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Abstract—Many amphibian populations in desert environments are likely at risk of decline or extirpation due to
more extreme weather driven by climate change. Most desert species are explosive breeders, taking advantage of
rainfall large enough to potentially support reproduction. Hence, management strategies for amphibians in gen-
eral may not apply to anurans in temperate and subtropical deserts. Sustaining populations of desert amphibians
is complex in that we are managing species assemblages that are relatively vulnerable to climate change, while
planning for an environment that will change in ways that are not clear. However, we can improve the success of
proactive management by integrating physiology with ecology within the context of a changing climate. Explicit
consideration of physiology and ecology can target efficient habitat management actions such as identifying where
to add shading or to extend hydroperiod. This approach can also improve outcomes when re-establishing native
fauna by identifying life stages robust to release. Further we can improve our management of invasive species by
explicit consideration of physiological constraints on dispersal capability of the invasive species to help plan where
to fragment habitat connectivity to block invasions. To effectively plan for desert amphibians and climate change,
science, management and policy makers must openly communicate about what we know, what information we lack,
and the limitations of our knowledge. By explicitly including physiology in our management decisions we can refine
our approach and more efficiently apply limited resources of time and money.
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INTRODUCTION

Climate change threatens the persistence of desert
amphibians with environmental change that is likely to
outpace evolutionary change for at least some physio-
logical tolerances (Lapola et al. 2009; Cayan et al. 2010;
Stahlschmidt et al. 2011; Intergovernmental Panel on
Climate Change [[PCC] 2014a,b). Consequently, organ-
isms in these temperate and subtropical environments,
such as the desert southwestern USA, may be forced to
adapt, move, or face extinction. Unfortunately, weather
conditions are much more variable than in the past (Cay-
an et al. 2010; Coumou and Rahmstorf 2012), and we
do not have good estimates of the adaptive potential for
most desert amphibian species. Humans can help buy
time for desert species to adapt by providing limiting
resources and improving habitat quality. Management
strategies for dealing with climate change are referred
to by agencies as Climate Adaptation Strategies (Mawd-
sley et al. 2009). By designing these strategies using
physiology and ecology to target management actions
to particular seasons or developmental stages, we can
optimize efficient application of resources to mitigate
climate change and other stressors. Work of this scale
requires communication and the integration of cross-
disciplinary expertise with management practices based
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in science, including physiology, natural and life history,
ecology, and evolution.

Climate change is causing already hot deserts to be
more extreme, which is expected to cause physiological
harm rather than benefitting most species (IPCC 2014b).
Desert amphibians are especially vulnerable to climate
change because the projected increased variability in the
desert climate will cause drying faster than in most other
systems (Seager 2007; Lapola et al. 2009; IPCC 2014a)
and because of the complex ways these species interact
with their environment. In addition, desert systems tend
to have a relatively large number of endemic species
with relatively small ranges (Brito et al. 2014) that tend
to have populations vulnerable to declines caused by
stochastic factors (e.g., genetic, demographic, environ-
mental, and natural catastrophes; Frankham et al. 2004).
Further, species found in already hot environments may
have a lower tolerance to further warming than species
from other locations (Duarte et al. 2012; IPCC 2014b),
suggesting desert amphibians could be more vulnerable
than non-desert species to climate change.

Globally, desert climates are changing faster than
other non-polar terrestrial ecosystems (IPCC 2014b).
All temperate and subtropical deserts (i.e., North Amer-
ican, South American, African, Asian, and Australian)
are expected to become an average of 2—5° C (4-9° F)
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hotter over the next century (based on RCP4.5 emissions
scenarios for moderate to rapid economic growth; IPCC
2013). Additionally, many desert areas are likely to ex-
perience declines in humidity and declines in precipi-
tation of up to 20% based on high emission scenarios
(although areas projected to have increased precipitation
include most Asian deserts, the Peruvian coast, parts of
the Arabian Peninsula, and parts of India; Kunkel et al.
2013; IPCC 2013; IPCC 2014a). Within the southwest-
ern deserts of the U.S., extremely hot days (maximum >
35° C) are projected to increase from 15—40 d currently
to 40—160 d per year over the next century (Kunkel et al.
2013), and the decrease in water availability, including
declines in soil moisture seen over the 20" Century, are
expected to continue (Komuscu et al. 1998; Seager et
al. 2007). Whereas spatiotemporal variability in desert
weather patterns tends to be naturally high, punctuated
by periods of extreme heat and aridity (Comrie and Bro-
yles 2002; Augustine 2010), climate change is expect-
ed to exacerbate the amplitude and frequency of these
severe weather patterns (Weiss and Overpeck 2005;
Stahlschmidt et al. 2011; Petrie et al. 2014).

Changing climate and weather patterns are creating
conditions that may exceed physiological constraints of
the organisms, affecting their ecological relationships
(Lapola et al. 2009; Cayan et al. 2010; Stahlschmidt
et al. 2011; IPCC 2014a, b). Organisms consist of
groups of differentiated cells driven by chemical reac-
tions, and anything that influences chemical reactions
(e.g., temperature and water availability) will influence
physiological functions such as survival, reproduction,
growth, and development (Amarasekare and Coutinho
2013). Understanding the physiology of a species and
patterns in demographics and ecology can thus provide
a mechanistic explanation of changes in population and
community structure, abundances and distributions, and
a prediction of how the species may be influenced by
increased climate variability (Angilletta 2009; Kearney
and Porter 2009). In general, organisms are thought to
have relatively narrow physiological tolerances com-
pared to the variability of the environment because of
maintenance costs (Poertner and Farrell 2008). There
is concern that desert environments are changing faster
than organisms can adapt leading to species dealing
with conditions outside of their tolerances (Lapola et al.
2009; Stahlschmidt et al. 2011; IPCC 2014b).

Many amphibians, including those in deserts, are
relatively susceptible to dehydration and require sur-
face water for reproduction (Duellman and Trueb 1986;
Rome et al. 1992), meaning they are sensitive to chang-
ing water availability. Further, desert species that use
isolated ephemeral waters for breeding, which often
lack thermal refuges because they are shallow, are likely
to be sensitive to changing water availability and tem-
perature. The net results of these environmental chang-

es and cascading ecological consequences may lead
to differential physiological and behavioral responses
between species, affecting interactions (e.g., Martinez
2012; Tylianakis et al. 2008; Dell et al. 2014). These
changes in interactions may then affect desert amphib-
ian population persistence.

Natural resource managers need a suite of flexible
climate adaptation strategies to improve the resiliency
and persistence of amphibian populations inhabiting
increasingly extreme desert environments. These strat-
egies should be built on insights from physiology and
ecological relationships to be successful. Here, I outline
ways to use knowledge of physiological mechanisms
to inform management actions. First, I draw from our
current understanding of amphibian physiology and the
desert environment to provide a mechanistic understand-
ing of how climate change will affect individuals. Then
I demonstrate how individual physiology can influence
ecological relationships to affect populations and spe-
cies interactions. Next, I recommend climate adapta-
tion strategies informed by physiology and ecology for
desert amphibians that incorporate evaluation and rank-
ing of species vulnerability and proactive management
actions such as habitat improvements. Last, I propose
large-scale coordination and iterative communication
to best plan and implement physiology- and ecology-
informed conservation.

