-based.
All organisms face a major challenge: maintaining an appro-
priate water balance and temperature range for life-sustaining
physiological processes while living in environments that are too
wet/dry and too cold/warm.
The climate where an organism lives dictates the specifics of

this challenge, and organisms have evolved numerous adaptations
to cope with hostile environments. Organisms are exposed to not
just the average temperature and moisture conditions but also
the variability associated with seasons and with extreme events.
Plants and animals cope with variation in the environment in
many ways. Some animals move to different geographic areas to
avoid severe conditions (e.g. migration). Both plants and animals
can reduce activity when conditions are too severe: torpor in
animals and senescence in plants. See also: Fundamentals of
Water Relations and Thermoregulation in Animals; Ecology
of Water Relations in Plants

Climate and individuals

The physiologic health or condition of individuals acts as the link
between the habitat and population dynamics. Individuals poorly
suited for their habitat may not obtain enough energy to main-
tain themselves in good condition and may forego reproduction
completely or until conditions in the habitat improve.
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Climate can impact survival and reproduction for animals that
are able to regulate their body temperature within a narrow
range even as the surrounding air temperature varies, including
endotherms such as birds and mammals. As the temperature of
the environment decreases relative to body temperature, individ-
uals need to expend energy to stay warm and may eventually
reach the point where they can no longer generate enough heat
to maintain body temperature. If individuals cannot move to a
warmer environment or obtain needed energy, they may die. At
the other extreme, as environmental temperature rises above body
temperature, individuals need to expend energy and often signif-
icant amounts of water, to stay cool. Once again if surrounding
temperatures rise too high, the individual will no longer be able
to regulate the body temperature and could die. Even if environ-
mental temperatures do not reach the extremes that cause death,
the energy required to maintain internal conditions is no longer
available for other important activities such as reproduction.
Climate also has profound effects on the survival and repro-

duction of ectotherms: animals such as amphibians, reptiles and
insects that are unable to regulate their body temperature inde-
pendently of the surrounding temperature of the environment. For
these species, the rate of physiological processes determined by
body temperature depends upon ambient temperature. As ambi-
ent temperature rises the rate of physiological processes increases
in a nonlinear fashion and increases more rapidly when initial
temperatures are low. For example, a rate may triple across a
temperature of 10–20∘C but may only double from 20 to 30∘C.
Although ectotherms have a limited ability to avoid the physi-
ological consequences of changing environmental temperature,
they have evolved a broad assortment of strategies for copingwith
a broad range of climate conditions. See also: Thermoregulation
in Vertebrates; Vertebrate Metabolic Variation
As an adaptation to harsh environmental conditions, espe-

cially cold temperatures, some ectotherms become inactive dur-
ing unfavourable seasons of years, and climate change will sig-
nificantly alter the energy expenditures and body condition of
these organisms. Body condition in ectotherms is tightly bound to
reproductive output, timing to maturity and survival during inac-
tive periods. Unlike hibernation in mammals, where individuals
can regulate body temperature independent of ambient tempera-
ture, ectotherms cannot. Because their hibernating metabolic rate
is dependent on ambient temperature, warmer winters will cause
ectotherms to utilise more energy during hibernation than colder
winters. For example, common toads (Bufo bufo) in the United
Kingdom have shown a decline in body condition associated with
increasing temperatures which is also associated with decreased
annual survival (Reading, 2007). In addition, when ectotherms
usemore energy to hibernate during warmingwinter, they emerge
from hibernation in poorer condition, which reduces reproduc-
tion. See also: Hibernation: Endotherms; Hibernation: Poik-
ilotherms; Thermoregulation in Vertebrates: Acclimation,
Acclimatization and Adaptation
Aquatic species are also sensitive to temperature. Distributions

of many species are limited by water temperatures. The toler-
ance limits for some species can be quite narrow. Corals, for
example, can lose their symbiotic alagal partners with warm-
ing on the order of 1∘C, resulting in bleaching that stresses or
even kills coral (Doney et al., 2012). In addition, the dissolved

oxygen levels decline as water temperature rises, placing an
additional limit on some species. Antarctic icefish (Notothe-
nioidei: Channichthyidae) provide an extreme example of how
trade-offs between temperature and dissolved oxygen availabil-
ity impact aquatic organisms. This group of fish has lost func-
tioning haemoglobin due to the loss of the gene that produces
the β-subunit of the haemoglobin protein (Cocca et al., 1995).
This mutation would normally prove to be lethal, resulting in the
metabolic asphyxiation of the individual because nonfunctional
haemoglobin cannot carry oxygen to the body’s tissues to support
aerobic metabolism. However, the fact that they live in extremely
cold Antarctic waters results in low metabolic rates and a sub-
stantial reduction in oxygen demand. Indeed, the waters are so
cold that icefish depend on several physiological adaptations to
help them survive, including antifreeze proteins in their blood.
Icefish live within a few degrees of their upper, lethal tempera-
ture limit and if these fish were ever exposed to warmer waters
their metabolism, and consequently their oxygen demand, would
increase resulting in their death (Bilyk and DeVries, 2011; Beers
and Sidell, 2011). Currently, the waters surrounding Antarctica
have increased in temperature from 0.17∘C to ∼1∘C over the last
50 years and are predicted to increase by another 2∘C throughout
the next century (Clarke et al., 2007).
Plant physiology is also sensitive to temperature range and

moisture balance. Temperature andmoisture interact to determine
the rate of photosynthesis, the physiological process in which
plants meet their energy needs and use the sun’s energy to syn-
thesise carbohydrates from carbon dioxide and water. Because
plants have limited ability to regulate internal temperatures or to
avoid temperature extremes, many species become inactive dur-
ing seasons when conditions are unfavourable. Therefore, climate
determines the length of the growing season and the nongrowing
season when plants lack the necessary moisture for photosynthe-
sis or when temperatures drop below the freezing point of water.
The response of plants to global change is complicated by the

fact that one of the primary greenhouse gasses, carbon dioxide, is
also the key building block in photosynthesis. Rising concentra-
tions of carbon dioxide will increase rates of plant productivity,
but only when sufficient water and nutrients are available. The net
impact of global change on photosynthesis will vary regionally,
with water limitations and extreme temperatures counteracting
the positive impacts of higher carbon dioxide concentrations in
many areas. See also: Ecology of Water Relations in Plants;
Photosynthesis: Ecology; Plant Physiological Responses to
Climate and Environmental Change; Plant Responses to Ele-
vated CO𝟐

Climate and populations
A population consists of a collection of individuals, and popula-
tion size changes due to reproduction, immigration, mortality and
emigration of these individuals. As such, a population can only
growwhen net individual reproduction and immigration is greater
than mortality and emigration, and decreases when the opposite
occurs. Population size is influenced by a complex interaction of
direct and indirect factors that change the energy budget of indi-
viduals living in a population. Simply put, direct factors are those
that are abiotic and reflect changes to a population due to thermal
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stress, extreme weather or changes in precipitation. Indirect fac-
tors represent changes to the biotic environment, typically mani-
fested as changes in biotic interactions due to resource availabil-
ity, community composition and structure and predation pressure.
Most species have resolved the challenges associated with a

specific range of climate conditions, and the occurrence of these
conditions constrains the geographic range of a species. Outside
of this range, factors driving populations down – mortality and
emigration – will overwhelm reproduction and immigration, and
populations will die out. In some cases, the correlation between
specific climate conditions and the limits of geographic range can
be quite close. Classic examples where climate limits geographic
range include plants such as wild madder (Rubia peregrina)
whose northern limit in Europe corresponds closely to where
January temperatures remain approximately 4.5∘C and saguaro
cactus (Carnegiea gigantea) in Arizonawhere the range is limited
to areas where daily temperatures consistently rise above freezing
(Begon et al., 2006). The distribution of most species is influ-
enced by a more complex combination of factors, though climate
may still play a role. For example, the distribution of Northern
Bobwhite (Colinus virginianus) in North America is explained in
part by a combination of temperature and precipitation (Matthews
et al., 2007; Figure 2).
Although unfavourable climate can eliminate populations,

favourable climate is not a guarantee that populations will occur
or persist. Additional environmental conditions besides climate
may be unfavourable, or geographic barriers may exist that
prevent members of the population from ever reaching a given
geographic region. See also: Range Limits

