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Review Article

ABSTRACT

Extinction rates of salamanders are predicted to rise exponentially under rapidly changing
environmental conditions. Due to a wide range of anthropogenic activities, the populations of
salamanders are highly threatened. The previous published data indicate that salamanders have
adapted various plastic responses to acclimatize to the changing environment. These plastic
responses help them to buffer the adverse effects of changing environments and also allow them to
adapt to new habitats. The objectives of this review paper are to explore the impact of changing
climate on salamanders, to elucidate the diverse strategies they employ to mitigate these
challenges, and to evaluate the limitations and evolutionary significance of these measures.
Additionally, this study will endeavor to forecast whether these adaptive changes are sufficient to
address the evolving climate conditions.
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1. INTRODUCTION

Rapid climate change affects species distribution
and is considered one of the major threats to
biodiversity and an increased risk to a population
of species that fails to adapt to suitable habitats.
Extinction rates are predicted to rise with global
warming. The most common factors impacting

population size in amphibians such as
salamanders include habitat loss, global
warming and emerging diseases. Increased

vulnerability to diseases, changes in body size,
decline in population, range contractions are
some of the effects of climate change on
salamanders [1]. Montane salamander species
exhibit a limited range of thermal tolerance. Ever
shifting contemporary climatic conditions is a
potential danger for persistence of such species.
Changing body size is the response seen in
many amphibians due to projected climate
change scenarios [2]. Such changes affect
several biophysical processes that lead to
phenotypic alterations affecting their fitness and
survival. Warmer temperatures cause more
expenditure of energy leading to a decrease in
growth. As amphibians are active thermals and
constantly need moisture, they tend to be more
susceptible to these changes. Differences in
foraging behavior, activity patterns, and diets are
linked with changes in body size. Animals are
capable of remodeling their physiology to make
up for the effects of temperature variations.
Amphibians experience accelerated energy
expenditure in drier and hotter conditions,
contributing to population decline [3]. Dynamic
environmental conditions result in phenotypic
plasticity and adaptive changes at genetic levels
which give rise to more adapted and long-lasting
phenotypes and have higher fithess in their
habitat. Environmentally induced phenotypic
variation can also lead to creating conditions that
in turn cause adaptive genetic responses leading
to natural selection. The efficiency of genetic
adaptation depends on the relationship between
generation time and the rate of climate change.
Metabolic rate and water loss are two
fundamental traits controlling an organism’s
energy balance. Trade-offs between these two
traits are an indication of how energetically
favorable an acclimatization strategy is [4]. If
climate change is relatively slow and
unidirectional, short-lived animals may adapt
successfully. Though plasticity arises as anon-
heritable trait, later these variations are
assimilated into the genome and play an
influential role in adaptive evolution [5]. Local
adaptation is an effective mechanism to resist

the effects of climate change. Local adaptation
also results in a change of genomic sequence
and is considered as a result of powerful natural
selection [6,6a]. This review is centered on the
various threats encountered by salamanders as
a consequence of environmental changes, as
well as their tactics for surmounting these
challenges.

2. THREATS DUE TO CLIMATE CHANGE

Organisms of major ecosystems are facing
serious trouble due to the ever-changing climatic
scenario. Significant shifts in the distribution,
migratory period and behavior of organismshave
been observed due to global warming. The
factors which are the commonest stressors for
the long-term population decline of amphibians
are not yet finalized [7,8,9,10]. Invasion of
foreign species, loss of habitat, emerging
diseases [11] and global climate change [12] are
a few of the common stressors. Exposure and
sensitivity to climate change, resilience to
unfavorable conditions, and potential for
adaptation control the vulnerability of species to
environmental fluctuations but behavioral,
physiological, and genetic data is required to
predict these vulnerability criteria [13].

A number of species have witnessed a decline
according to the study on the amphibian
population [14]. Evolutionary climate change
escalates fragmentation and loss of habitat. The
biggest contribution to the distribution model was
made by variables related to precipitation and
temperature. Connectivity among populations is
highly affected due to climate change and
changing landscape [15,16,17,18]. Change in
climate results in shift in species distribution and
an increase in the risk of extinction of population
that fail to adapt or relocate [19,20,21]. The
limited dispersal abilities of salamanders make
them increasingly vulnerable to climatic change
[15,20,22,23,24]. Species adapted to different
temperatures showed clear adaptive variation
patterns in protein properties. A large-scale
change in gene expression during acclimation is
involved in the adaptive modification of
phenotype.

Overheating and chronic thermal stress may
lead to malfunction in cardiac performance that
results in inadequate oxygen supply to support
aerobic respiration [25]. Negative consequences
for the persistence of populations are seen due
to climatic change which causes a shift in
migration period. Amphibians are ectotherms;
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hence the impact of climate change is profound
on them. Metabolic processes are regulated by
temperature and high expenditure of energy. A
decrease in growth rate and less resource
allocation is the result of increasing temperature.
Projected alterations in the survival, population
size, and recruitment of amphibians inhabiting
wetland habitats are associated with factors
such as snowmelt, precipitation patterns, and the
rate of evapotranspiration [26].

Four predictions could be possible regarding the
migration of spotted salamander population
based on the effect of climate change. i) Higher
thermal stress, drying and hydrologic
interactions are related to the declining
amphibian population [27], i) It was also
predicted that these conditions would lead to
uneven sex ratios [28], iii) Due to higher
metabolic rates, smaller body size is also
predicted [29,30] and iv) Eminent phonological
shifts lead to early migration dates [26].

3. BEHAVIOURS IN RESPONSE TO
CLIMATE CHANGE

Species living in tropical areas experience more
threats due to warm climate than species living
at higher latitudes do [31]. As a consequence,
many ectotherms including salamanders living in
tropical areas have a thermal tolerance of 10-
20°C higher than those living in other areas in
order to encounter high summer temperatures
[32]. Understanding of Global thermal safety
margins is important because it helps us to
predict species' vulnerabilities to climate change
and also gives a clear picture of the contribution

of behavioral avoidance in thermal tolerance
[33]. Being terrestrial organism, salamanders
have to rely greatly on behavioral adjustments to
thrive in the hottest temperatures [34].
Amphibians can tackle thermal extremities by
maintaining a wet skin through evaporative
cooling [35]. Organisms in great thermal danger
try to get access to microrefugia like
subterranean habitats to survive in extreme
environments [33]. Among amphibians, about
23% of salamanders are known to have a
fossorial lifestyle and this is thought to be a
safeguard for these organisms against climate
change because of the thermally buffered
environment of underground [36]. Thus,
adaptation to extreme heated conditions can be
achieved by this fossorial lifestyle which helps
them persist in a physiologically favored
environment [37,38].