PATTERNS OF AMPHIBIAN
TOLERANCE AND SENSITIVITY

General patterns—Amphibian tolerance to chang-
ing climatic conditions is controlled by a combination
of evolutionary history, demographics of the species,
and behavior. A number of desert amphibian species are
endemics with small ranges. Species with small ranges
tend to be adapted to narrow ecological niches; conse-
quently, they tend to have narrower thermal tolerances
than species with larger ranges (Slayter et al. 2013), put-
ting them on average at a higher extinction risk from cli-
mate change and other chance events (Pimm et al. 1988;
Purvis et al. 2000; Payne and Finnegan 2007; Slatyer
et al. 2013). Demographic attributes such as late ma-
turity, fewer eggs, or slower growth also tend to make
individuals and populations more vulnerable to stressors
like climate change than individuals with early maturity,
faster growth, and larger clutch sizes (McKinney 1997;
Purvis et al. 2000). So, for example, we would expect
species such as the Relict Leopard Frog (Lithobates
onca), a ranid that lays several hundred eggs, takes sev-
eral months to develop, and has a small range (Bradford
et al. 2005), to be highly vulnerable to stressors includ-
ing climate change. Conversely, we would expect spe-
cies such as the Red-spotted Toad (Anaxyrus puncata-
tus), a bufonid that lays an average of 1,500 eggs (Tevis
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1966), can metamorphose in eight days, and is found
throughout much of the desert and desert grasslands in
North America (Sullivan 2005), to be much more resil-
ient to stressors like climate change.

Additionally, desert amphibians behaviorally medi-
ate their exposure to water availability and tempera-
ture. Many adult desert amphibians are fossorial for
most of the year (Shoemaker et al. 1992), while others
take advantage of habitat such as springs that provide
thermal and hydric refuge (Scott and Jennings 1985).
Those species that rely on springs are likely to be more
at risk as land use and climatic changes reduce hydric
inputs to, and therefore outputs from, springs (Unmack
and Minckley 2008). Additionally, relatively shallow
ephemeral waters do not provide a great deal of ther-
mal refuge for larval amphibians. Species that use these
sites for embryonic and larval development may be at
risk if thermal tolerances are exceeded or if hydroperiod
is shorter than the species-specific minimum required
time to metamorphosis.

Temperature—Amphibians are ectotherms; their
body temperature generally tracks environmental tem-
peratures. Consequently, extreme ambient temperatures
can have severe consequences for individuals lacking
adequate physiological or behavioral adaptions to these
conditions (Bentley 1966; Warburg 1967; Hutchinson
and Dupre 1992; Hillman et al. 2009). Because in-
creases in temperature increase biological activity, ec-
totherms in warmer temperatures can grow faster and
may reach reproductive maturity at smaller sizes (Brad-
ford 1990; Atkinson et al. 2001; Sheridan and Bickford
2011); and smaller size at metamorphosis has been as-
sociated with lower lifetime fitness (Ficetola and De
Bernardi 2006; Cabrera-Guzman et al. 2013), suggest-
ing that increased natal temperature has the potential to
slow population growth. Response to temperature in-
creases is not a linear relationship; when temperatures
are too high, growth and development can be compro-
mised (Polasik et al. 2016). Increased temperature can
also increase productivity, potentially increasing food
resources leading to faster growth. These interactions
may be important in desert systems where temperatures
already are extremely hot, for example in the southwest-
ern U.S., exceeding 47° C (117° F) and recorded as high
as 53° C (128° F; Arizona State Climate Office, Nation-
al Weather Service; https://azclimate.asu.edu/weather/).
Consequently, more study into the interactions between
temperature, resource availability, physiological toler-
ances, and lifetime fitness will be essential for teasing
apart how they interact to affect desert amphibians.

Variation in temperature sensitivity can also influ-
ence the outcome of ecological relationships. Amphib-
ians show interspecific and intraspecific variation in
thermal sensitivity, which can influence competitive and

predatory relationships and alter community composi-
tion (Tylianakis et al. 2008; Dell et al. 2014). Some spe-
cies found in deserts can tolerate extreme heat, such as
the Green Toad (Anaxyrus debilis; about 40° C); other
species have lower thermal limits, such as the Northern
Leopard Frog (Lithobates pipiens; about 36° C) found
in parts of the Chihuahuan Desert (Brattstrom 1968).
There is also variation between populations (Ralin and
Rogers 1972); for example, Pacific Treefrogs (Pseudac-
ris regilla) from Dry Lake, California were more toler-
ant of hot temperatures (37° C) than an El Toro, Cali-
fornia, population (36° C; Brattstrom 1968, data from
Fig. 3.g, showing data ranges not overlapping). These
differences in sensitivity are important for predicting
species and populations that are more likely to tolerate
increased temperatures with climate change and may
become more successful in consumptive or competitive
interactions.

Stage specific vulnerability to temperature occurs in
desert amphibians. First, the vulnerability of eggs and
larvae is large because they require an aquatic environ-
ment, which can be influenced by increasing temperature
and evaporation. Additionally, lower thermal tolerances
than other stages are documented in young embryos (<
Gosner stage 9; Gosner 1960; Zweifel 1977) and tad-
poles going through metamorphosis (Gosner stages 42
through 44; Sherman 1980; Floyd 1983). Young em-
bryos of most organisms tend to lack heat shock proteins
that provide protection from heat and other stressors,
leading to higher thermal sensitivity and greater vulner-
ability to temperature very early in development (Feder
et al. 1999). Additionally, large and rapid physiological
change occurs later in development as anuran tadpoles
start to metamorphose, a period in development that also
shows thermal sensitivity (Sherman 1980; Floyd 1983).
Tadpoles going through metamorphosis cease feeding
and depend on resources stored in their tail to meet en-
ergetic requirements as mouthparts atrophy at stage 41,
and feeding does not begin again until stage 45 (Gos-
ner 1960). During this time, high temperatures cue the
production of heat shock proteins that are energetically
expensive and may reduce the ability of the individu-
al to accomplish other physiological tasks (Krebs and
Loeschcke 1994; Somero 2002; Fitzgerald-Dehoog et
al. 2012) suggesting that the process of metamorphosis
may be compromised by the energetic requirements for
the production of heat shock proteins. However, this re-
lationship should be explored further, because no work
on this topic has been done on desert anurans. Even so,
the knowledge that late tadpole stages are particularly
vulnerable to stressors can help those involved in head-
starting programs to identify vulnerable stages to tem-
perature and other stressors, and better gauge the timing
of release of young into the environment.

565



Griffis-Kyle—Physiology and ecology inform desert amphibian.