Climate and interactions among species
Individuals interact with members of other species in a vari-
ety of ways. These include interactions among parasites, disease
organisms, predators and prey and competition over common
resources as well as mutually beneficial interactions such as flow-
ering plants producing nectar for the animals that pollinate their
flowers. Through these interactions species may influence the
population size and even the geographic range of other species.
Interactions among species in a community can produce indi-
rect links between a population and climate. For example, rush
moths (Coleophora alticolella) in England tolerate the direct
effects of climate associated with high elevations sites, but the
plants on which the caterpillars feed do not produce enough
seeds at high elevation, thereby limiting the range of the moth to
low elevation sites with abundant food for caterpillars (Randall,
1982). Differences among species in their abilities to cope with
changes in climate can shift the balance between competitors or
allow new predators, pathogens or parasites to invade a species
range. See also: Coexistence; Community Ecology: An Intro-
duction; Interspecific Competition; Interspecific Interaction;
Predation (Including Parasites and Disease) and Herbivory

Climate and communities
and ecosystems
The community of plants and animals in a given area emerges
from the responses of individual species to climate and other

physical factors. The species-specific nature of the factors lim-
iting ranges means that biological communities do not respond to
climate as cohesive units but rather are assemblages that reflect
the tolerances of their component species. These assemblages of
species are both familiar and have emergent properties such as
diversity and productivity. As climate changes it is probable that
assemblages of species that are now familiar will be broken up
as species that respond to new environmental conditions in dif-
ferent ways. New assemblages will then emerge with their own
characteristics and properties. See also: Community Ecology:
An Introduction
Communities in turn are linked with the nonliving environment

in ecosystems. Within an ecosystem, the flow of energy and mat-
ter among organisms is constrained by the ability of plants to
capture the sun’s energy in a form that can be used by other organ-
isms. In this way, energy balance forms the link between individ-
ual condition, population dynamics and ecosystem functioning.
Likewise, these higher-level processes that emerge from ecosys-
tems have far reaching implications for humans through their
impacts on nutrient, air and water cycles. See also: Ecosystem
Concepts: Introduction; Photosynthesis: Ecology

Observations of the Biological
Impacts of Climate Change

The earth’s climate has been in a state of change for most of the
history of life, and ample evidence exists to show how biological
systems respond to changes in temperature and moisture. We
know from fossils and other remains of long dead organisms that
biological systems have undergone dramatic changes in response
to past changes in climate. See also: Palaeoclimatology;
Palaeoenvironments
Since the mid-twentieth century, climate has been changing

rapidly relative to previous periods. Global mean temperatures
have increased by about 0.85∘C since 1880 and this warming has
occurred unevenly across the globe (IPCC, 2014). Temperatures
over land are warming faster than over oceans, and warming of
the arctic is occurring almost twice as fast as the global average.
Other changes in the environment follow from this warming.

Polar regions have had extensive warming of air and surface
ocean temperatures. This has led to a decrease in the extent of
Arctic sea ice, especially during summer. Similarly, ice mass has
been lost from the Greenland ice sheet and the northern Antarctic
Peninsula (IPCC, 2014). In the Northern Hemisphere, the extent
of snow cover in the spring months of March and April has
declined at a rate of 1.6% per decade since the mid-twentieth
century (IPCC, 2014). These changes both reflect a changing
climate and can impact species that are dependent on ice and snow
or whose life cycles are timed to a predictable spring thaw.
The magnitude of recent changes are sufficient for scientists

to observe how biological systems respond to ongoing climate
change. Researchers have turned to long-term datasets to under-
stand how climate change is impacting biological systems. Some
of the longest running quantitative records of biological systems
are observations of seasonal biological events. In many areas of
the globe, records of the timing, or phenology, of events such
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Figure 2 Much of the geographic range of species can be explained by climate. In the example shown above, Northern Bobwhites are widespread across the
southern two-thirds of the eastern United States. (a) The map shows their geographic range and relative abundance based on the North American Breeding
Bird Survey. USDA Forest Service scientists evaluated the geographic distribution of Northern Bobwhite (and 146 other bird species) against information
about the climate and vegetation in the eastern United States. The importance of different climate and habitat variables in explaining geographic range
depends on the bird species. (b) Illustration shows the combination of temperature and precipitation found in the eastern United States. The coloured cells
indicated the combinations of temperature and precipitation where Northern Bobwhites are found, while the light grey squares represent combinations of
temperature and precipitation found in the eastern United States where Northern Bobwhites are absent. Reproduced from Matthews et al. (2007) © USDA
Forest Service.
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as when birds migrate and when leaves or flowers appear in
the spring go back decades or more. These data provide strong
evidence for widespread changes in the timing of biological
events linked to the climate changes experienced over the same
time period. For example, Terry Root and her colleagues con-
ducted a review of 64 studies of biological events associated with
the onset of spring in 694 species of plants and animals; the
results indicated that spring phenological events like migration
and flowering have been occurring earlier at a rate of 2–7 days
every decade (Root andHughes, 2005). Globally, the documented
changes in biological systems are consistent with the changes in
climate observed during these same decades (Rosenzweig et al.,
2008). See also: Climate Change Impacts: Insects; Climate
Change Impacts: Birds
Not all species will be able to cope with climate change

by tracking favourable conditions because the changing climate
might exceed the capacity of individuals to alter the timing of
activity. Desert-dwelling ground squirrels face extreme heat dur-
ing summer months and also low water availability. As a result,
ground squirrels enter a period of seasonal inactivity (aestivation)
during the summer months to decrease energetic demands. How-
ever, as summers become warmer and precipitation decreases,
the length of the inactive season will increase while the wet sea-
son, when squirrels obtain food for aestivation, shortens. Piute
ground squirrels (Spermophilus mollis), from the western United
States, have been shown to enter aestivation early in response to
early spring drought. If the drying trend continues to increase,
these animals may not acquire sufficient energy resources during
the shortened growing seasons to aestivate over the longer dry
months (Steenhof et al., 2006).
Changing phenology may not always track favourable condi-

tions if it disrupts or decouples species interactions or other biotic
factors that influence populations. For example, Marmots in the
mountains of Colorado spend the winter hibernating and emerge
from hibernation when air temperature warms. As air tempera-
tures have increased, marmots have been emerging from hiber-
nation 23 days earlier than they did in 1976. However, because
winter precipitation in the form of snow is increasing, deep snow
is still on the ground preventing plants from growing. Therefore,
marmots must use their limited fat reserves for longer periods
in spring while at the same time they have increased energetic
demands and are preparing for reproduction (Inouye et al., 2000).
Geographical ranges of species have expanded and contracted

as climate factors have changed over the past decades. Historic
datasets show that geographic ranges of many northern hemi-
sphere species are shifting northward at rates consistent with
observed climate change. A recent meta-analysis examined the
results from studies of looking at changes in latitudinal distribu-
tion of taxonomic groups covering 764 species in Europe, North
America and Chile and found that the groups had shifted away
from the equator at a median rate of 16.9 km per decade (Chen
et al., 2011). Overall, the distance moved corresponded to the
expected change given the rate of climate warming. However,
the distance moved varied among species groups and some
groups were not moving fast enough to keep up with the pace of
climate change. In mountainous regions an analogous shift has
been documented with species spreading to higher elevations
where temperatures are cooler at a median rate of 11.0m per