It has been found that a rise in summer
temperature 1-3°C can reduce the body fitness
of male breeding salamander by 5-14% [36]. To
persist in this changing climate, microhabitat
refugia and strict regulation in thermodynamics
of behavior are needed [13,37,38,39,40]. These
conditions can be satisfied by the fossorial
habitat of salamanders and it is very crucial as
they have contribution to various ecological
functions [41,42]. Recent studies have shown
that a rise in temperature can also have a
negative effect on the body condition of fossorial
salamanders by elevating the metabolism of the
organism [36]. Spotted salamanders choose cool
and damp burrowed microhabitats which reduce
their metabolic rate and thus help to tackle the
negative effects of rising temperature [42,43].
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Fig. 1. Egg mass count of spotted salamander (Ambystoma maculatum) at Bat Lake in western
Algonquin Provincial Park situated at the low latitude boreal wetland region of Ontario,
Canada [36]
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Change in climate and environmental cues such
as temperatures, precipitation and Vapour
Pressure Deficit (VPD) creates an impact on the

growth rate, energy budget, migrational
behaviors and annual breeding time of
salamanders [26,44,45,46]. Response of

amphibians due to climate change is hard to
predict because of its idiosyncratic nature
[47,48,49]. Measurement of egg mass count at
the peak of breeding season is a way to detect
reproductive output of a population as shown in
Fig. 1, but any significant autocorrelation was
failed to detect in yearly egg-mass abundance
[36].

Multiple authors suggested that higher thermal
stress and increased risk of desiccation might
lead to a diminished number of adult individuals
returning after migration [27,50,51,52]. When the
condition of migration is not optimal, females
generally have a lesser migration probability
than males and this would cause a skewed sex
ratio where the number of male salamanders is
higher [28]. The advancement in migration timing
in warm winters supported the theory that
prolonged summers would lead to early
migration [1]. Previously it was proposed that
alterations in migration timing result in the
asynchronous arrival of male and female
individuals [53].

4. CLIMATIC RESPONSE TO BODY SIZE

In accordance with fundamental ecological and
metabolic principles, numerous species are
already exhibiting smaller sizes as a response to
climate change, and this trend is expected to
persist into the future. Natural selection
influences the linking of body size as an
integrative trait to the fitness of an individual and
is highly heritable [54]. The complex
relationships in ectotherms between body size
variation and climate could be explained by
evolutionary forces such as selection for
tolerance to desiccation, or resistance to
starvation [55,56,57]. Fossil records from the
Paleocene-Eocene Thermal Maximum (PETM)
warming phase showed a reduction in the body
size of organism by 50- 75%. During PETM, an
average of 3-4° C temperature rise and 40%
decreased precipitation was found, so this
provides insight into similarities with current
global warming scenes and how the rapid nature
of that could be responsible for the change in
body size of organisms in the present day [58].

Changes in the environment affect several
biophysical processes that lead to phenotypic

alterations that influence fitness and survival.
Metabolic rates are directly related to
temperature for ectotherms. They limit their
growth in order to ensure fitness and to maintain
basic physiology as overall energy must be
divided between such physiological activities.
The developmental rate is increased, leading to
smaller ectotherms, because the growth rate
often does not match up to the high
developmental rate caused by increasing
temperatures [59]. Ectotherms respond to these
high temperatures through faster development,
greater metabolism and decreasing body sizes
as suggested by recent studies. Amphibians are
particularly susceptible to these changes
because of their constant need for moisture and
their ectothermic physiology. All these changes
such as phenotypic shifts, breeding phenology
and reduction in body size point towards lowered
survivorship [29].

Plethodontid salamanders, ectothermic and
lacking lungs, inhabit the globally significant
hotspot of the southern Appalachian Mountains.
Temperature and precipitation strongly govern
their ecology. Range shifts, change in migration
timing and alteration in body size are the three
most frequently noted ecological response to
climate change in ectothermal organisms.
Research conducted on Appalachian Plethodon
salamanders aimed to forecast whether body
size constituted a significant response to shifting
climate conditions, with investigations conducted
into shifts in their mean body size. An 8%
decrease in adult size was noted for all 15
species of Plethodon species across a 55-year
study period [44]. Over time, significant body
size variation for seven species of salamanders
was found. A significant decrease in body size
was exhibited by six of those species. It was
concluded that changes in body size had strong
environmental associations after correlating
changing body size with attributes such as
elevation, latitude, average species size and
climate change. The most significant reduction in
size occurred in southern latitudes; particularly in
areas undergoing pronounced drying and
warming.This phenomenon was a little better
explained by variation in latitude than by
temperature change and precipitation [44]. A
strong relationship between a reduction in body
size mediated through metabolism increase and
latitude was found. Regions with more warmth
and those which were drier saw the most body
size change. Within a population, a decrease in
mean body size or small species proportion
increase could explain shifting mean body size
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hypotheses. Although in this study no evidence
regarding the shift in small species proportion
was found. The study supported the population-
body size hypothesis that was explained by the
increase in juvenile proportion, decrease in
minimal adult body size of an individual [60].

5. INTRODUCTION TO PHENOTYPIC
AND PHYSIOLOGICAL PLASTICITY

The high rate of climate change due to human
activities has threatened many species of
animals. These environmental stresses can
surely be established by measurable phenotypes
[61,62,63,64]. To buffer these environmental
changes, organisms have come up with a tool
called phenotypic plasticity. It is a genotypical
phenomenon in which organisms produce
different phenotypical responses or alternate
forms of a particular phenotype in response to
environmental challenges.

Phenotypic plasticity is considered as the
organism's ubiquitous aspect [65]. The chance of
survival in an extreme environment is increased
by plastic attributes [66]. Rising temperature
leads to the destruction of three-dimensional
structures of proteins and thus disturbs the
enzymatic activity of organisms. The body size
of an organism has a serious impact on its
thermal tolerance, individuals with smaller body
size will have a greater tolerance to heat [25].
Physiological plasticity enables organisms to
adapt to rising global temperatures by reducing
sensitivity to temperature in vital activities and
enhancing physical tolerance [67]. Previous
studies suggested that climate change and
environmental challenges would surpass the
capability of amphibians to tolerate these
changes [68]. Despite being one of the most
vulnerable classes of animals, amphibians
exhibit a high level of plasticity [68,69]. These
plastic traits generally involve tolerance to high
temperature and regulation in the timing of
metamorphosis. Among amphibians,
salamanders exhibit a great deal of plasticity to
acclimate to a changing climate. Their plastic
traits mainly involve strategies to resist global
warming and rising vapour pressure deficit.
Plasticity involves behavioral avoidance and
physiological acclimatization. Without these
traits, 63% of the current geographical area
could not favor the salamander population [4].