High-temperature specialist

‘max
Low-temperature specialist

Generalist

Performance

CT,

min

Temperature

T

opt CT,

max

FiGURE 1. Model species performance curves for high-tempera-
ture specialists (dark curve), and for low-temperature specialists
and generalists (light curves). Indicated for the high-temperature
specialist are its maximum performance (P ), which occurs at
the optimal temperature (Topl), and its performance breadth, which
is the range of temperatures over which the animal performs well.
The critical thermal minimum (CT ) and the critical thermal
maximum (CT ) are temperatures beyond which performance is
nil (modified from Tattersall et al. 2012).

Temperature has a large and often non-linear effect
on physiological processes, and can influence amphibian
fitness, behavior, and population persistence and demo-
graphics (Berven et al. 1979; Angilletta 2009; Hillman
et al. 2009). Biological functions related to tempera-
ture are generally asymmetrically hump-shaped, with
performance and efficiency of the function increasing as
temperature rises until some maximum is reached, after
which performance drops, often steeply (Fig. 1; Rome et
al. 1992; Angilletta 2009; Tattersall et al. 2012). Some
processes are greatly influenced by temperature whereas
others are only weakly influenced (Rome et al. 1992).
These misalignments in biological processes are caused
by (1) denaturing of proteins including hormones and
enzymes at different rates (Teipel and Koshland 1971);
(2) speeding of reactions that drive metabolism increas-
ing oxygen demand, at times to levels greater than what
respiration can supply (Portner and Knust 2007; Rum-
mer et al. 2014); and (3) nonparallel changes in the
transport of ions across biological membranes (Somero
2002). Negative effects of temperature can occur at less
than the thermal maximum for a process, leading to re-
duced competitive ability in the field (Rome et al. 1992).
These are complex processes and interactions, but pro-
vide key insights into predicting the potential success or
failure of population persistence.

These physiological responses to high temperatures
can be reduced in part by access to microclimatic refug-
es (Feder 1982; Scheffers et al. 2014), and acclimation
and evolution (Navas et al. 2008; Nichaus et al. 2012).
Desert amphibians tend to be nocturnal and fossorial for
most of the year, so most adults may never reach their
upper thermal critical limits in the field. However, some
desert tadpoles are in environments, such as ephemeral
pools, that can surpass those thermal limits (Rome et al.

1992). For example, some of these populations experi-
ence ambient temperatures of up to 34° to 39° C, which
is near the limit of their laboratory thermal tolerances
(Zweifel 1968; Brown 1969), putting populations at risk
of declines.

Water limitation—Water is vital for all life process-
es, and limitation can impair biological function and
reduce reproductive opportunities for amphibians. Am-
phibians have a variety of physiological and behavioral
adaptations making them fairly tolerant to desiccation
relative to other vertebrates (Hillman et al. 2009). In
general, size of the individual and the degree to which
it is terrestrial correlates with resistance to desicca-
tion more so than skin texture or habitat type (Thorson
1955; Warburg 1965; Young et al. 2005). All stages of
development have at least some vulnerability to water
limitation. Most embryos and tadpoles are aquatic and
depend on surface water for development; consequently,
declining hydroperiods can have a large impact on suc-
cessful metamorphosis. Metamorphs may be affected
by longer periods between precipitation events, increas-
ing their risk of desiccation mortality (Carey and Alex-
ander 2003; Polasik et al. 2016). Adults may be more
affected by declining soil moisture (Cayan et al. 2010;
Seneviratne et al. 2010), potentially leading to the cre-
ation and use of deeper burrows during most of the year.
As a result, amphibians are considered to be sensitive
to declines in water availability as a result of climate
change.

In general, amphibians can withstand losing 20—50%
of their body mass in water, with toads (Bufonidae),
spadefoots (Scaphiopodidae), and the Tiger Salaman-
der (Ambystoma tigrinum) tolerating > 35% (Alvarado
1972; Shoemaker et al. 1992). Terrestrial species are
generally better adapted to water loss than aquatic spe-
cies (Thorson 1955; Warburg 1965; Young et al. 2005),
and some terrestrial species rapidly absorb water from
moist substrates (Pinder et al. 1992; Shoemaker et al.
1992; Hillman et al. 2009). Amphibians also use their
bladder to hold water, storing up to 50% of their body
mass in some species (Shoemaker et al. 1992; Hill-
man et al. 2009), and some cocoon forming species can
store more than 130% of their body weight (Tracy et
al. 2007). Amphibians then reabsorb water from di-
lute urine (Shoemaker et al. 1992; Hillman et al. 2009).
Amphibians also tolerate water limitation by avoiding
harsh conditions and seeking shelter during the day and
aestivating and/or forming cocoons during dry periods
to conserve water and other resources (Lee and Mercer
1967; Tracy et al. 2007).

Despite these adaptations, dehydration can occur
when water loss exceeds storage and the tolerance of
an amphibian. During dehydration, amphibians first
increase activity to find shelter but then slow when
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FIGURE 2. Increasing environmental temperatures and declining rainfall can create stress (e.g., increased competition, decreased immune
function) for larval amphibians through a variety of paths including physical changes in abiotic conditions and speeding up biological

reactions.

physiological damage leads to locomotor dysfunction
and organ failure (Heatwole et al. 1971; Heatwole and
Newby 1972; Putnam and Hillman 1977; Moore and
Gatten 1989). Dehydration increases the concentration
of solutes in the body, which can impair organ function
(Alvarado 1972; Shoemaker et al. 1992). The heart is
especially affected as blood concentrates and is harder
to move; when this happens, the cardiovascular system
may not support aerobic respiration (Hillman 1987).

Ambient moisture is also related to amphibian re-
production and growth. The vulnerability of eggs and
larvae laid in aquatic environments is greater than that
of adults because, in part, they are tied to open water,
whereas terrestrial adults are generally not. Rainfall
in mesic areas is positively correlated with the number
of eggs laid, the likelihood of metamorphosis, and the
number of metamorphs produced (Toft 1980; Pechmann
et al. 1989; Hillman et al. 2009; Pails 2012), but this
relationship has not been studied for desert amphibians.
Increased water availability lengthens the time avail-
able for the terrestrial forms to forage (Rohr and Palmer
2013; Polasik et al. 2016), and foraging time is related to
growth. A lack of moisture can decrease activity, such as
foraging, potentially leading to starvation and mortality
of metamorphs and adults (Carey and Alexander 2003).
Because amphibian growth is greater in wet years in
arid environments (Tinsley and Tocque 1995), and be-
cause size in amphibians can be correlated with fitness
(Ficetola and De Bernardi 2006; Cabrera-Guzman et al.
2013), wetter years in deserts are likely important for
individual fitness and population persistence. Captive-
release and head-starting programs can use this in long-
term planning to target years with predicted greater rain-
fall to more efficiently apply conservation strategies at
times with the greatest chance of success.