decade (Chen et al., 2011). These range expansions lead to a
homogenisation of alpine plant communities and a decrease in
specialised communities, particularly in alpine tundra associated
with mountain peaks (Jurasinski and Kreyling, 2007). Marine
species are also altering their ranges to compensate for increased
water temperatures. Globally, marine species have shifted their
distribution 30.6± 5.2 km per decade (Sydeman et al., 2015).
Most range shifts seem to be associated with an attempt to main-
tain their presence in cooler waters and have therefore resulted in
more polar shifts, or, when polar movements are not possible (i.e.
movement is blocked by the presence of land), then species may
move to deeper waters. See also: Alpine Ecosystems; Marine
Communities
Most species are likely to respond to changing conditions in

more than one way. For example, pacific walrus use sea ice as a
place to rest between foraging trips, a location to molt their skin,
and as a safe location to give birth to their young (Jay et al., 2012).
In response to earlier ice break up in spring and later ice formation
in fall, walruses now begin their spring migration about 1 month
earlier and return in the fall a month later (MacCraken, 2012).
In addition, populations in the Chukchi Sea have shifted their
range to more northern latitudes in June and July, while during
September and October walruses forage closer to shore than
historically documented. Even with these adjustments, the loss of
sea ice has contributed to young and adult females to haul out in
large numbers onto the shore (Jay et al., 2012;MacCraken, 2012).
In some cases it appears that changes in climate have over-

whelmed species’ abilities to respond. Amphibians living in the
mountains of Central America may provide a window into what
the future might hold (Pounds et al., 2006). The Monteverde
region of Costa Rica is world famous for its cloud forest and
diverse community of frogs. Declines in populations of these
frogs have been well documented in recent decades and include
the extinction of the golden toad (Bufo periglenes). Population
decline and species loss are linked to the changing climate,
including a reduction in misty days; a defining feature of cloud
forests, but the full explanation is much more complex. Warmer
night time temperatures produce ideal growing conditions for
a chytrid fungus (Batrachochytrium dendrobatidis) that infects
amphibians and sometimes kills them. Frogs stressed by warmer
and drier climate are less able to resist fungal infection. As a
result, populations decline and populations and species go extinct
(Pounds et al., 2006).
Responses of a few key species to climate change may

result in far reaching consequences for entire ecological
communities. Corals are sensitive to ocean warming, which
contributes to bleaching. In addition, increases in atmospheric
CO2 concentrations result in more acidic ocean waters as CO2

dissolves in water. These more acidic conditions make it more
difficult for corals to secrete their skeletons (Doney et al., 2012).
Loss of corals and the physical structures they create will result
in disruption of the entire community dependent on this habitat.
These changes are already impacting many of the world’s reef
systems and global impacts are projected in the coming decades
(Frieler et al., 2013). An analogous change has been observed
along the temperate coast of Australia where extreme warming
starting in 2011 resulted in the loss of kelp forests and the
community that depends on the kelp (Wernberg et al., 2016).
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Within 2 years, the kelp forest community had been replaced by
tropical and subtropical species along 100 kms of the coast.
In addition to changes in populations and biological communi-

ties, earlier spring warming and changes in summer climate have
produced significant changes in the fundamental energy dynam-
ics of ecosystems. Satellite and ground-based observations show
that over the past 30 years the thermal potential growing season
in northern ecosystems has become 10.5 days longer; however,
limited moisture and light has limited the ability of plants to take
advantage of the warmer conditions so the growing season when
photosynthesis occurs has lengthened by 6.7 days (Barichivish
et al., 2013). For some ecosystems this has been accompanied by
an increase in net primary productivity as well. Globally, satellite
datameasuring leaf-area index shows that an overall ‘greening’ of
the earth’s surface has occurred during the growing season, indi-
cating that plants produce more leaves (Zhu et al., 2016). Models
indicate that this increase is driven by the fertilising effect of CO2

combined with changes to climate, changes to nitrogen cycling
and other variables. Analogous changes are seen in aquatic sys-
tems (Burrows et al., 2011) where spring events such as migra-
tions and plankton blooms have occurred 4.4± 1.1 days earlier
(Poloczanska et al., 2013).

Trying to Understand the Future

Biological responses to future climate change will depend on the
rate and magnitude of continued climate change. Sophisticated
models of the earth’s climate system incorporate our best under-
standing of the variables that interact to drive the earth’s climate,
but a fundamental uncertainty for predicting climate change is
how human behaviour will influence the increase in atmospheric
greenhouse gas concentrations. The Intergovernmental Panel on
Climate Change (IPCC) presents the most comprehensive and
authoritative synthesis of possible outcomes by examining sev-
eral leading climate models and incorporating a range of ‘scenar-
ios’ for future greenhouse gas concentrations. The IPCC’s 2014
report suggests that warming will continue and accelerate during
the twenty-first century. The average global temperature by the
end of this century is projected to increase 0.3–4.8∘C or more
beyond what was experienced during 1986–2005 (or approxi-
mately 0.9–5.4∘C above pre-industrial levels), depending on how
human emissions of greenhouse gases change (IPCC, 2014). As
with past change, actual changes in temperature experienced by
plants and animals will vary. Alpine and polar regions have expe-
rienced the greatest change in climate and will likely continue
to show dramatic effects of global warming. See also: Biotic
Response to Climatic Change

Methods for studying the biological
impacts of climate change – models
and experiments

One approach to understanding complex interactions among
species and a changing environment is to take what we know
about how species respond to climate (Figure 2) and combine that
information with output from global climate models to forecast

how species or communities might respond to future conditions.
For example, the USDA Forest Service has detailed information
about where different forest types currently exist (Prasad et al.,
2007; Figure 3). By analysing these distributions in relation to
environmental variables, predictive models can be generated that
approximate the distribution currently observed (‘current mod-
elled’ in Figure 3). By then, incorporating forecasts of how
those environmental variables will change under scenarios of
incorporating with low or high rates of climate change, the figure
distributions of the forest types can be generated. In the case
shown in Figure 3, spruce/fir forests currently exist in northern
United States but the models suggest that future conditions will
no longer be suitable for that forest community. Although these
models do not predict whether species will be able to respond to
climate change successfully, they can provide insights into how
potential habitat for different species might shift under different
climate conditions.
Another approach to understanding complex interactions is

to expose current communities to conditions they might expect
in the future. For example, experiments can alter temperature,
moisture levels, concentrations of carbon dioxide in the surround-
ing air and various combinations of these and other variables
(Figure 4). This approach can be especially useful for under-
standing how changes in different aspects of the environment
can interact to influence biological systems. For example, the
Aspen FACE (Free-Air Carbon Dioxide Enrichment) experiment
exposed trembling aspen (Populus tremuloides) and other trees
to higher concentrations of carbon dioxide as well as the air pol-
lutant ozone to understand impacts on forest productivity and
ecosystem function (Karnosky et al., 2003). The TasFACEproject
employed similar technology to expose native grasslands in Tas-
mania, Australia to increased levels of CO2 and then added treat-
ments including infra-red heaters to mimic higher temperatures
expected in 2050, (Hovenden et al., 2014; Figure 4). See also:
Global Carbon Cycle; Climate Change Impacts: Vegetation

Effects of increasing carbon dioxide
on biological systems
Most of our attention is focused on changes in climate driven by
increasing concentrations of carbon dioxide in the atmosphere.
However, carbon dioxide can have other effects on biological
systems that will contribute to changes in the coming decades.
Carbon dioxide plays a key role in photosynthesis. Photo-

synthesis rates can be higher as carbon dioxide concentrations
increase. Whether plants are able to take advantage of the enrich-
ment of the atmosphere with carbon dioxide will depend on
whether they have the other resources, such as water and nutri-
ents, to support increased productivity. The TasFACE experi-
ments (Figure 4) demonstrated that variation in seasonal rainfall
was a factor that determined how grasslands respond to ele-
vated CO2, in part because of interactions between rainfall in
the cool months and limited nitrogen (Hovenden et al., 2014).
Other anthropogenic factors can also influence these patterns.
For example, the aspen trees in the Aspen FACE project that
were grown under higher concentrations of carbon dioxide grow
faster, whereas those exposed to increased ozone grow slower
(Karnosky et al., 2003; Figure 4). When exposed to both carbon
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Current FIA Current modelled