Dispersal is a common practice seen in animals
that is induced by unfavorable environmental
conditions in a particular habitat. Plasticity

decreases reliance on dispersal and thus saves
energy expenditure of an organism as dispersal
is a highly energetically unfavorable process
[70]. A twofold increase in positive energy
balance can be achieved in the core of
salamander's range by plasticity which is mainly
accomplished by the adjustment of three
parameters — skin resistance to water loss (ri),
body size, and behavioral avoidance [4]. Despite
of the wonderful capabilities of plasticity, there is
a threshold to which the change can be tolerated
after those environmental challenges might
increase the cost of plasticity [68]. An individual’s
fithess describes whether a phenotypical trait is
neutral, adaptive or maladaptive [5]. A reaction
norm is a variation of a particular trait across
various environmental conditions [71]. Plasticity
can be shown by an alteration in the reaction
norm between the derived population and the
ancestral population [72,73]. The effectiveness
of plasticity in adaptation relies entirely on the
environment in which it manifests [5]. Plastic
responses consistently aim to align an
organism's performance closer to its optimum,
with greater shifts towards this ideal resulting in
increased benefits for the organism [74]. This
benefit, however, hinges entirely on the
energetics of plasticity, gauged by the balance
between gas exchange and water loss [4].

6. RESISTANCE TO EXTINCTION

In order to compensate for the effects of varying
temperatures, animals remodel their physiology
or acclimatize themselves to confer resistance to
climate change [67]. It has been suggested that
phenotypic plasticity is first established in a
population, which is later assimilated genetically
speeding up the adaptive evolutionary process.
Plasticity allows broader tolerance in genotypes
to varying environmental conditions in order to
maintain greater fitness levels, although the
adaptive evolutionary aspect of plasticity
depends on the environment upon which it
shows its expression [5]. The freshwater
ectotherms  of  thermally  stable, cool
environments are found to be less sensitive to
variation in temperature compared to those
species in variable and warm temperatures.
According to climate change predictions, it is
expected that metabolic rates will increase
substantially in ectotherms of freshwater and
terrestrial habitats despite having potential for
thermal acclimation. Global warming is
supposedly accelerating extinction rates with
every increasing degree. This physiological
plasticity is capable of buffering the effects of
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global climate change to a certain extent by
decreasing the thermal sensitivity and
minimizing exposure to such temperatures [67].

Behavioral avoidance is also responsible for
such adaptation which masks the harmful effects
of climate change and provides resistance to
extinction [13,75,76]. The black outline in Fig. 2
delineates the range limits for the P. jordani
species complex. As warming progresses over
time, estimates of energy balance (ranging from
green to red) and extinction risk (grayscale)

illustrate that acclimatization and avoidance
behavior can mitigate extinction within the core
of the global hotspot of salamander diversity
(Fig. 2). Green regions indicate predicted
sufficient energy for reproduction, while orange
regions signify negative energy balance and
grayscale regions denote areas of extinction.
The panels on the left do not incorporate
acclimatization, while those in the middle include
acclimatization, and the panels on the right
incorporate both acclimatization and avoidance
behavior.
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Fig. 2. Acclimatization and avoidance behavior contribute to a reduction in extinction risk
within the core of the salamander diversity hotspot [76]
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Fig. 3. The most commonly measured physiological traits that are affected as a result of
climate change [4]
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Mechanistic ~ Species  Distribution ~ Models
(SDM’s) are process-based models that consider
how the environment constrains physiological
performance at a given geographical location
and help identify areas to be prioritized for
conservation and are also useful for studying the
ecological effects of plasticity on amphibian
species. SDMs calculate the suitability of habitat
by connecting functional features with the
biophysical environment of species to get to
know about its fundamental niche. They foretell
the distribution of suitability of habitat through
space and time by studying the energy balance.
Amphibians exhibit a high percentage of
physiological plasticity despite of being one of
the most vulnerable organisms. The high
physiological plasticity of salamanders is a result
of their evolutionary history, diverse habitats,
metamorphic life cycle and sensitivity to
environmental changes. These adaptations are
critical for their survival in fluctuating and
sometimes challenging environments, despite
their vulnerability to human impacts and other
threats. Seven species of salamander within the
Plethodon species complex were tested for
plasticity in metabolism rates, behavioral
adaptations to resist the effects of unfavorable
temperatures, to address the gap in knowledge
about the relationship between energy balance
and plasticity. The magnitude and constant
pattern of acclimation in field and laboratory
studies showed a high potential for skin
resistance (almost 68% under experimental
conditions) to water loss in order to reduce the
ecological impact of increasing vapour pressure
deficit; thus, it was concluded that salamanders
showed high physiological acclimatization
capabilities. Physiological acclimatization and
behavioral avoidance were integrated into a
simulation-based SDM to foretell the risk of
extinction of salamander diversity hotspots
worldwide [4]. Fig. 3 illustrates the impact of
climate change on physiological traits, with the
most affected traits listed in descending order:
metabolic rate, metabolic enzyme activity,
locomotory abilities, ATPase function and
cardiac performance [4].

In the current climate conditions, it is crucial to
prioritize avoidance behaviors that facilitate
reproductive energetics and acclimatization in
preparation for further increases in temperature.
Juveniles experience greater stress under
warming conditions. Although climate warming
does affect populations but plasticity has
maintained energy balance in the core of the
hotspot of salamander diversity. Physiological

acclimatization and behavioral avoidance have
the potential to decrease the extinction threat
under climate change scenarios. Global warming
disproportionately  threatens the  younger
salamander population and thus reduction in
body size is seen as a universal response
because of the growing energetics cost that
decreases available energy for growth and
development [30]. Factors such as disease
vulnerability, overexploitation, climatic factors
and conversion in habitat have led to a decline in
amphibian  populations including that of
salamanders. Plasticity up to some extent does
buffer the effects of these multiple factors. The
effectiveness can be enhanced by taking into
consideration the physiological mechanisms
leading to population decline [10]. The efficiency
of genetic adaptation depends on the alignment
between the rate of climate change and the
generation time. In cases where climate change
is gradual and consistently directional, short-
lived animals may have the capacity to adapt
through directional selection.

7. COSTS AND TRADE-OFFS
ASSOCIATED WITH PLASTICITY AND
ACCLIMATIZATION

The costs of plasticity refer to any decrease in
fithess observed in a plastic individual compared
to a non-plastic individual with identical trait
values. A high cost of plasticity is observed
because plastic traits are not imprinted in the
genome and are only expressed due to changing
environment; hence can lead to a reduction in
fitness [77,78,79]. Organisms increase their
fitness by becoming more resilient to changing
climate; this has been accomplished by the
capability of regulating homeostasis [5,75].
Trade-offs have been defined as a reduction in a
physiological trait due to an increase in energy
expenditure of another related trait [80]. It has
been noted that acclimatization alone can
provide a reproductive ground of 67.2%, but
when a trade-off is incorporated, this percentage
decreases to 44.9% (Fig. 4). Due to this
reduction, salamanders have to pay a cost
related to fithess during acclimatization. In
salamanders, positive energy balance increases
from 28.8 % to 53.1 % due to plasticity but the
trade-off reduces it to 44.5 % [81].