EcoLOGICAL RESPONSES OF
AMPHIBIANS TO CLIMATE CHANGE

An organism’s physiological responses to climate
change may alter how it relates to the biotic and abiotic
environment. It follows that species- and population-
specific tolerances and their evolutionary history,
combined with species interactions and changes in the
physical environment, will cause stress and have com-
plex ecological consequences (Relyea 2002; Dell et al.
2014). For example, drought is facilitating the success
of invasive crayfish (Orconectes spp.) to the detriment
of native species, and projected climate change is likely
to make this worse through changing competitive rela-
tionships and food webs (Martinez 2012). To increase
the likelihood for success of climate adaptation strate-
gies, managers will need to consider these ecological
interactions. Below are examples of these interactions
between climate change and amphibian ecology, linking
physiological mechanisms to ecological relationships
and landscape-scale patterns.

Thermo-ecophysiology.—Increased  temperatures
can cause hypoxic conditions for aquatic organisms
(Fig. 2). High temperatures increase kinetic energy in
water, weakening the attractive forces between water
molecules and oxygen and leading to declines in dis-
solved oxygen (Tromans 1998). Some larval amphib-
ians can gulp air to compensate for low dissolved oxy-
gen (Hoff et al. 1999). However, organisms generally
have difficulty supplying their cells with enough oxygen
for aerobic cellular respiration at high temperatures
(Portner and Knust 2007; Rummer et al. 2014). Concur-
rently, there is a greater demand for oxygen because of
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accelerated biochemical activity (Fig. 2). This can lead
to physiological stress.

Increased biological activity requires more food
consumption, resulting in more waste production (Fig.
2). Because high temperatures increase evaporation,
water volume declines. When waste products and
number of individual animals concentrate, habitat qual-
ity declines, competition increases, and stress escalates
(Fig. 2; Woodward and Mitchell 1991; Griffis-Kyle et
al. 2014). Because temperature and size at metamor-
phosis are inversely related (Voss 1993; Gillooly et al.
2002), those individuals who achieve metamorphosis
are likely to be smaller, and smaller size is associated
with lowered lifetime fitness (Ficetola and De Bernardi
2006; Cabrera-Guzman et al. 2013). Additionally, in-
tense competition, such as found in desert pools, also
delays metamorphosis (Newman 1987, 1998). In sum,
increased temperature resulting from climate change is
likely to increase competition and stress, slow develop-
ment, reduce size at metamorphosis, and result in fewer
metamorphs (Fig. 2).

Stress can have strong negative indirect conse-
quences for animals including amphibians. Stress and
the physiological mechanisms for coping with stress
are energetically costly; thus, energy is directed away
from performing normal processes and can reduce
lifetime fitness (Newman 1998; Kishida et al. 2014).
For example, as stress decreases immune function and
increases susceptibility to diseases such as Ranavirus
and Batrachochytrium dendrobatidis, populations may
decline or become extirpated (Raffel et al. 2013). The
indirect effects of climate that exacerbate the effects of
stress and disease on amphibian populations in some
cases may be greater than the direct effects of climate
on physiological function (Li et al. 2013; Raffel et al.
2013).

Hydro-ecophysiology.—Many amphibians rely on
water (e.g., ephemeral isolated waters, streams, and
springs) for reproduction, which make them vulnerable
to climate change. Many desert amphibians reproduce
at surface waters that are often small, ephemeral, and
widely spaced. Hydroperiods within these ephemeral
waters will decline as temperatures increase, rainfall
becomes less frequent, and consumption by wildlife
increases (see Goetting 2015), leading to more stress
for developing amphibians (Fig. 2; IPCC 2014b). These
heavier downpours will likely increase erosion and
transport of sediment into surface waters (IPCC 2014a),
reducing water volume by displacement. Many of these
ephemeral basins, such as rock pools and depressional
wetlands, hold a constrained volume of water, so excess
rain runs off and is not available for amphibian reproduc-
tion. The sedimentation and scouring of streambeds are
likely to also influence species that use streams, but the

outcomes are not well understood. Species dependent
on more permanent waters, like springs, are also at risk.
As urban populations increase and aquifers are mined
for anthropogenic uses, springs are drying (Unmack and
Minckley 2008; Minckley et al. 2013). Hence, with
fewer, larger rainfall events, more droughts, declining
hydroperiods, and increased anthropogenic demands on
water resources, reproductive opportunities for desert
amphibians will generally decrease and the conditions
for larval development are likely to become more stress-
ful.

Hydroperiod determines the success of aquatic larvae
completing metamorphosis (Wilbur 1987; Rowe and
Dunson 1995). Many desert amphibians are adapted
to short hydroperiods; some species can transition
from embryo through metamorphosis in just over one
week (Newman 1989), whereas others may take several
months or longer (e.g., Crawford et al. 2005; Rorabaugh
2005; Sredl 2005). Though amphibian development
typically accelerates with temperature (Zuo et al. 2012),
there are physiological limits to its speed. Desiccation
of the natal pool before tadpoles metamorphose can
kill the entire cohort, a common occurrence for desert
amphibians (Newman 1987; Tinsley and Tocque 1995),
and increased drought frequency can extend the time be-
tween successful cohorts. As the number of years with-
out reproductive output increases, extinction risk also
increases (Salice 2012). Long life spans mitigate loss of
reproductive opportunities, but few desert amphibians
worldwide are known to be older than 10 y (Tinsley and
Tocque 1995; Kuzmin and Ischenko 1997; Sullivan and
Fernandez 1999), suggesting that adult life spans may
become insufficient to ensure reproduction and species
survival if drought increases as expected (Salice 2012).

Large-scale patterns—Globally, some amphibians
have altered their phenological (seasonal) cycle in re-
sponse to climate change (Fictelo and Maiorano 2016).
Because different species use different cues for breed-
ing, some populations now breed earlier in the year and
others show no or non-intuitive change (Feehan et al.
2009; Li et al. 2013; While and Uller 2014). Warmer
winters can lead to earlier breeding, but can also result
in lowered fecundity; unfortunately, this pattern has only
been assessed in anurans hibernating in cold climates
(Benard 2015). Changes in the timing of reproduction
can desynchronize the dynamics of a population from
resource availability (Stenseth et al. 2002; Nosaka et al.
2015). For example, an uncoupling between the timing
of reproduction and food resources can alter behavioral
tradeoffs that affect interspecific relationships, poten-
tially altering population growth rates (Yang and Rudolf
2010; Orizaola et al. 2013).