Average of 3 GCMs–Low Average of 3 GCMs–High

(a) (b)

(c) (d)

White/red/jack pine

Legend

Spruce/fir

Loblolly/shortleaf pine

Longleaf/slash pine

Oak/pine

Oak/hickory

Oak/gum/cypress

Elm/ash/cottonwood

Maple/beech/birch

Aspen/birch

NoData

Figure 3 Mathematical models provide one approach for helping us understand how changes in climate will impact biological systems. These maps show
the current geographic range of forest types as well as modelled output based on current climate and two scenarios of future climate. Current forest
types (panel a) are based on the USDA Forest Service’s Forest Inventory Analysis (FIA) data. Information about the geographic range of 134 tree species
was evaluated against 38 environmental variables to generate predictive models. The utility of the models can be evaluated by inserting current climate
conditions into the models and comparing the output (panel b) to current distributions of forest types (panel a). The general correlation between the actual
current FIA data and the modelled current distributions indicates that much of the variation where the forest types occur can be explained by combinations
of climate variables. This correlation also suggests that the Forest Service model can be used to model potential habitats under future climate conditions.
The scientists took the output from three widely used global climate models under two scenarios used by the Intergovernmental Panel on Climate Change.
The ‘Low’ scenario assumes that emissions of greenhouse gasses will be significantly reduced, while the ‘High’ scenario assumes that current emission trends
will continue. Panels (c) and (d) show how the potential habitat for forests might change in the future. Note in particular the loss of potential habitat for
northern forest types such as Spruce-Fir forests that are currently found in the northern tier of states but which might disappear in the future. Reproduced
from Prasad et al. (2007) © USDA Forest Service

dioxide and ozone the effects on growthwere neutralised. Indirect
effects on trees appearedwhen trees were exposed to higher levels
of carbon dioxide by impacting insects that live and feed on the
trees and by altering the competitive balance between aspen and
sugar maple trees (Acer saccharum). Not all plants in a commu-
nity will be equally able to respond to increased carbon dioxide.
Plants that are able to respond may have a competitive advantage

in communities. In the grasslands of North America, this might
lead to invasion of grasslands by trees and shrubs as woody plants
gain an advantage over grasses. Exposure to higher levels of CO2

during growth can also change the nutrient levels of plants inways
that could have implications for the animals that eat them. In Aus-
tralia, the leaves of rainforest trees grown under elevated CO2

contained lower levels of nitrogen and other nutrients (Kanowski,
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(a) (b)

(c) (d)(d)

Figure 4 Experimental approaches for studying the effects of climate change on biological systems. (a) Species may respond directly to warming associated
with climate change. Open Top Chambers are designed to passively warm vegetation plots with a simple, inexpensive system that can be replicated across
many sites as part of the International Tundra Experiment (ITEX; Elmendorf et al., 2012). Reproduced with permission from R Hollister. (b) Changes in
precipitation patterns can be manipulated using shelters such as these deployed in a salt marsh as part of study to study the response of ecosystem processes
such as plant growth and nutrient cycling. Reproduced with permission from H Emery. (c) Plants may respond directly to changes in concentrations of
greenhouse gasses such as carbon dioxide. The Aspen FACE (Free Air Carbon Dioxide Enrichment) Experiment exposed trembling aspen trees in the open
under carbon dioxide levels similar to those expected to occur late in the twenty-first century. The pipes surrounding the growing trees release carbon
dioxide, mimicking the effects of altered atmosphere in a field setting where plants interact with each other and with other environmental variables in a
natural setting. Photo by JP McCarty. (d) The TasFACE experimental system combines the FACE technology with infrared heaters to simulate warming and
altered atmospheric gasses simultaneously. Reproduced with permission from M Hovenden.

2001). A decline in the nutritional value of the leaves in turn raises
concerns about the impacts on the native marsupials that feed
on the leaves. See also: Photosynthesis: Ecology; Plant Phys-
iological Responses to Climate and Environmental Change;
Ecophysiological Responses of Plants to Air Pollution
Increased carbon dioxide in the atmosphere is also having far

reaching direct effects on the world’s oceans. Carbon dioxide
is soluble in water and decreases its pH by forming carbonic
acid. Oceans have become more acidic in recent years as atmo-
spheric carbon dioxide levels have increased. The average pH of
the ocean has decreased from a pre-industrial level of 8.20 to 8.11
and could fall to 7.8 by 2100 (Feely et al., 2009). Many aquatic
organisms are sensitive to the acidity of water. For example,
the carbonate shells of marine animals can dissolve in acidic

water. Increased acidity will further stress coral reef communities
that are already suffering the effects of warmer water tempera-
tures. See also: Climate Change and Biogeochemical Impacts;
Global Carbon Cycle

Range shifts in response to climate
change
As climate changes, the geographic range of some species will
shift to track changes in climatic conditions (Figure 1). The total
area occupied by a species might increase, decrease or remain
constant. The potential for the range of species to move with the
climate will depend on whether there is a net gain or loss of area
with a suitable climate. Some species whose ranges are currently
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limited by climate may expand into suitable areas whereas the
potential range of other species will shrink. At a local scale,
suitable climate conditions may disappear entirely. This might be
most dramatic in mountains where the potential shift in habitats
to higher elevations is limited by the height of the mountains or
near the poles where sea ice habitat will disappear. Within a given
area some species will be lost as the climate becomes unsuitable
but other species will be added as climate becomes favourable
for them. Across North America, changes in climate will result in
both gains and losses of birds (Langham et al., 2015; Figure 5).
In addition, the species within a community are likely to respond
differently so the composition of communities will change.
Another key factor will be the balance between how fast

climate shifts and how quickly species can respond. How far
individuals or seeds and other propagules can spread or move
will limit changes in geographic range or migration (Figure 1).
Freshwater plants and animals may have even more limited
abilities to colonise new habitats as lakes and streams warm.
Although we might predict distributions of highly mobile species
to change quickly, a suitable habitat may depend not just on
climate conditions but also on the presence or absence of other
species or resources. Barriers to movement also exist in the form
of mountains and water bodies (or land in the case of aquatic
species). Finally, much of the earth’s surface has been trans-
formed by human activities, and the ability of populations of
plants and animals to colonise new areas in a human-dominated
landscape is uncertain. See also: Dispersal: Biogeography;
Range Limits

Evolution in response to climate change

Changes in behaviour, timing of life history events (phenology),
selective use of more hospitable microhabitats within the existing
range and changes in physiology can all help species adjust to
variations in climate. For some species, these capabilities already
exist in individuals and responding to climate change will be
relatively straightforward (i.e. phenotypic plasticity). In other
cases, the characteristics that determine the climate tolerance of
a species will involve a more fundamental, genetically based
change (evolution).
The rate at which populations evolve or undergo change in its

genetic make-up will determine whether a species can adapt to
new climatic conditions. Although evolution can happen rapidly,
not all species will be equally able to evolve in the face of cli-
mate change. For evolution to occur rapidly, genetic variability
in traits of interest needs to exist in the population; otherwise
the rate of change would depend on a suitable mutation arising,
an extremely rare event. Furthermore, small or declining popula-
tions are less likely to adapt to changing environments due to their
low levels of genetic variation. The rate at which evolutionary
change could proceed is also a function of the time between gen-
erations. Long-lived species such as trees will evolve more slowly
than species with short generation times such as insects. See also:
Adaptation andConstraint: Overview;Adaptation andNatu-
ral Selection: Overview;Natural Selection: Responses to Cur-
rent (Anthropogenic) Environmental Changes; Evolutionary
Responses to Climate Change