An individual's capability of surviving in a
challenging environment and its energy
expenditure are dependent on the rate of water
loss and metabolism [82,83]. As salamanders
respire through their moist skin surface,
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Fig. 4. Change in reproductive ground and positive energy balance due to incorporation of
Trade-offs [81]

experiments have been performed on lung less
salamanders to evaluate the trade-off between
volume of oxygen consumption (VO2) and skin
resistance to water loss (ri). Results indicated
that a reduction in the flux of oxygen is directly
proportional to a decrease in the flux of water
and this change is possible due to some
underlying relationships between these two traits
[4]. Reduction in water flux, finding stable
microclimate and diminishment of crucial
physiological processes are observed during
dormancy [84].

8. EFFECT ON GENETIC EXPRESSION

The study analysis revealed that constitutive
expression of the ALOXE3 gene correlated with
a phenotype characterized by high trans-
epidermal water loss. The genes which can
control vasoconstriction and blood vessel
development were linked with the high plasticity
of phenotype. Salamanders seemed to adapt to
resist skin desiccation and reduce water loss
without relying on constant expression of
ALOXES3. They achieved this by restricting blood
flow to the skin's vascular system, which proved
to be an effective strategy [85]. They not only
regulate pathways involved in vasoconstriction
but also demonstrated control over hemostasis,
angiogenesis, and vasculogenesis pathways,
which is normally restricted to the embryos and
capillary formed de novo from hematopoietic

stem cells [86]. Through continuous expression
of  embryonic developmental pathways,
salamanders possess the ability to regenerate
various types of tissues [87,88]. They utilize this
capability to regulate dermal capillary growth,
thereby adjusting skin water loss in response to
changing  environmental conditions.  The
hypothesis suggests that exposure to warming
temperatures triggers vascular regression in the
skin's capillary beds through sustained
vasoconstriction. This process leads to
hemostasis and ultimately programmed cell
death of the capillary beds over time [89].

Expression of the gene ALOXE3 is linked with
the production of fatty acid in epidermal tissue
ceramides and is negatively associated with
resistance to skin desiccation plasticity.
Maintenance of lipid compositions is important in
resisting water loss from the skin in amphibians
including salamanders as they are the structural
units of integument that prevent skin desiccation.
Under conditions of climate warming, genotypes
that exhibit better performance under high
temperatures are naturally selected. This
selection occurs as elevated body temperatures
due to climate change lead to reduced fithess
and performance in organisms less suited to
higher temperatures [90,91,92,93,94,95].
Overall fitness will remain relatively constant if
the response to selection aligns with changes
in  body temperature [62,90,95,96,97,98].
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Persistence is facilitated by genetic exchange
between genetically differentiated populations

[99,100]. Variations in the frequencies of
aspartate  and alanine  aminotransferase
allozymes  reflect vertical position and
temperature stress, evidenced by allele
variations along a temperature gradient
[101,102]. The structural and functional

properties of proteins give information about the
adaptive variation patterns of species at different
temperatures as they are highly temperature
sensitive [103].

Ectotherms' responses to rising temperatures
are influenced by three types of DNA lesions.
The first type involves partial or complete loss of
protein-coding genes from the genome, leading
to reduced complexity of the proteome. The
second type includes disruptions in open reading
frames in protein-encoding DNA, resulting in the
generation of pseudogenes and corresponding
protein loss in the proteome. The third type of
mutation affects gene regulatory regions,
possibly due to DNA loss or sequential
mutations, which impairs the ability to regulate
gene expression under thermal stress. This
impairment can hinder the organisms' ability to
properly modify their phenotype during
acclimatization [25].

9. EVOLUTIONARY SIGNIFICANCE OF
PLASTICITY

In stressful environments, strong directional
selection poses a significant challenge. This
challenge is overcome by genetic variations in
response to environmental stress [104,105].
Plasticity reveals hidden phenotypic or genotypic
variations that were unexpressed under previous
environmental conditions [104,106,107]. Under
specific environmental conditions, the majority of
individuals in a population exhibit similar patterns
of plastic responses [5]. In certain individuals,
exposure to a selective and stressful
environment can result in a mixture of two types
of traits: traits that exhibit no response to the
stimuli of novel environments, and traits that
demonstrate adaptive or non-adaptive plasticity
[66], which is known as ‘mosaics of traits’ [5].
Historically, the selection of non-heritable
phenotypic variations was often disregarded
because they were considered unimportant in
terms of evolution [74,108,109]. Variations
induced by the environment have been
considered a factor that delays adaptive
evolution because they can shield the genotype
from selection pressures [15,110,111]. Later, a

new perspective emerged proposing that
environmentally induced phenotypic variation
can lead to adaptive responses, even when
these responses are not directly controlled by
genetic changes [65].

Plasticity, initially non-heritable, can become
assimilated into the genome and subsequently
expressed without the original environmental cue
[112,113]. This process can facilitate adaptive
evolution through plastic responses [65]. In new
environments, the proximity of a plastic response
to the optimum regulates the rate of adaptation
[114]. Extreme phenotypes are subject to
directional selection, enhancing the population's
potential for adaptation [5]. Local adaptation is
also an effective mechanism for acquire fitness
in a changing climate by salamanders [6]. Local
adaptation, unlike  phenotypic  plasticity,
produces alterations in the genomic sequence of
the organism. As a result, it can produce
phenotypes that are long-lasting and lead to
better fitness than phenotypic plasticity
[115,116]. Larvae of salamanders originating
from ponds can more readily adapt to streams
compared to larvae originating from streams
adapting to ponds. This concludes that the pond
habitat is showing divergent selection and this
larva would be maintained as more potential
sexual mates [117]. Therefore, when variations
in DNA sequences are incorporated into the
genome through local adaptations and plasticity,
it facilitates adaptive evolution.

10. CONCLUSIONS

As the Earth's climate undergoes drastic
changes due to anthropogenic activities, there is
a rapid extinction crisis affecting numerous
species. Among vulnerable groups like
amphibians, salamanders have shown
remarkable adaptive measures in response to
these changes. Our review highlights that
salamanders exhibit a wide range of adaptive
responses, primarily through plasticity, an
epigenetic phenomenon that does not alter DNA
sequences directly. However, over generations,
the application of plastic responses has been
observed to induce changes in salamander DNA
sequences, thereby facilitating  adaptive
evolution. Nevertheless, there are limits to
plasticity due to associated costs and trade-offs.
While plasticity can help mitigate the adverse
effects of climate change to a certain extent
without altering an organism's annual energy
balance, there is a critical need to recognize and
respect these limits. Failure to do so risks not
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only the extinction of salamanders but also
threatens the survival of other species. It is
imperative that we adopt responsible practices
and policies to safeguard biodiversity and the
natural world. Our collective actions today will
determine the future coexistence of all species
on Earth.