In desert systems, precipitation is strong driver of
the evolution of amphibian breeding strategies as it is
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considered a limiting resource. Precipitation in the des-
erts of the southwestern U.S. is projected to decline, but
there is uncertainty in this due to the complex interac-
tion of sea surface temperatures in the tropical region of
the Pacific Ocean (IPCC 2014b). Many desert regions,
in addition to North America, are also projected to have
lower rainfall, including those in Patagonia, Africa,
northern Saudi Arabia, and the southern reaches of both
the Turkistan desert and the Australian deserts (IPCC
2014c). By contrast, most Asian deserts, the southern
Saudi Arabian peninsula, parts of the Great Indian
Desert, and the Atacama Desert in South America are
projected to receive more rain (IPCC 2014c). In the
southwestern U.S., under high emissions scenarios and
multi-model averaging, most of the declines are pro-
jected to occur in the spring and the summer (Kunkel
et al. 2013) when most, but not all, desert amphibians
breed (Sullivan 1989). Species have evolved to take
advantage of currently existing seasonal pulses of mois-
ture, so the consequences of changing rainfall patterns
will depend on the breeding strategy of the population
(Sullivan 1989).

Range distributions of some amphibian species are
shifting in response to climate change (Kearney et al.
2008; Lawler et al. 2010; Li et al. 2013). However, the
drivers and constraints of range shifts are complex and
can be counterintuitive (Early and Sax 2011). Range
shifts and population dynamics may be more strongly
related to moisture gradients or water availability than
to temperature gradients (Wright et al. 2013; Ficetola
and Maiorano 2016) and different stages may be lim-
ited by different physiological constraints (Kearney and
Porter 2009). For example, spadefoots in western North
America have likely expanded their ranges further into
deserts to take advantage of breeding opportunities at
earthen livestock tanks, demonstrating their relatively
quick responses to changes in water availability (Farrar
and Hey 2005; Morey 2005a, b). Range shifts can also
be constrained by geography (Early and Sax 2011), such
as at the northern boundary of the Sonoran Desert of
Arizona, where an abrupt rise of 1,000 m in elevation
may obstruct latitudinal range shifts. An understanding
on the constraints both within species and by topogra-
phy can help managers plan for range shifts and identify
areas where assisted movements may allow species to
get to appropriate habitat that might otherwise not be
available.

MANAGEMENT AND CLIMATE ADAPTATION

Given the physiological, behavioral, and distribu-
tional shifts that climate change may cause, conserva-
tion of desert amphibians will require an integration of
disciplines to provide and apply information for man-
agement. Uncertainty is high; we are faced with man-

aging species in novel and fluid conditions. Paradigms
may need to change; for example, currently common
species may be more at risk from climate change than
species designated as threatened or endangered (Dubois
et al. 2011; Rosset and Oertli 2011), which means man-
agers may need to change the way they prioritize con-
servation efforts. By identifying species at risk, we can
use efficient strategies to help mitigate these changing
conditions for desert amphibians (Heller and Zavaleta
2009; Mawdsley et al. 2009).

Planning restoration and habitat improvements that
increase the resilience of a habitat to change, and link-
ing science, management, and policy are critical for ad-
dressing climate change (Mawdsley et al. 2009; Scarlett
2010; Groves et al. 2012). Historically, managers fo-
cused on maintaining or restoring past conditions and
treated climate as a hypothetical threat (Poiani et al.
2011). Now, natural resource managers must manage
for both current and future environments and their spe-
cies assemblages (Kujala et al. 2013). To accomplish
these new goals management must identify strategies
to maintain or promote habitat resiliency, the ability
of the system to recover from disturbance (Curtin and
Parker 2014). These strategies should include activities
that identify vulnerable species (Foden et al. 2013), de-
termine habitat improvements (Mawdsley et al. 2009;
Shoo et al. 2011) that support physiological function in
populations of interest, apply techniques to re-establish
fauna informed by physiology and ecology (Polasik et
al. 2016), and use landscape level coordination between
scientists, managers, and policy makers (Loyola et al.
2013).

Assessing vulnerability.—Desert amphibians, as a
group, are likely to be threatened with climate change
in part because they are dependent on highly vulnerable
aquatic habitats and may be at the edges of their ther-
mal and hydric tolerances already (Cayan et al. 2010;
IPCC 2014a, b). Quantification of this vulnerability is
a necessary step in planning climate adaptation strate-
gies (Foden et al. 2013) and integration of physiological
sensitivity into this process can refine the assessments of
species. Some species may benefit from climate change,
but many will not, so it is necessary to evaluate popula-
tion and species vulnerability to this risk. There are a
variety of methods for evaluating vulnerability, includ-
ing qualitative modeling, species distribution modeling
using climate envelopes, and physiological modeling.
These techniques use or assume information on the
physiology of species and their current ranges to project
the effects of a changing environment.

Selecting a method for assessing vulnerability is a
function of the type, quantity, and quality of available
data. Qualitative modeling of vulnerability can deal
with large uncertainties in data by transforming a va-
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riety of data sources and types into a qualitative rank-
ing (Dawson et al. 2011; Davison et al. 2012; Foden
et al. 2013). Unfortunately, data of better quality and
resolution are not given more weight than lower qual-
ity data and physiology may or may not be explicitly
included. Niche envelope modeling (also called climate
envelope or species distribution modeling; Pineda and
Lobo 2009; Garcia et al. 2014), calculates future ranges
based on current climate conditions, where the species is
found, and on projections of future climate. This meth-
od can handle presence-only data (Phillips et al. 2006);
thus, data from a variety of study designs and monitor-
ing programs can be used. However, this method does
not include the influence of ecological interactions or
directly address physiological tolerances of species, and
data from range edges can confound results (Shoo et al.
2006). Physiological modeling of vulnerability evalu-
ates how changes in abiotic conditions match the physi-
ological responses of species, which can be used to cal-
culate extinction risk and can be used to parameterize
other approaches (Kearney and Porter 2009; Bartelt et
al. 2010; Milanovich et al. 2010; Sinervo et al. 2010).
This is a powerful method; however, it requires detailed
information and does not address ecological interactions
that may strongly influence the range of a species. Man-
agers can use qualitative methods for evaluating large
numbers of species, and those most at risk may require
more detailed exploration using climate envelope and
physiological tolerance modeling to better inform man-
agement decisions.

Incorporation of physiology into species vulner-
ability analyses produces more realistic projections of
changes in geographic ranges and extinctions than in
models without these mechanistic relationships (Morin
and Thuiller 2009; Elith et al. 2010). Explicitly includ-
ing physiological tolerances into at least some types of
vulnerability assessments can improve assessment ac-
curacy (Morin and Thuiler 2009). As we proceed in
our planning for future conditions, vulnerability assess-
ments can help us prioritize species for management
or potentially for facilitated dispersal and enhance our
chances of successful outcomes.

Enhance habitat features—At small spatial scales,
habitat features can be enhanced in ways that target spe-
cific life-history stages and work with the physiology of
an animal. For desert amphibians that are fossorial for
much of the year, habitat enhancement should focus on
breeding sites where they do not have the same thermal
or hydrologic refuge as they do underground. Managers
can promote reproduction through habitat enhancement
or creation by paying attention to life histories and spe-
cific physiological needs of species. In wetlands that
are shallow and likely to get extremely hot, shade can
be added or the basin deepened to provide more thermal

refuge for young and to increase the dissolved oxygen
concentration in the water, which may alleviate stress
(Fig. 2).