Extinction in response to climate change

Not all species will be able to respond to changes in climate.
Species that are unable to respond quickly enough will go extinct.
Estimates of the risk of extinction due to climate change vary,
but the magnitude of extinctions could be immense. One recent
meta-analysis synthesised 131 published estimates of extinction
risks and concluded that 7.9% of species were at risk of extinction
although, depending on the assumptions used, some authors pro-
duced estimates as high as 50% (Urban, 2015). Extinction risks
were greatest in South America, while fewer species in North
America and Europe are considered to be at higher risk. Arctic
species may also be at greater risk, both due to the faster warming
experienced at high latitudes, and the structural changes associ-
ated with loss of sea ice.
Climate changes may increase the extinction rates of species

already at risk. Small populations will have limited potential to
evolve in response to new conditions. Climate change may also
exacerbate the very conditions that placed species at risk in the
first place. For example, invasive species, disease and parasites
pose a threat to many populations, and the changing climate may
facilitate the invasion of new threats into the range of species
at risk. Invasive species are defined in part by their ability to
colonise new areas and would be expected to expand their ranges
quickly in response to climate change. This pattern has already
been observed in alpine areas of Australia, where warming tem-
peratures have allowed invasive, non-native mammals including
rabbits and horses, to access areas where they had previously been
excluded (Hughes, 2003). Lack of suitable habitat places many
species at risk of extinction. If climate change reduces habitats
further, species may be unable to recover from the loss and will
go extinct. This threat is exacerbated by the fact that current con-
servation efforts may miss many of the species that will be at risk
from climate change in the near future (Langham et al., 2015).
See also: Biodiversity–Threats; Extinction

Climate – ecology feedbacks

Climate clearly impacts biological systems but biological sys-
tems can also influence climate by changing the amount of heat
absorbed from the sun, releasing water vapour and altering the
levels of carbon dioxide and other greenhouse gasses in the atmo-
sphere. The impact of this feedback on climate is a consider-
able source of uncertainty for projecting future effects of climate
change on biological systems. Plants, both on land and in the
ocean, absorb carbon dioxide from the atmosphere during pho-
tosynthesis. Some of the carbon trapped this way is transferred
to higher trophic levels when animals eat plants, some remains
bound up in living or dead plant matter and some is released back
into the atmosphere when dead plant material decays. The bal-
ance between absorption of carbon dioxide from the atmosphere
and its release back into the atmosphere has significant effects on
the composition of the atmosphere and, ultimately, the climate.
Behaviour of these so-called feedback loops is difficult to

predict.Warming climate may extend the growing season in some
areas, leading to more carbon dioxide being removed from the
atmosphere. Whether this has an impact on climate will depend
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41–50
31–40
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0–10

0–10
11–20
21–30
31–40
41–50
51–60
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0.7–0.8
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Figure 5 As climate changes, the community of species present in a given area is also expected to change. Langham et al. (2015) modelled the possible
changes in the geographic distributions of 588 North American bird species by 2080 under one possible emission scenario (SRES A2). Impacts vary both
geographically and between the breeding and nonbreeding seasons. As expected, most areas are projected to lose species of birds during both the breeding
and nonbreeding season (a). At the same time, areas will gain new species as the distributions of breeding birds shift north and as species that currently
winter further south remain in the region during the nonbreeding season (b). The overall change in community composition, represented here by the
Bray–Curtis dissimilarity index, demonstrates the change in the local composition of communities expected, especially in the north and the mountainous
regions of western North America (c). Reproduced from Langham et al. (2015) under the terms of the Creative Commons Attribution License.
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on whether the carbon remains trapped in plant material or is
released into the atmosphere.
Climate change has the potential to disrupt current stores of car-

bon trapped in plant matter and actually increase carbon dioxide
in the atmosphere. In the Arctic, vast stores of carbon are stored in
peat and other plant material. As the permafrost layer thaws, this
material could decay at a faster rate, releasing the stored carbon
in the form of carbon dioxide and even more potent greenhouse
gases such as methane. See also: Global CarbonCycle;Climate
Change and Biogeochemical Impacts

Summary

There is little doubt that the earth’s climate will continue to
change in ways that impact biological systems. While recent and
future changes in climate patterns are driven by an overall global
warming trend, it is important to remember that biological sys-
tems interact with local climate patterns, not the global average.
Understanding future impacts of climate change is not a sim-
ple matter of asking how biological systems respond to 2 or 4∘C
changes in temperature, but the more complicated task of how 2
or 4∘C or more ∘C warming of the earth’s system will impact the
climate patterns where the biological system of interest resides.
See also: Global Change – Contemporary Concerns
It is clear from both ancient and recent climate change that

while some species will adapt to new climate conditions, not all
species will have the ability to respond to changes in climate.
Extinctions will occur; current communities of species may dis-
assemble as species respond differently to rapid climate change;
new species’ assemblages will emerge. The fates of those species
faced with the rapid changes in climate expected in the coming
decades are uncertain, but their extinction will result in perma-
nent, cascading changes to the ecosystems that provide human
societies with goods and services we depend on and value.
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Abstract 

Climate change represents one of the most profound drivers of biological reorganization in the 

Anthropocene, reshaping species distributions, disrupting ecological interactions, and accelerating 

extinction risk across terrestrial and aquatic ecosystems. This paper synthesizes current evidence 

on the physical, physiological, and ecological mechanisms through which climate change 

influences species survival and biodiversity patterns globally. Emphasis is placed on the role of 

extreme temperature events, particularly rising maximum temperatures, as primary determinants 

of local extinctions rather than gradual shifts in mean climate conditions. The paper further 

examines latitudinal and altitudinal range shifts, phenological mismatches, trophic asynchrony, 

and physiological constraints such as reduced thermal safety margins, especially in tropical and 

intertidal organisms. Case studies from amphibians, coral reefs, polar ecosystems, and forest and 

marine food webs illustrate the compounded effects of climate stressors interacting with habitat 

loss, disease, and altered species interactions. While phenotypic plasticity and rapid evolutionary 

responses can facilitate short-term persistence, their capacity is increasingly outpaced by the 

velocity of contemporary climate change. The paper highlights adaptive conservation strategies, 

including climate refugia, habitat connectivity, and assisted migration, as essential tools for 

mitigating biodiversity loss. Ultimately, effective biodiversity conservation under climate change 

will require integrated approaches combining rapid greenhouse gas mitigation with proactive, 

climate-informed ecological management. 

Keywords Climate change biology; Species distribution shifts; Local extinction; Thermal safety 

margins; Phenological mismatch; Biodiversity conservation; Anthropocene; Adaptive 

management 

1. Introduction 

The current geological epoch, frequently identified as the Anthropocene, is defined by an 

unprecedented shift in the Earth's climate system, primarily driven by the rapid accumulation of 

anthropogenic greenhouse gases (Anderson et al., 2012).  While the planet has historically 

experienced cyclical climatic fluctuations, such as the Milankovitch cycles that operate over 

100,000-year periods, the contemporary rate of change is distinguished by its velocity, which far 

exceeds the adaptive capacity of many biological lineages (Luedtke et al., 2023). Atmospheric 
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carbon dioxide (CO2) concentrations, which fluctuated between 180 and 300 parts per million 

(ppm) for the last 800,000 years, have surged to over 415 ppm in the span of mere centuries 

(Thompson Rivers University, 2021). This chemical alteration of the atmosphere facilitates a 

pervasive greenhouse effect, where gases such as methane (CH4), nitrous oxide (N2O), and 

various fluorinated gases (F-gases) trap infrared radiation, leading to a rise in global mean surface 

temperatures of approximately 1.1 degrees Celsius (°C) since the industrial revolution 

(Intergovernmental Panel on Climate Change [IPCC], 2023). The resulting biological responses 

ranging from shifts in geographic distributions and phenological timing to catastrophic local 

extinctions represent a fundamental restructuring of the biosphere that threatens the stability of 

global biodiversity and ecosystem services (Bongaarts, 2019). 