DISCLAIMER (ARTIFICIAL INTELLIGENCE)

| hereby declare that NO generative Al
technologies such as Large Language Models
(ChatGPT, COPILOT, etc) and text-to-image
generators have been used during writing or
editing of manuscripts.

ACKNOWLEDGEMENTS

| would like to express my sincere thanks to Prof.
Dipak K. Som, Head of the Department of
Zoology, Maulana Azad College, Kolkata for his
constant support during the preparation of this
review article.

COMPETING INTERESTS

Author has declared that no competing interests
exist.

REFERENCES

1. Kirk MA, Galatowitsch ML, Wissinger SA.
Seasonal differences in climate change
explain a lack of multi-decadal shifts in
population characteristics of a pond
breeding salamander. PLoS One. 2019;
14(9):e0222097.

DOI: 10.1371/journal.pone.0222097

2. Jacobsen CD, Brown DJ, Flint WD, Pauley
TK, Buhlmann KA, Mitchell JC.
Vulnerability of high-elevation endemic
salamanders to climate change: A case
study with the Cow Knob Salamander
(Plethodon punctatus). Global Ecology
and Conservation. 2020; 21:e00883.

3. Gewin, V. Salamander shrinkage linked to
climate change. Nature. 2014.
Available:https://doi.org/10.1038/nature.20
14.14936

4. Riddell EA, McPhail J, Damm JD, Sears
MW. Trade-offs between water loss and
gas exchange influence habitat suitability
of a woodland salamander. Functional
Ecology. 2018;32(4):916-925.
Available:https://doi.org/10.1111/1365-
2435.13030

6a.

10.

11.

12.

13.

357

Ghalambor CK, McKay JK, Carroll SP,
Reznick DN. Adaptive versus
non-adaptive phenotypic plasticity and the
potential for contemporary adaptation in
new environments. Functional ecology.
2007;21(3):394-407.

Sabino-Pinto J, Goedbloed DJ, Sanchez
E, Czypionka T, Nolte AW, Steinfartz S.
The role of plasticity and adaptation in the
incipient speciation of a fire salamander
population. Genes. 2019;10(11):875.

DOI: 10.3390/genes10110875

Jaramillo Martinez AF. Phylogenetic
analyses of DNA sequences reveal a
vastly  underestimated radiation  of
amazonian salamanders (Plethodontidae:
bolitoglossa), with key implications to the
study of plethodontid diversification
(Master's thesis, Pontificia Universidade
Catoélica do Rio Grande do Sul).
Pechmann JH, Scott DE, Semlitsch RD,
Caldwell JP, Vitt LJ, Gibbons JW.
Declining amphibian populations: the
problem of separating human impacts
from natural fluctuations. Science. 1991;
253(5022):892-895.

DOI: 10.1126/science.253.5022.892

Alford RA, Richards SJ. Global amphibian
declines: A problem in applied ecology.
Annual review of Ecology and
Systematics. 1999;1:133-165.

Stuart SN, Chanson JS, Cox NA, Young
BE, Rodrigues AS, Fischman DL, Waller
RW. Status and trends of amphibian
declines and extinctions worldwide.
Science. 2004;306(5702):1783-1786.
Grant EH, Miller DA, Schmidt BR, Adams
MJ, Amburgey SM, Chambert T,
Cruickshank SS, Fisher RN, Green DM,
Hossack BR, Johnson PT. Quantitative
evidence for the effects of multiple drivers
on continental-scale amphibian declines.
Scientific reports. 2016;6(1):1-9.

Alan Pounds J, Bustamante MR, Coloma
LA, Consuegra JA, Fogden MP, Foster
PN, La Marca E, Masters KL, Merino-Viteri
A, Puschendorf R, Ron SR. Widespread
amphibian extinctions from epidemic
disease driven by global warming. Nature.
2006;439(7073):161-167.

Collins JP, Storfer A. Global amphibian
declines: Sorting the hypotheses. Diversity
and distributions. 2003;9(2):89-98.

Huey RB, Kearney MR, Krockenberger A,
Holtum JA, Jess M, Wiliams SE.
Predicting organismal vulnerability to
climate warming: Roles of behaviour,


https://doi.org/10.1038/nature.2014.14936
https://doi.org/10.1038/nature.2014.14936
https://doi.org/10.1111/1365-2435.13030
https://doi.org/10.1111/1365-2435.13030

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ghosh; Uttar Pradesh J. Zool., vol. 45, no. 15, pp. 348-362, 2024; Article no.UPJOZ.3735

physiology and adaptation. Philosophical
Transactions of the Royal Society B:
Biological Sciences.
2012;367(1596):1665-79.

Winter M, Fiedler W, Hochachka WM,
Koehncke A, Meiri S, De la Riva I.
Patterns and biases in climate change
research on amphibians and reptiles: A
systematic review. Royal Society Open
Science. 2016;3(9):160158.

Velo-Antén G, Parra JL, Parra-Olea G,
Zamudio KR. Tracking climate change in a
dispersal-limited species: Reduced spatial
and genetic connectivity in a montane
salamander. Molecular Ecology. 2013;
22(12):3261-3278.

Early R, Sax DF. Climatic niche shifts
between species' native and naturalized

ranges raise concern for ecological
forecasts during invasions and climate
change. Global ecology and

biogeography. 2014;23(12):1356-1365.
Archis JN, Akcali C, Stuart BL, Kikuchi D,
Chunco AJ. Is the future already here?
The impact of climate change on the
distribution of the eastern coral snake
(Micrurus fulvius). PeerJ. 2018; 6:e4647.
DOI: 10.7717/peerj.4647

Kusza S, Nagy K, Lanszki J, Heltai M,
Szabé C, Czarnomska SD. Moderate
genetic variability and no genetic structure
within the European golden jackal (Canis
aureus) population in Hungary. Mammal
Research. 2019;64(1):63-69.

Bellard C, Bertelsmeier C, Leadley P,

Thuiller W, Courchamp F. Impacts of
climate change on the future of
biodiversity.  Ecology letters. 2012;

15(4):365-377.

Sutton WB, Barrett K, Moody AT, Loftin
CS, DeMaynadier PG, Nanjappa P.
Predicted changes in climatic niche and
climate refugia of conservation priority
salamander species in the northeastern
United States. Forests. 2014;6(1):1-26.
Sugden, AM. Consequences of shifting
species distributions. Science. 2017;
355(6332):1386-1388.

Parra-Olea G, Martinez-Meyer E, De Le6n
GP. Forecasting climate change effects on
salamander distribution in the highlands of
central Mexico 1. Biotropica: The Journal
of Biology and Conservation. 2005;
37(2):202-208.