Physiology dictates rate of development, which dic-
tates the time spent in the aquatic system. Catastrophic
loss of amphibian cohorts occurs when a pool dries
before tadpoles can metamorphose (Newman 1987;
Tinsley and Tocque 1995), and this will happen more
frequently with fewer precipitation events and increased
evaporation (Kunkel et al. 2013). Consequently, in-
creasing hydroperiod is the most direct way to enhance
breeding habitat (Shoo et al. 2011) through increased
water capacity (especially water depth), increased run-
off capture and retention, decreased sedimentation, or
water additions. There are already a number of efforts
to increase water capacity and persistence for game
species by removing sediment and debris, excavation,
building up basin sides, sealing cracks and leaks, and
using shade to decrease sun exposure and evaporation
(Arizona Game and Fish Department 2014). When hy-
droperiod is still too short, water can be added to a pool
from nearby sources (e.g., windmill and well) or deliv-
ered from off-site via pipe, truck, or helicopter (Shoo et
al. 2011); however, trucking or flying in water is expen-
sive. Managers can target water additions based on de-
velopmental requirements, ensuring hydroperiods that
last through metamorphosis.

Those managing natural resources have been con-
structing and improving water sites in the desert south-
western U.S. to provide water for livestock and game
species since the 1940s (Arizona Game and Fish De-
partment 2014). The goal is to increase the number of
water sites to increase the accessibility of water in the
desert environment, as it is assumed water is a limiting
resource for wildlife. Amphibians breed at constructed
water sites such as earthen cattle tanks and anthropo-
genic catchments (Griffis-Kyle et al. 2011; Harings and
Boeing 2014; Griffis-Kyle et al. 2014). This can be a
successful strategy as shown by range expansions in
some of the desert spadefoots in response to the addition
of water sites (Farrar and Hey 2005; Morey 2005a, b).

However, modification of natural water sites or con-
struction of new water sites can have unintended biotic
(invasive species) and abiotic (water quality) conse-
quences detrimental to amphibians and other wildlife.
For example, increasing the density of water sites can
increase connectivity and facilitate invasions by un-
wanted species (MclIntyre et al. 2016). Invasions of ex-
otics in desert wetlands can lead to sedimentation and
fouling of water (Edwards et al. 2010), declines in spe-
cies diversity (Holmquist et al. 2011), and declines in
populations of native species through competition and
predation (Rosen et al. 1994; Rosen and Schwalbe 1995;
Luja and Rodriguez-Estrella 2010). Additionally, con-
structed water sites, and modification of natural water
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sites, can change abiotic conditions such as temperature
and ionic concentrations from what is found at natural
sites like tinajas, which are erosional pools in bedrock
found across the Sonoran Desert (Griffis-Kyle et al.
2014; Heard et al. 2014). Strong rains clear accumu-
lated debris from the basin and restart succession. By
contrast, anthropogenic catchments in this region have
been established to maximize water capture and mini-
mize evaporation (Arizona Game and Fish Department
2014). Consequently, these sites accumulate organic
matter (i.e., plant and animal debris) that decomposes
and produces ammonia, and this has been documented
in areas without livestock influence (Environmental
Protection Agency 2013; Griffis-Kyle et al. 2014; Edyth
Hermosillo, unpubl. report). Ammonia interferes with
aquatic organism physiological processes: it inhibits
osmoregulation and circulation in amphibian larvae by
damaging gills, disrupting uptake of dissolved oxygen,
and hindering brain, liver, and kidney function (Russo
1985; Lang et al. 1987; Camargo and Alonso 2006).
More constructed catchments will be added in response
to climate change, leading to more water sites with large
concentrations of ammonia ions, creating a larger prob-
lem than we currently have with water quality. Very
little work has been done on this relationship and fur-
ther study is needed to understand ammonia dynamics
and desert amphibian responses. It is important that we
understand how changing the placement of wetlands, as
well as the abiotic conditions, affect physiological func-
tion and influence amphibian populations.

Climate change and our interactions with this change
are effectively transforming the environment and mag-
nifying the effects of other stressors on populations and
communities (Tylianakis et al. 2008; Raffel et al. 2006).
For example, disease, and in particular the chytrid fun-
gus, Batrachochytrium dendrobatidis, is a huge issue
for amphibians and has caused catastrophic declines in
populations globally (Li et al. 2013). Sampling of sev-
eral desert water sites in the Sonoran Desert revealed
B. dendrobatidis in four out of five artificial catchments
but not in the one tinaja sampled (Edyth Hermosillo,
unpubl. report). The catchments are constructed in re-
sponse to water limitation and are used as a way to miti-
gate environmental extremes in the desert and climate
change. This fungus has an upper thermal tolerance of
26—28° C (Stevenson et al. 2013). The temperature of
desert waters can exceed 30° C in artificial catchments
and tinajas (Fig. 3), above the lethal limit of the fungus.
Interestingly, artificial catchments store water in large,
often underground storage tanks (Arizona Game and
Fish Department 2014) where temperatures are buffered
by the soil. This suggests catchments with cooler, un-
derground tanks might provide a physiological refuge
for the fungus in an otherwise inhospitable environment.
Additionally, differences in environmental conditions
(Raffel et al. 2006; Savage et al. 2015), like underground
storage tanks can provide, may have large impacts on
infection intensity; however, no work to date has exam-
ined this issue. We need to understand the relationship
between our management of water sources and how that
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can change the environment and either enhance or re-
strict disease persistence so that we can better support
desert wildlife with water as its availability declines,
without putting populations at risk of disease.

Consideration of the physiology of native species,
invasive species, and pathogens are all critically im-
portant in planning habitat modifications. The goal
is to promote the conservation of native species. For
example, understanding the hydro-ecophysiology of
Bibron’s Toadlet (Pseudophryne bibronii), the relation-
ship between breeding site water potential and repro-
ductive success, has allowed researchers and managers
to increase reproductive activity by increasing the hu-
midity on breeding grounds (Mitchell 2001). Polasik
et al. (2016) demonstrated that even under conditions
where water was not thought to be limiting in pens
where metamorphs were conditioned to the outside en-
vironment before release (automatic water systems were
used), Wyoming Toad (4Anaxyrus baxteri) metamorphs
still clustered around water systems as the temperature
rose. Their work suggests that our assumptions about
limiting resources may underestimate the conditions
optimal for physiological function, and that detailed
physiological tolerance information would be impor-
tant for improving habitat. Further, to promote native
species, invasive species and pathogens should be con-
trolled; understanding the physiological requirements
of all species involved may be essential for this. For
example, invasive species like the American Bullfrog
(Lithobates catesbeianus) and crayfish often need long
hydroperiods, so ensuring that habitat modifications or
additions dry up occasionally can help guard against in-
vasion (Rosen and Schwalbe 1995). An understanding
of physiology can thus provide us with guidance on how
to modify habitat to better support desirable species or
exclude undesirable species.