 

2. Physical and Chemical Drivers of Biological Reorganization 

The biological impacts of climate change are rooted in the fundamental physics of the greenhouse 

effect. Specific atmospheric constituents, notably CO2, CH4, and N2O, absorb and re-emit 

longwave radiation, thereby insulating the planet (EPA, 2021). Carbon dioxide is the primary 

driver of this warming, released largely through the combustion of fossil fuels, industrial chemical 

reactions such as cement manufacturing, and the degradation of biological carbon sinks through 

deforestation (Urban, 2015). Methane, though shorter-lived in the atmosphere, possesses a 

significantly higher global warming potential and originates from both natural wetlands and human 

activities, including livestock agriculture and fossil fuel extraction (Kupiainen et al., 2022). 

 

Figure 1. Systems-level Overview of Anthropogenic Drivers, Climate Feedbacks, and Multi-

domain Ecological Impacts. 

 
The consequence of this warming is not uniform, manifesting as a suite of environmental changes 

that directly influence organismal survival. These include shifts in precipitation patterns, increases 
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in ocean acidity, the rapid melting of glaciers and sea ice, and a heightened frequency of extreme 

weather events such as heatwaves, droughts, and floods (IPCC, 2022). Ocean acidification, a result 

of the ocean absorbing approximately 30% of anthropogenic CO2, decreases the saturation state 

of carbonate minerals, which is critical for the calcification of marine organisms such as corals and 

mollusks (Polidoro, 2025). 

 

Table 1: Characteristics and Primary Sources of Major Anthropogenic Greenhouse Gases 

Greenhouse Gas Primary Anthropogenic 

Sources 

Atmospheric 

Lifespan 

Contribution to 

Warming 

Carbon Dioxide 

(CO2) 

Fossil fuel combustion, 

cement production, 

deforestation 

Centuries to 

millennia 

High (most 

abundant) 

Methane (CH4) Rice paddies, livestock, fossil 

fuel leaks, landfills 

~12 years Significant (high 

potency) 

Nitrous Oxide 

(N2O) 

Agricultural fertilizers, 

industrial processes 

~114 years Moderate 

Fluorinated Gases 

(F-gases) 

Refrigerants, aerosols, 

semiconductor manufacturing 

Weeks to 

thousands of years 

Variable (extremely 

high GWP) 

 

3. Mechanistic Drivers of Species Extinction 

The identification of specific climatic variables that trigger local extinctions is paramount for 

predicting future biodiversity loss. Recent meta-analyses covering 538 plant and animal species 

globally indicate that local extinctions are most strongly associated with increases in maximum 

annual temperatures (Tmax) rather than changes in mean annual temperature (Tmean) (Román-

Palacios & Wiens, 2020). Populations that underwent local extinction were located at sites where 

the hottest yearly temperatures increased roughly three times faster than at sites where populations 

persisted. Specifically, the mean increase in Tmax at extinction sites was 0.413 °C compared to 

0.147 °C at non-extinction sites (Holzmann et al., 2022). 

This finding suggests that acute thermal stress, rather than gradual shifts in average conditions, is 

the primary demographic driver of population collapse. In temperate regions, this pattern is even 

more pronounced, with extinction sites showing smaller changes in Tmean but significantly larger 

spikes in Tmax (Wiens, 2016). This paradox highlights the inadequacy of using annual averages 

as proxies for biological risk, as organisms are more likely to be limited by their physiological 

tolerance to extreme heat events (Panetta et al., 2018).  

 

3.1 The Role of Dispersal and Niche Shifts in Survival 

To persist under changing climates, species must either relocate to suitable environments or adjust 

their ecological niches to tolerate novel conditions. Ecological niche modeling suggests that if 

species rely solely on dispersal to track their preferred climate, between 57% and 70% of those 

studied could face extinction by 2070 because the velocity of climate change exceeds their natural 

migration rates (Bates et al., 2021). However, the capacity for niche shifts defined as the set of 

temperature and precipitation conditions where a species can occur can mitigate this risk (Årevall 

et al., 2018). When both dispersal and niche shifts are considered, projected extinction rates drop 

to between 16% and 30% (Thompson et al., 2019). This underscores the critical importance of 

phenotypic plasticity and evolutionary adaptation in determining the future landscape of 

biodiversity (Mestre et al., 2020). 

 

4. Spatial Redistribution of Biodiversity 
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The most pervasive biological signature of global warming is the systematic redistribution of 

species across the planet. As the thermal envelopes of organisms move poleward and upward, 

 species are tracking these isotherms to remain within their physiological limits (Chen et al., 2011). 

 

4.1 Latitudinal and Altitudinal Range Shifts 

Meta-analytical evidence confirms that species are shifting toward higher latitudes at a median 

rate of 16.9 kilometers per decade and toward higher elevations at a rate of 11.0 meters per decade 

(Visser & Gienapp, 2019). These movements are not uniform across taxa; birds, insects, and 

marine fish demonstrate the most rapid latitudinal shifts, while mammals often lag behind, possibly 

due to habitat fragmentation or lower dispersal capacities (Spence et al., 2020). In marine 

ecosystems, where physical barriers are fewer, species often track their thermal niches more 

accurately than terrestrial organisms (Lenoir & Svenning, 2015). 

The dynamics of these shifts are characterized by "leading-edge expansion" and "trailing-edge 

contraction". At the leading edge, vagile species colonize new territories that have recently become 

thermally suitable (Pinsky et al., 2020). Conversely, at the trailing edge (the warmer limit of the 

range), populations face extirpation as conditions exceed their survival thresholds (Brown, 2022).  

For example, freshwater fish populations at their equatorward limits are showing significant 

declines in abundance as stream temperatures rise, while populations at their poleward limits are 

expanding (Luedtke et al., 2023). 

 

Table 2: Observed Latitudinal and Altitudinal Range Shifts by Major Taxonomic Groups 

Taxonomic 

Group 

Median Latitudinal Shift 

(km/decade) 

Median Altitudinal Shift 

(m/decade) 

Sensitivity to 

Tmean 

Birds 17.0 1.0 High (Vagile) 

Insects 

(Butterflies) 

18.0 12.0 High (Thermo-

sensitive) 

Mammals 0.0 10.0 Low (Dispersal 

limited) 

Marine Fish 20.0+ N/A (Depth: 1.0 m/yr) Very High 

Terrestrial 

Plants 

1.5 11.0 Moderate 

 

4.2 Multidimensional and Unexpected Shifts 

While the poleward/upward paradigm is a dominant trend, recent research has uncovered 

"unexpected" range shifts toward the equator or lower elevations. These anomalies are often driven 

by complex interactions between temperature and precipitation (Wernberg et al., 2025). In 

Australia, a study of 464 bird species revealed that shifts were often multidimensional (east-west 

or equatorward) when accounting for moisture availability, as species prioritized tracking suitable 

rainfall patterns over temperature alone (Rubenstein et al., 2023). Furthermore, localized shifts can 

be influenced by land-use changes and the availability of microhabitats, which can buffer 

organisms from regional warming (Alarcón et al., 2018). 