Tok CV, Koyun M, Cicek K. Predicting the
current and future potential distributions of
Anatolia  newt, Neurergus strauchii

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

358

(steindachner, 1887), with a new record
from Elazi§ (eastern Anatolia, Turkey).
Biharean Biologist. 2016;10(2):104-108.
Van Riemsdijk I, Arntzen JW, Bogaerts S,
Franzen M, Litvinchuk SN, Olgun K,
Wielstra B. The Near East as a cradle of
biodiversity: A phylogeography 2017.
Molecular Phylogenetics and Evolution.
2017;114:73-81.

Somero GN. The physiology of climate
change: how potentials for acclimatization
and genetic adaptation will determine
‘winners’ and ‘losers’.  Journal of
Experimental Biology. 2010; 213(6):912-
920.

Todd BD, Scott DE, Pechmann JH,
Gibbons JW. Climate change correlates
with rapid delays and advancements in

reproductive timing in an amphibian
community. Proceedings of the Royal
Society B: Biological Sciences.

2011;278(1715):2191-2197.

D’Amen M, Bombi P. Global warming and
biodiversity: Evidence of climate-linked
amphibian declines in Italy. Biological
Conservation. 2009;142(12):3060-3067.
Cayuela H, Arsovski D, Thirion JM,
Bonnaire E, Pichenot J, Boitaud S.
Demographic responses to weather
fluctuations are context dependent in a
long-lived amphibian. Global Change
Biology. 2016;22:2676—2687.

Reading CJ. Linking global warming to
amphibian declines through its effects on
female body condition and survivorship.
Oecologia. 2007;151(1):125-131.

Sheridan JA, Bickford D. Shrinking body
size as an ecological response to climate
change. Nature Climate  Change.
2011;1:401-406.

Buckley LB, Jetz W. Environmental and
historical constraints on global patterns of
amphibian richness. Proceedings of the
Royal Society B: Biological Sciences.
2007;274(1614):1167-1173.

Deutsch CA, Tewksbury JJ, Huey RB,
Sheldon KS, Ghalambor CK, Haak DC,
Martin PR. Impacts of climate warming on
terrestrial ectotherms across latitude.
Proceedings of the National Academy
of Sciences. 2008;105(18):6668-
6672.

Sunday JM, Bates AE, Kearney MR,
Colwell RK, Dulvy NK, Longino JT, Huey
RB. Thermal-safety margins and the
necessity of thermoregulatory behavior
across latitude and elevation. Proceedings


https://doi.org/10.7717/peerj.4647

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ghosh; Uttar Pradesh J. Zool., vol. 45, no. 15, pp. 348-362, 2024; Article no.UPJOZ.3735

of the National Academy of Sciences.
2014;111(15):5610-5615.

Kearney M, Porter W. Mechanistic niche
modelling: Combining physiological and
spatial data to predict species’ ranges.
Ecology letters. 2009;12(4):334-350.

Tracy CR. A model of the dynamic
exchanges of water and energy between a
terrestrial amphibian and its environment.
Ecological Monographs. 1976;46(3):293-
326.

Moldowan PD, Tattersall GJ, Rollinson N.
Climate-associated decline of body
condition in a fossorial salamander. Global
Change Biology. 2022;28(5):1725-1739.
Moore D, Stow A, Kearney MR. Under the
weather? - The direct effects of climate
warming on a threatened desert lizard are
mediated by their activity phase and
burrow system. Journal of Animal Ecology.
2018;87(3):660-671.

Scheffers BR, Brunner RM, Ramirez SD,
Shoo LP, Diesmos A, Wiliams SE.
Thermal buffering of microhabitats is a

critical  factor  mediating  warming
vulnerability of frogs in the Philippine
biodiversity hotspot. Biotropica.
2013;45(5):628-635.

Fitzpatrick MJ, Porter WP, Pauli JN,

Kearney MR, Notaro M, Zuckerberg B.
Future winters present a complex
energetic landscape of decreased costs
and reduced risk for a freeze-tolerant
amphibian, the Wood Frog (Lithobate
ssylvaticus). Global Change Biology.
2020;26(11):6350-6362.

Lara-Reséndiz RA, Galina-Tessaro P,
Sinervo B, Miles DB, Valdez-Villavicencio
JH, Valle-Jiménez Fl, Méndez-de La Cruz
FR. How will climate change impact
fossorial lizard species? Two examples in
the Baja California Peninsula. Journal of
thermal Biology. 2021;95:102811.

Best ML, Welsh, Jr HH. The trophic role of
a forest salamander: Impacts on
invertebrates, leaf litter retention, and the
humification process. Ecosphere. 2014;
5(2):1-9.

Faccio SD. Postbreeding emigration and
habitat use by Jefferson and spotted
salamanders in Vermont. Journal of
Herpetology. 2003;37(3):479-489.
Montieth KE, Paton PW. Emigration
behavior of spotted salamanders on golf
courses in southern Rhode Island. Journal
of Herpetology. 2006;40(2):195-205.

44.

45.

46.

47.

48.

49.

50.

51.

359

Caruso NM, Sears MW, Adams DC, Lips
KR. Widespread rapid reductions in body
size of adult salamanders in response to
climate change. Global Change Biology.
2014;20(6):1751-1759.

Baldauf, RJ. Climatic factors influencing
the breeding migration of the spotted
salamander, = Ambystoma  maculatum
(Shaw). Copeia, 1952;3:178-181.

Sexton OJ, Phillips C, Bramble JE. The
effects of temperature and precipitation on
the breeding migration of the spotted
salamander (Ambystoma
maculatum). Copeia. 1990;3:781-787.
Gibson-Reinemer DK, Rahel FJ.
Inconsistent range shifts within species
highlight idiosyncratic responses to climate
warming. PLoS One.
2015;10(7):e0132103.

Muths E, Chambert T, Schmidt BR, Miller
DAW, Hossack BR, Joly P, Grolet O,
Green DM, Pilliod DS, Cheylan M, Fisher
RN, McCaffery RM, Adams MJ, Palen WJ,
Arntzen JW, Garwood J, Fellers G, Thirion
JM, Besnard A, Grant EHC.
Heterogeneous responses of temperate-
zone amphibian populations to climate
change complicate conservation planning.
Scientific Reports. 2017; 7(1):17102.

Miller DAW, Grant EHC, Muths E,
Amburgey SM, Adams MJ, Joseph MB,
Waddle JH, Johnson PTJ, Ryan ME,
Schmidt BR, Calhoun DL, Davis CL,
Fisher RN, Green DM, Hossack BR,
Rittenhouse TAG, Walls SC, Bailey LL,
Cruickshank SS, Fellers GM, Gorman TA,
Haas CA, Hughson W, Pilliod DS, Price
SJ, Ray AM, Sadinski W, Saenz D,
Barichivich WJ, Brand A, Brehme CS,
Dagit R, Delaney KS, Glorioso BM, Kats
LB, Kleeman PM, Pearl CA, Rochester CJ,
Riley SPD, Roth M, Sigafus BH.
Quantifying climate sensitivity and climate-
driven change in North American
amphibian communities. Nature
Communications. 2018; 9(1):3926.