Re-establishing  fauna.—Re-establishing  fauna,
including both in-situ and ex-situ strategies such as
moving, reintroducing, or introducing individuals, can
reverse amphibian population declines and extirpations
(Griffiths and Pavajeau 2008; Germano and Bishop
2009; Sprankle 2008; Vignieri 2014). The success rate
has generally been low, but is improving (Dodd and
Seigel 1991; Griffiths and Pavajeau 2008; Germano and
Bishop 2009) and explicit consideration of physiologi-
cal and ecological constraints will improve the success
of these programs. For example, understanding the tim-
ing and development of energetically expensive heat
shock proteins can help identify life-history stages that
are less tolerant of stress, such as young embryos and
tadpoles going through metamorphosis. Once amphib-
ians get through metamorphosis and begin to feed on
invertebrates, they become more difficult to feed in cap-
tivity, so consequently efforts have focused on releas-
ing tadpoles or very young metamorphs (Michael Sredl,

pers. comm.). Unfortunately, these developmental
stages may be more vulnerable to temperature and other
stresses. There is little work on the interaction between
temperature, development, and heat-shock proteins in
amphibians, and none in the context of head-starting
or reintroducing amphibian populations; this work has
the potential to improve the success of re-establishing
fauna.

The success of the Wyoming Toad reintroduction
program will be improved by including physiology
(Polasik et al. 2016). These authors found that warm
shallow waters decreased time to metamorphosis, a pos-
sible benefit in some circumstances, and suggested that
reducing water temperature may increase size at meta-
morphosis, with the latter result possibly increasing
lifetime fitness. After metamorphosis, vegetation cover,
likely related either directly or indirectly to microcli-
mate and in particular humidity, improved juvenile toad
survival (Polasik et al. 2016). Lessons from Polasik et
al. (2016) include that alterations in the thermal profile
of the aquatic environment can increase tadpole fitness
via effects on development and size (Atkinson 1994).
If the critical issue is to facilitate getting tadpoles out
of predator filled habitat, warmer conditions may be
appropriate; if the goal is to maximize lifetime fitness
and aquatic predators are not as much a problem, cooler
temperatures may be more important. Further, forb cov-
er may help the success of Wyoming Toads head-start-
ing programs that release individuals first into outdoor
enclosures to acclimate them to the environment and
improve survival, potentially because of microclimate
temperature or a microhabitat-based increase in the food
resources (Polasik et al. 2016). An understanding of
anuran metamorph physiology and ecology linked with
abiotic conditions would help managers increase the
survival of soft-release metamorphs through modifica-
tion of enclosure conditions.

Landscape planning—Iandscape-scale planning
can improve the likelihood that management actions
successfully mitigate at least some aspects of climate
change. Planning at a large spatial scale facilitates ac-
complishing multiple goals including: (1) identifying
and constructing corridors between populations to ac-
commodate range shifts (Hannah et al. 2002; Mawds-
ley et al. 2009; Beier and Brost 2010; Vos et al. 2010;
Feeley and Rehm 2014), (2) management of invasive
species (Comrie and Broyles 2002) and coordinating
tradeoffs between the management of natives and exot-
ics (Drake et al., in press), and (3) increasing manage-
ment efficiency by decreasing duplication of effort and
resources (Vos et al. 2010; Loyola et al. 2013).

Management of connectivity between habitats and
planning for climatic changes is inherently landscaped-
based and can be addressed with both coarse- and fine-
scaled filters. Course-scale filters include evaluating
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connectivity as related to the diversity of abiotic con-
ditions such as structure and types of substrates (geo-
diversity; Beier et al. 2015; Lawler et al. 2015). The
idea is that if a diversity of types of abiotic conditions
are conserved, there is a better chance of conserving at
least some species because conditions have been safe-
guarded that support a diversity of physiological toler-
ances. Fine-scaled filters for managing connectivity are
focused on life history, ecology, and physiology that can
help inform corridor planning. Unfortunately, biologists
creating corridors lack detailed information on species,
and we have a limited ability to design optimal corridors
to address connectivity for multiple species (Noss and
Daly 2006; Shafer 2014). Even when assessing a single
species, such as the Chiricahua Leopard Frog (Litho-
bates chiricahuensis), habitat alone is not adequate for
understanding dispersal between breeding sites (Jar-
chow et al. 2016). Physiology-based mechanistic in-
formation on species environmental tolerances and how
they respond to abiotic and biotic conditions can help in
this planning, for example, in identifying suitable habi-
tat with appropriate microclimate and aquatic resources
available at appropriate times. Additionally, by identi-
fying physiologically and ecologically critical abiotic
conditions, scientists and managers may also identify
appropriate areas for facilitated dispersal to increase the
chances of success for the amphibians.

Increasing connectivity is not always the goal in
landscape planning; strategies for managing invasive
species and pathogens may require ensuring fragmenta-
tion of the network of aquatic breeding sites to isolate
native populations from pathways of invasion (Mclntyre
et al. 2016; Drake et al., in press). An understanding
of the physiology and life history of the invasive spe-
cies or pathogen, and knowledge of source populations,
can provide guidance in identifying constriction points
in habitat networks, allowing managers to target areas
where fragmenting the system can reduce connectiv-
ity and hence the probability of invasion (Cromie et al.
2012). For example, proactive control of the American
Bullfrog, a species that often decimates native amphib-
ian populations (Rosen et al. 1994; Rosen and Schwalbe
1995; Luja and Rodriguez-Estrella 2010) should receive
considerable attention (Drake et al., in press).

Landscape-scale planning facilitates efficient ap-
plication of resources and time by prioritizing areas of
greatest need and synchronizing actions to take advan-
tage of resources (Loyola et al. 2013; Vos et al. 2010).
As increasingly variable weather patterns make it dif-
ficult to administer limited assets to manage for the new
dynamics of our natural resources (Pressey et al. 2007;
Beier and Brost 2010), finding efficiencies and synergies
will be required, and coordination and iterative com-
munication between scientists and managers as well as
federal, state, and private land holders will be essential

(Shafer 2014). As climate change and land-use change
alter the playing field for conservation, a mechanistic
understanding of appropriate habitat for different life-
history stages will improve our ability to craft connec-
tivity for at-risk species.

CONCLUSIONS

As climate change alters the stage upon which spe-
cies live and interact, managers will be well served by
understanding the physiological basis for responses of
organisms to their environment, and scientists will con-
duct more conservation relevant research by listening to
the concerns of managers. By enhancing iterative com-
munication and integrating physiology with ecology and
management, we can improve the efficiency and success
of conservation efforts. Thermal and hydric tolerances
in desert amphibian species are especially important
for management planning as temperature is increasing,
water availability is decreasing, and extreme weather
events is becoming more common. We can use knowl-
edge of these tolerances to determine length of hydro-
periods (e.g., planning for water additions), the need for
temperature reductions for vulnerable life-history stag-
es, or the need to increase dissolved oxygen (e.g., adding
shade). Additionally, understanding of physiology can
help us identify appropriate developmental stages for
re-establishment efforts, so as to focus on using stages
that are more resistant to stressors such as temperature
than more vulnerable stages. Also, we must consider
that habitat modification can change the abiotic and bi-
otic conditions in the environment, potentially changing
physical or chemical conditions of the habitat to outside
the tolerances of amphibians. Habitat alteration can also
modify conditions in such a way as to support unwanted
invasive species or pathogens, or to alter managed as-
semblages in unwanted ways, so detailed consideration
of their physiology and ecology should also be included
during planning.