 

5. Phenological Dynamics and Trophic Asynchrony 

Climate change is fundamentally altering the temporal structure of ecosystems by shifting the 

timing of life-cycle events, a phenomenon known as phenology (Renner & Zohner, 2018). These 

shifts, however, occur at unequal rates across different taxa, leading to phenological "mismatches" 

or trophic asynchrony (Visser & Gienapp, 2019). 
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5.1 Mechanisms of Mismatch 

Mismatches typically occur in consumer-resource interactions where the peak demand of the  

consumer (e.g., a predator or pollinator) no longer aligns with the peak abundance of its resource 

(e.g., prey or flowers) (González‐Tokman et al., 2020). This divergence is often driven by different 

species responding to different environmental cues. For instance, many plants and insects are 

highly sensitive to temperature (thermo-period), while many migratory birds and some mammals 

are constrained by day length (photoperiod) (Kellermann et al., 2019). 

When spring temperatures rise, temperature-sensitive organisms advance their timing significantly 

faster than photoperiod-dependent ones (Legris et al., 2017). This can result in a "yardstick" 

mismatch, where insectivorous birds hatch their chicks after the peak of caterpillar abundance, 

leading to reduced fledgling weight and lower survival rates (Segar et al., 2019). In marine 

environments, the "match-mismatch hypothesis" explains how the survival of fish larvae depends 

on the synchrony of their emergence with seasonal plankton blooms, both of which are being 

decoupled by warming ocean temperatures (Gotthard et al., 2025). 

 

5.2 Impact on Mutualisms and Antagonistic Interactions 

The consequences of mismatch vary between mutualistic and antagonistic interactions. In 

mutualisms, such as plant-pollinator networks, a mismatch can harm both partners: the plant 

suffers from reduced reproductive success (pollen limitation), while the pollinator faces a shortage 

of floral resources (Rodríguez‐Rodríguez et al., 2017). A study on Viola species and their solitary 

bee pollinators in the eastern United States demonstrated an increased risk of secondary extinction 

at higher latitudes, where climate-driven shifts are more severe (PNAS, 2025). 

In antagonistic interactions, a mismatch may initially favor one species over the other, but long-

term instability often leads to population declines. A classic example is the European larch bud 

moth, whose populations have collapsed in the European Alps because the larch trees now flush 

their leaves too early for the moth larvae to feed effectively, disrupting a 1,000-year cycle of 

population peaks (Montesinos-Navarro et al., 2017). 

 

6. Physiological Underpinnings of Vulnerability 

The susceptibility of an organism to climate change is determined by its physiological limits and 

its capacity for thermoregulatory behavior. For ectotherms, which comprise the majority of animal 

diversity, body temperature (Te) is governed by the environment rather than internal metabolic 

processes (Sunday et al., 2014). 

 

6.1 Thermal Safety Margins (TSM) and Operative Temperatures 

The "thermal safety margin" is the difference between a species' critical thermal maximum 

(CTmax) and the temperatures it experiences in the field. Traditionally, TSMs were calculated 

using ambient air temperatures (Ta), which often suggested a high degree of safety (McIntire, 

2025). However, recent research utilizing "operative body temperatures" the theoretically 

equilibrated body temperature of an organism in a specific microhabitat reveals a more precarious 

reality (Rafferty et al., 2015). Operative temperatures in sun-exposed habitats can exceed air 

temperatures by more than 20 °C, meaning many ectotherms effectively have zero or negative 

physiological safety margins and must rely entirely on behavioral cooling (e.g., seeking shade or 

burrows) to survive the hottest hours (Chou et al., 2019). 

 

6.2 Tropical Vulnerability and Latitudinal Patterns 

A significant finding in macrophysiology is that tropical species are often more vulnerable to 

warming than temperate ones, despite experiencing lower rates of climate change (Sheldon 2019). 
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Tropical ectotherms have evolved in stable environments and thus possess narrower thermal niches 

and CTmax values that are closer to their daily temperature maxima. Temperate species, 

conversely, have broader thermal niches to accommodate seasonal extremes, providing them with 

larger TSMs (Monge et al., 2023). As the climate warms, tropical species have less "physiological 

room" to adapt, increasing their risk of heat-induced mortality (Pollock et al., 2021). 

 

Table 3: Comparison of Thermal Safety Margins (TSM) and Physiological Vulnerability 

Across Environments 

Environmental 

Context 

TSM 

(CTmax - Ta) 

TSM (CTmax - 

Te) 

Behavioral 

Reliance 

Vulnerability 

Rank 

Tropical Lowlands Moderate (5-

10 °C) 

Negative/Zero Essential High 

Temperate Forests High (15-20 

°C) 

Low (2-5 °C) Moderate Moderate 

Alpine/Arctic Very High Variable Seasonal Moderate/High 

Marine Intertidal Low Negative Critical Extreme 

 

7. Case Studies of Heightened Extinction Risk 

Specific groups of organisms are facing critical bottlenecks due to their unique physiological traits 

and the synergistic effects of climate change with other stressors (Allen et al., 2016). 

 

7.1 Amphibians: A Convergence of Threats 

Amphibians are the most threatened vertebrate class, with 41% of species categorized as 

threatened on the IUCN Red List. Their vulnerability stems from their highly permeable skin, 

which is necessary for gas exchange but makes them extremely sensitive to desiccation and 

pollutants (Lucas et al., 2024). Furthermore, rising temperatures increase their basal metabolic 

rate, which can lead to energy deficits if prey availability does not increase proportionally 

(Reference Collection, 2025). Climate change also acts synergistically with diseases, such as the 

chytrid fungus (Batrachochytrium dendrobatidis), by weakening amphibian immune systems or 

altering the environmental suitability for pathogens (Harfoot et al., 2021). 

Figure 2 Comparative Analysis of Biological and Socioeconomic Risks Under 1.5°C and 

2.0°C Global Warming Scenarios. 
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7.2 Coral Reefs and Marine Heatwaves 

Warm-water coral reefs are undergoing mass mortality events due to marine heatwaves. High water 

temperatures trigger bleaching, where corals expel their symbiotic zooxanthellae, leading to 

starvation and death of the coral polyps (EPA, 2021). A global assessment in 2024 showed that 

44% of warm-water reef-building coral species are now threatened with extinction. This loss 

triggers a top-down and bottom-up collapse of reef ecosystems, as the physical structure of the 

reef which supports 25% of marine life deteriorates (Polidoro, 2025). 

 

7.3 Polar and High-Latitude Ecosystems 

Arctic and Antarctic fauna, particularly polar bears, seals, and penguins, are facing rapid habitat 

loss as sea ice retreats. Polar bears depend on sea ice for hunting seals; as ice-free periods lengthen, 

their ability to accumulate fat reserves is compromised (Faunalytics, 2016). In the Arctic, this loss 

of ice also reduces the production of ice algae, the foundational energy source for the entire marine 

food web, leading to bottom-up trophic cascades that affect zooplankton, fish, and marine 

mammals (McMeans et al., 2013). 

 

8. Trophic Cascades and Ecosystem-Level Disruptions 

The impacts of climate change on individual species ripple through food webs, often triggering 

trophic cascades that fundamentally alter ecosystem function (Hansen, 2020). 

 

8.1 Arctic and Boreal Cascades 

In the Arctic, the melting of sea ice reduces polar bear hunting grounds, which can lead to a release 

of predation pressure on seals. An increase in seal populations may subsequently lead to over-

predation on fish stocks, impacting fisheries and other marine wildlife (Hamilton et al., 2017). In 

boreal and temperate forests, rising temperatures and droughts weaken trees, making them more 

susceptible to outbreaks of spruce bark beetles (Wege et al., 2025). Massive tree die-offs alter 

forest structure, reducing carbon sequestration capacity and removing habitat for countless 

herbivores and their predators (Adeniran-Obey et al., 2024). 

 

8.2 Marine Kelp Forests and Urchin Barrens 
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In temperate marine ecosystems, the combination of ocean warming and the decline of apex 

predators (like sea otters) has facilitated the explosion of sea urchin populations. These "urchin 

barrens" occur when urchins overgraze kelp forests, leading to a total loss of complex vertical 

habitat and a collapse in biodiversity (Smith, 2021). This state shift from a highly productive kelp 

forest to a barren substrate is often difficult to reverse, as the urchins can persist in a low-energy 

state for years (Sustainability Directory, 2025). 