Daszak P, Scott DE, Kilpatrick AM,
Faggioni C, Gibbons JW, Porter D.
Amphibian  population  declines  at
Savannah River site are linked to climate,
not chytridiomycosis. Ecology. 2005;
86(12):3232-3237.

Lowe WH. Climate change is linked to
long-term decline in a stream salamander.
Biological Conservation. 2012;145(1):48-
53.



52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ghosh; Uttar Pradesh J. Zool., vol. 45, no. 15, pp. 348-362, 2024; Article no.UPJOZ.3735

McMenamin SK, Hadly EA, Wright CK.
Climatic change and wetland desiccation
cause amphibian decline in Yellowstone
National Park. Proceedings of the national
Academy of Sciences. 2008;105(44):
16988-16993.

Todd BD, Winne CT. Ontogenetic and

interspecific  variation in  timing of
movement and responses to climatic
factors during migrations by pond-

breeding amphibians. Canadian Journal of
Zoology. 2006;84(5):715-722.
Blanckenhorn WU. The evolution of body
size: What keeps organisms small? The
quarterly review of biology. 2000;75(4):
385-407.

Adams DC, Church JO. Amphibians do
not follow Bergmann's rule. Evolution:
International Journal of Organic Evolution.
2008;62(2):413-420.

Olalla-Tarraga MA, Rodriguez MA. Energy
and interspecific body size patterns of
amphibian faunas in Europe and North
America: anurans follow Bergmann's rule,
urodeles its converse. Global Ecology and
Biogeography. 2007;16(5):606-617.
Ficetola GF, Scali S, Denoél M, Montinaro
G, Vukov TD, Zuffi MA, Padoa-Schioppa
E. Ecogeographical variation of body size
in the newt Triturus carnifex: comparing
the hypotheses using an
information-theoretic approach. Global
Ecology and Biogeography. 2010;19(4):
485-495.

Sheridan JA, Bickford D. Shrinking body
size as an ecological response to climate
change. Nature climate change.
2011;1(8):401-406.

Van der Have TM, De Jong G. Adult size
in ectotherms: Temperature effects on
growth and differentiation. Journal of
theoretical biology. 1996;183(3):329-340.
Daufresne M, Lengfellner K, Sommer U.
Global warming benefits the small in
aquatic ecosystems. Proceedings of the
National Academy of Sciences.
2009;106(31):12788-12793.

Parmesan C. Ecological and evolutionary
responses to recent climate change.
Annual Review of Ecology, Evolution and
Systematics. 2006;37:637- 669.

Hoffmann AA, Sgro CM. Climate change
and evolutionary adaptation. Nature. 2011,
470(7335):479-485.

Ozgul A, Tuljapurkar S, Benton TG,
Pemberton JM, Clutton-Brock TH, Coulson
T. The dynamics of phenotypic change

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

360

and the shrinking sheep of St. Kilda.
Science. 2009; 325(5939):464-467.

Ellner SP, Geber MA, Hairston Jr NG.
Does rapid evolution matter? Measuring
the rate of contemporary evolution and its
impacts on ecological dynamics. Ecology
letters. 2011;14(6): 603-614.
West-Eberhard MJ. Developmental
plasticity and evolution. 2003; Oxford
University Press.

Parsons KJ, Robinson BW. Replicated
evolution of integrated plastic responses
during early adaptive  divergence.
Evolution. 2006;60(4):801-813.

Seebacher F, White CR, Franklin CE.
Physiological plasticity increases
resilience of ectothermic animals to
climate change. Nature Climate Change.
2015;5(1):61-66.

Gunderson AR, Stillman JH. Plasticity in
thermal tolerance has limited potential to
buffer ectotherms from global warming.
Proceedings of the Royal Society B:
Biological Sciences. 2015; 282(1808):
20150401.

Urban MC, Richardson JL, Freidenfelds
NA. Plasticity and genetic adaptation
mediate amphibian and reptile responses
to climate change. Evolutionary
Applications. 2014;7(1):88-103.

Bonte D, Van Dyck H, Bullock JM, Coulon
A, Delgado M, Gibbs M, Lehouck V,
Matthysen E, Mustin K, Saastamoinen M,
Schtickzelle N. Costs of dispersal.
Biological reviews. 2012; 87(2):290-312.
Sommer RJ. Phenotypic plasticity: From
theory and genetics to current and future
challenges. Genetics. 2020; 215(1): 1-13.
DOI: 10.1534/genetics.120.303163
Doughty P. Testing the ecological
correlates of phenotypically plastic traits
within a phylogenetic framework. Acta
oecologica (Montrouge). 1995;16(4):519-
524,

Gotthard K, Nylin S. Adaptive plasticity
and plasticity as an adaptation: A selective
review of plasticity in animal morphology
and life history. Oikos. 1995;74:3-17.

Williams G. Adaptation and Natural
Selection. 1996; Princeton, Estados
Unidos.

Stillman  JH.  Acclimation  capacity

underlies susceptibility to climate change.
Science. 2003; 301(5629):65.

Riddell EA, Odom JP, Damm JD, Sears
MW. Plasticity reveals hidden resistance
to extinction under climate change in the


https://doi.org/10.1534%2Fgenetics.120.303163

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ghosh; Uttar Pradesh J. Zool., vol. 45, no. 15, pp. 348-362, 2024; Article no.UPJOZ.3735

global hotspot ofsalamander diversity.
Science Advances. 2018; 4(7): eaar5471.
DOI: 10.1126/sciadv.aar5471

Van Kleunen, M, Fischer M. Constraints
on the evolution of adaptive phenotypic
plasticity in plants. New Phytologist.
2005;166(1):49-60.

Auld JR, Agrawal AA, Relyea RA. Re-
evaluating the costs and limits of adaptive
phenotypic plasticity. Proceedings of the
Royal Society B: Biological Sciences.
2010;277(1681):503-511.

DeWitt TJ, Sih A, Wilson DS. Costs and
limits of phenotypic plasticity. Trends in
ecology & evolution. 1998;13(2):77-81.
Garland T Jr. Trade-offs. Current Biology.
2014;24(2):R60-R61.

DOI: 10.1016/j.cub.2013.11.036

Riddell E, Sears MW. Terrestrial
salamanders maintain habitat suitability
under climate change despite trade-offs
between water loss and gas exchange.
Physiological and Biochemical Zoology.
2020;93(4):310-319.

Bartholomew GA. The water economy of
seed-eating birds that survive without

drinking. Proceedings of the
International  Ornithological Congress.
1972;15:1-16.

Porter WP, Gates DM. Thermodynamic
equilibria of animals with environment.
Ecological Monographs. 1969;39:227—
244.

Storey KB. Suspended animation: The
molecular basis of metabolic depression.
Canadian Journal of Zoology. 1988;66(1):
124-132.

Burggren WW, Vitalis TZ. The interplay of
cutaneous water loss, gas exchange and
blood flow in the toad, Bufo woodhousei:
adaptations in a terrestrially adapted
amphibian. Journal of Experimental
Biology. 2005;208(1):105-112.

Risau W. Mechanisms of angiogenesis.
Nature. 1997;386(6626):671-674.

DOI: 10.1038/386671a0

Roth G, Nishikawa KC, Wake DB.
Genome size, secondary simplification,
and the evolution of the brain in
salamanders.  Brain, behavior and
evolution. 1997;50(1):50-59.

Roy S, Gardiner DM, Bryant SV. Vaccinia
as a tool for functional analysis in
regenerating limbs: ectopic expression of
Shh. Developmental Biology. 2000;218(2):
199-205.

DOI: 10.1006/dbio.1999.9556

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

361

Sakamaki K. Regulation of endothelial cell
death and its role in angiogenesis
and  vascular  regression.  Current
Neurovascular Research. 2004;1(4):305-
315.

Huey RB, Bennett AF. Phylogenetic
studies of coadaptation: Preferred
temperatures versus optimal performance
temperatures  of lizards.  Evolution.
1987;41(5):1098-1115.

Bennett AF, Dao KM, Lenski RE. Rapid
evolution in response to high-temperature
selection. Nature. 1990;346(6279):79-81.
Kingsolver JG, Ragland GJ, Shlichta JG.

Quantitative  genetics of continuous
reaction norms: Thermal sensitivity of
caterpillar  growth  rates.  Evolution.

2004;58(7):1521-1529.

Angilletta Jr MJ, Bennett AF, Guderley H,
Navas CA, Seebacher F, Wilson RS.
Coadaptation: A unifying principle in
evolutionary thermal biology. Physiological
and Biochemical Zoology. 2006;
79(2):282-294.

Hoffmann AA. Physiological climatic limits
in Drosophila: Patterns and implications.
Journal of Experimental Biology.
2010;213(6):870-880.

Sinervo B, Mendez-De-La-Cruz F, Miles
DB, Heulin B, Bastiaans E, Villagran-
Santa Cruz M, Lara-Resendiz R, Martinez-
Méndez N, Calderén-Espinosa ML, Meza-
Lazaro RN, Gadsden H. Erosion of lizard
diversity by climate change and altered
thermal niches. Science. 2010;
328(5980):894-899.

Huey RB, Kingsolver JG. Evolution of
resistance responses to high temperatures
in ectotherms. The American Naturalist.
1993;142:S21-S46.

Lynch M, Lande R. Evolution and
extinction in response to environmental
change. In: Biotic interactions and global
change (Kareiva P, Kingsolver J and Huey
R eds.). 1993; pp: 234-250, Sinauer,
Sunderland, MA.

Gomulkiewicz R, Holt RD. When does
evolution by natural selection prevent
extinction? Evolution. 1995;49(1):201-207.
DOI: 10.1111/j.1558-5646.1995.tb05971.x
Moritz C, Langham G, Kearney M,
Krockenberger A, VanDerWal J, Williams
S. Integrating phylogeography and
physiology reveals divergence of thermal
traits between central and peripheral
lineages of tropical rainforest lizards.
Philosophical Transactions of the Royal



100.

101.

102.

103.

104.

105.

106.

107.

Ghosh; Uttar Pradesh J. Zool., vol. 45, no. 15, pp. 348-362, 2024; Article no.UPJOZ.3735

Society B: Biological Sciences. 2012;
367(1596):1680-1687.
Huey RB, Deutsch CA, Tewksbury JJ, Vitt

LJ, Hertz PE, Alvarez Pérez HJ, Garland

Jr T. Why tropical forest lizards are
vulnerable to climate warming.
Proceedings of the Royal Society B:
Biological Sciences. 2009;276(1664):
1939-1948.

DOI: 10.1098/rspb.2008.1957

Hull SL, Grahame J, Mill PJ. Heat stability
and activity levels of aspartate
aminotransferase and alanine
aminotransferase in British Littorinidae.
Journal of Experimental Marine Biology
and Ecology. 1999; 237(2):255-270.
Panova M, Johannesson K. Microscale
variation in Aat (aspartate
aminotransferase) is supported by activity
differences between upper and lower
shore allozymes of Littorina saxatilis.
Marine Biology. 2004;144(6):1157-1164.
Somero GN. Adaptation of enzymes to
temperature: ~ Searching  for  basic
“strategies”. Comparative Biochemistry
and Physiology Part B: Biochemistry and
Molecular Biology. 2004, 139(3)
:321-333.

Rutherford SL, Lindquist S. Hsp90 as a
capacitor for morphological evolution.
Nature. 1998; 396(6709):336-342.
Badyaev AV. Role of stress in evolution:
From individual adaptability to evolutionary
adaptation. In: Variation, 2005;277-302,
Academic Press.

Rutherford SL. Between genotype and
phenotype: Protein chaperones and
evolvability. Nature Reviews Genetics.
2003;4(4):263-274.

Ruden DM, Garfinkel MD, Sollars VE, Lu
X. Waddington’s widget: Hsp90 and the

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

inheritance of acquired characters. In:
Seminars in cell & developmental
biology. 2003;14(5):301-310. Academic
Press.

Wright S. Evolution in  Mendelian
populations. Genetics. 1931;16(2):97.
Simpson GG. The baldwin effect.
Evolution. 1953;7(2):110-117.

Falconer DsS. Introduction to
gquantitative genetics. 1996; Pearson
Education India.

Levin DA. Local differentiation and the
breeding structure of plant populations. In:
Plant evolutionary biology. 1988;305-329,
Springer, Dordrecht.

Baldwin JM. A new factor in evolution
(Continued). The American Naturalist.
1896; 30(355):536-53.

Schmalhausen Il. Factors of evolution: the
theory of stabilizing selection. 1949;
Blakiston.

Price TD, Qvarnstrom A, Irwin DE. The
role of phenotypic plasticity in driving
genetic evolution. Proceedings of the
Royal Society of London. Series B:
Biological Sciences. 2003;
270(1523):1433-1440.

Kawecki TJ, Ebert D. Conceptual issues in
local  adaptation. Ecology letters.
2004;7(12):1225-1241.

Fan S, Hansen ME, Lo Y, Tishkoff SA.
Going global by adapting local: A review of

recent human adaptation. Science.
2016;354(6308):54-59.
Caspers BA, Junge C, Weitere M,

Steinfartz S. Habitat adaptation rather than
genetic distance correlates with female
preference in fire salamanders
(Salamandra salamandra). Frontiers in
zoology. 2009;6(1):1-8.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are
solely those of the individual author(s) and contributor(s) and not of the publisher and/or the editor(s).
This publisher and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions or products referred to in the content.

© Copyright (2024): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://prh.mbimph.com/review-history/3735

362


https://prh.mbimph.com/review-history/3735