 

9. Evolutionary and Plastic Mechanisms of Persistence 

The survival of populations in the Anthropocene depends on the interplay between phenotypic 

plasticity and evolutionary adaptation (Ling et al., 2024) 

 

9.1 The Role of Phenotypic Plasticity 

Phenotypic plasticity the capacity of a single genotype to express different phenotypes in response 

to the environment is a critical "rapid-response" mechanism that can "buy time" for populations 

(Anderson et al., 2012). Plasticity is treated by many researchers as the "null model" for how 

organisms respond to rapid change. It can manifest as shifts in behavior, morphology, or phenology 

(Donelson et al., 2019). 

However, plasticity has limits. It is often costly to maintain and may no longer be adaptive if 

environmental cues become unreliable. Furthermore, plasticity can "shield" genes from natural 

selection by shifting the mean phenotype closer to the environmental optimum, thereby slowing 

the rate of genetic evolution (Visser & Gienapp, 2019). 

 

9.2 Evolutionary Rescue and Genetic Adaptation 

Evolutionary adaptation occurs across generations through natural selection on heritable traits. For 

species with short generation times and high genetic diversity, "evolutionary rescue" can occur, 

where a population evolves rapidly enough to avoid extinction (PNAS, 2020). In some systems, 

such as wing melanin in certain butterflies, climate change has driven measurable evolutionary 

shifts in trait means and plasticity levels (Royal Society, 2017). Over longer timescales, plastic 

responses can become "fixed" through genetic assimilation, transforming a temporary response 

into a permanent evolutionary feature (Sentis et al., 2018). 

 

10. Adaptive Conservation Management Strategies 

The dynamic nature of climate-induced biological change requires a transition from static 

conservation models to adaptive, cross-scale management frameworks (Climate Adaptation 

Science Centers, 2025). 

10.1 Climate Refugia and Connectivity 

Managing for "climate change refugia" areas that remain relatively buffered from regional changes 

is a primary resistance strategy. These refugia are often created by topographic heterogeneity, such 

as deep valleys with cold-air pooling, or dense forest canopies that provide thermal buffering 

(USDA Climate Hubs, 2025). Maintaining "habitat corridors" is equally critical, as they provide 

the pathways necessary for species to track their shifting niches. Corridors not only facilitate 

migration but also promote gene flow, reducing the risk of inbreeding in isolated populations 

(Regeneration.org, 2025). 

 

10.2 The Debate Over Assisted Migration;  

As natural dispersal rates prove insufficient for many species, "assisted migration" (or managed 

relocation) has emerged as a controversial but increasingly necessary tool (PLOS One, 2024). 
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• Assisted Population Migration: Moving seed sources or individuals within the current 

range to match future climatic projections (Chou et al., 2019). 

 

• Assisted Range Expansion: Relocating species to suitable areas just beyond their 

historical range (Rodríguez‐Rodríguez et al., 2017). 

 

• Assisted Species Migration (Species Rescue): Moving highly vulnerable species to 

entirely new habitats far beyond their current range to prevent (Pinsky et al., 2020).  

 

• While critics point to the risks of relocated species becoming invasive or spreading 

diseases, proponents argue that the "risk of doing nothing" is greater, as sedentary species 

like redwoods or Joshua trees face certain extirpation without direct intervention 

(González‐Tokman et al., 2020 

 

 

 

 

 

Table 4: Strategic Framework for Climate-Adaptive Conservation Management 

Management 

Strategy 

Focus Goal Examples 

Resistance Climate 

Refugia 

Maintain historical structure 

in buffered areas 

Cold-air pools, riparian 

zones 

Resilience Habitat 

Quality 

Enhance ability to rebound 

from stressors 

Fuel reduction in forests 

Connectivity Wildlife 

Corridors 

Facilitate natural range shifts 

and gene flow 

Mesoamerican 

Biological Corridor 

Transition Assisted 

Migration 

Facilitate shifts to future 

suitable habitats 

Whitebark pine trials in 

Canada 

 

11. Impacts on Human Population Geography and Health 

The reorganization of the biosphere has profound implications for human societies, affecting 

demographics, health, and economic stability (IPCC, 2022). 

 

11.1 Displacement and Migration 

Climate-induced shifts in ecosystems and the increased frequency of extreme weather events are 

driving the displacement of human communities. Sea-level rise threatens coastal and island 

populations, while prolonged droughts and shifting agricultural conditions force rural-to-urban 

migration as traditional livelihoods collapse (Gotthard et al., 2025). This "climate-induced 

migration" places significant pressure on the infrastructure and social systems of receiving regions 

(Allen et al., 2016). 

 

11.2 Health and Economic Risks 

Climate change influences public health by altering the distribution of disease vectors, such as 

mosquitoes that carry West Nile virus or malaria. Furthermore, heatwaves directly increase 

mortality rates, particularly among vulnerable populations such as the elderly (Legris et al., 2017). 

The economic cost of these disruptions is staggering; weather and climate disasters in the United 

States since 1980 have caused over $1.7 trillion in damages and thousands of deaths (PNAS, 2022). 



533 
 

 
Volume: 4, No: 1                                                                                                      January- March, 2026 
 

 

12. Synthesis and Strategic Outlook 

The field of climate change biology has evolved from early theoretical models to an empirically 

grounded discipline that can identify specific drivers of biodiversity loss. The evidence suggests 

that maximum temperature extremes, physiological bottlenecks in the tropics, and the decoupling 

of trophic interactions are the primary agents of modern extinctions (Román-Palacios & Wiens, 

2020). While phenotypic plasticity and evolutionary adaptation offer pathways for persistence, the 

unprecedented velocity of contemporary warming suggests that natural processes alone will be 

insufficient to preserve a significant portion of global biodiversity (Holzmann et al., 2022). 

Effective conservation in the twenty-first century must therefore integrate large-scale connectivity 

with the identification of micro-refugia and the proactive management of range expansions (Chou 

et al., 2019). The critical bottleneck for many rare and threatened species will occur before 2040, 

requiring immediate implementation of "climate-smart" conservation strategies (Preprints.org, 

2025). Ultimately, the survival of species and the stability of the ecosystems upon which human 

civilization relies will depend on a combination of rapid greenhouse gas mitigation and an 

unprecedented level of human stewardship over the Earth's shifting biological landscape 

(Wernberg et al., 2025). 

 

Conclusion 

The accelerating pace of climate change is fundamentally restructuring biological systems, with 

mounting evidence indicating that extreme climatic events, physiological limits, and disrupted 

species interactions are central drivers of contemporary biodiversity loss. Species responses are 

highly variable, shaped by dispersal capacity, niche flexibility, and thermal tolerance, yet many 

organisms particularly tropical, marine, and range-restricted taxa operate dangerously close to their 

physiological thresholds. Observed range shifts, phenological mismatches, and trophic cascades 

demonstrate that climate impacts extend beyond individual species to entire ecosystems, 

undermining their stability and function. Although phenotypic plasticity and evolutionary 

adaptation offer important mechanisms for persistence, they are unlikely to offset the magnitude 

and speed of ongoing climate change without human intervention. Conservation strategies must 

therefore move beyond static protection frameworks toward dynamic, climate-adaptive 

management that prioritizes habitat connectivity, identification of micro-refugia, and, where 

necessary, assisted migration. The critical window for preventing irreversible biodiversity loss is 

rapidly narrowing, with decisive action required well before mid-century. Sustaining global 

biodiversity and the ecosystem services upon which human societies depend will ultimately hinge 

on the dual commitment to aggressive climate mitigation and informed, forward-looking 

conservation stewardship. 
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