Physiology can also be integrated into larger scale
planning. For example, explicitly integrating physi-
ological and ecological mechanisms into vulnerability
assessments can help refine our ability to identify popu-
lations or species at risk in addition to better predicting
potential habitat for range expansions. Examining these
larger scale patterns of appropriate habitat or environ-
mental conditions, based on analyses including physiol-
ogy and ecology can assist in creating corridors. This
level of planning can also allow us to identify constric-
tion zones where small management actions can be tak-
en to exclude unwanted species and pathogens.

A mechanistic understanding of the physiology and
ecology of species can facilitate the creation of practical
and efficient climate adaptation strategies, and improve
our ability to project population trends and plan policy
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(Hofmann and Todgham 2010), but the application of
effective strategies will require the integration of cross-
disciplinary expertise. This cross-disciplinary network
includes physiologists that understand how environmen-
tal factors and stress affect the functions and processes
within individuals, and help detail the mechanistic re-
sponses of amphibians to their changing environment.
This network also includes the geneticists who inves-
tigate the adaptive potential and genetic health, identi-
fying populations at risk from environmental change.
Wildlife biologists and ecologists then integrate the
information on physiology, genetics, and ecology (e.g.,
thermo- and hydro-ecophysiology) to investigate how
the environment and other species influence population
and community dynamics. The outputs from the wild-
life biologists are then integrated with large scale pat-
terns by landscape ecologists to understand and identify
corridors to improve the resilience of populations and
species to environmental change. The information from
all these disciplines is then used by natural resource
managers, trained in biology, to better plan manage-
ment strategies. All this work is used by scientifically
literate policy makers that can take the scientifically
based evidence and ethically meld it with societal con-
straints. Platforms and programs to bring these groups
together are essential to better address climate threats
and plan adaptation strategies to these changing condi-
tions. Communication among scientific disciplines and
between scientists, managers, and policy makers is in-
herently disjunct. However, if the managers, scientists,
and policy makers establish and maintain mechanisms
for iterative communication, to both strengthen the sci-
ence and communicate the limitations of that science,
the applicability and usability of the information will be
increased and management and policy better informed
(Dilling and Lemos 2010).

Acknowledgments.—I dedicate this manuscript to the
memory Dr. Jeffrey Kovatch, a great friend and physiol-
ogist who helped shape the original questions that gener-
ated this manuscript; you are deeply missed. I thank the
Desert Landscape Conservation Cooperatives (DLCC)
for inviting me to give the webinar this manuscript is
based on and funding to assist in writing. Thanks to
all who helped in editing versions of this manuscript
including John Arnett, the DLCC Critical Management
Question 6 Working Group, and the Griffis-Kyle lab
writing group.

LITERATURE CITED

Alvarado, R.H. 1972. The effects of dehydration on
water and electrolytes in Ambystoma tigrinum.
Physiological Zoology 45:43-53.

Amarasekare, P., and R.M. Coutinho. 2013. The intrinsic
growth rate as a predictor of population viability
under climate warming. Journal of Animal Ecology
82:1240-1253.

Angilletta, M.J. 2009. Thermal Adaptation: A Theoretical
and Empirical Synthesis. Oxford University Press,
New York, New York, USA.

Arizona Game and Fish Department. 2014. Wildlife
Water Development Standards. Revised November
2014. Arizona Game and Fish Department, Phoenix,
Arizona, USA.

Atkinson, D. 1994. Temperature and organism size
— a biological law for ectotherms? Advances in
Ecological Research 25:1-58.

Atkinson, D., S.A. Morley, D. Weetman, R.N. Hughes,
and M. Thorndyke. 2001. Offspring size responses to
maternal temperature in ectotherms. Chapter 14. Pp.
269-285 In Environment and Animal Development:
Genes, Life Histories and Plasticity. Atkinson, D.,
and M. Thorndyke (Eds.). Bios Scientific, Oxford,
UK.

Augustine, D.J. 2010. Spatial versus temporal variation
in precipitation in a semiarid ecosystem. Landscape
Ecology 25:913-925.

Bartelt, P.E., R.W. Klaver, and W.P. Porter. 2010.
Modeling amphibian energetics, habitat suitability,
and movements of Western Toads, Anaxyrus (=Bufo)
boreas, across present and future landscapes.
Ecological Modelling 221:2675-2686.

Beier, P., and B. Brost. 2010. Use of land facets to plan
for climate change: conserving the arenas, not the
actors. Conservation Biology 24:701-710.

Beier, P., M.L. Hunter, and M. Anderson. 2015.
Conserving nature’s stage. Conservation Biology
29:613-617.

Benard, M.F.2015. Warmer winters reduce frog fecundity
and shift breeding phenology, which consequently
alters larval development and metamorphic timing.
Global Change Biology 21:1058—1065.

Bentley, P.J. 1966. Adaptations of amphibia to arid
environments. Science 152:619-623.

Berven, K.A., D.E. Gill, and S.J. Smith-Gill. 1979.
Countergradient selection in the Green Frog, Rana
clamitans. Evolution 33:609-623.

Bradford, D.F. 1990. Incubation time and rate of
embryonic development in amphibians —the influence
of ovum size, temperature, and reproductive mode.
Physiological Zoology 63:1157-1180.

Bradford, D.F., R.D. Jennings, and J.R. Jaeger. 2005.
Rana onca Cope 1875(b): Relict Leopard Frog. Pp.
567-568 In Amphibian Declines: The Conservation
Status of United States Species. Lannoo, M. (Ed.).
University of California Press, Berkeley, California,
USA.

574



Herpetological Conservation and Biology

Brattstrom, B.H. 1968. Thermal acclimation in anuran
amphibians as a function of latitude and altitude.
Comparative Biochemistry and Physiology 24:93—
111.

Brito J.C., R. Godinho, F. Martinez-Freiria, J.M.
Pleguezuelos, H. Rebelo, X. Santos, C.G. Vale, G.
Velo-Anton, Z. Boratynski, S.B. Carvalho, et al.
2014. Unravelling biodiversity, evolution and threats
to conservation in the Sahara-Sahel. Biological
Reviews 89:215-231.

Brown, H.A. 1969. The heat resistance of some
anuran tadpoles (Hylidae and Pelobatidae). Copeia
1969:138-147.

Cabrera-Guzman, E., M.R. Crossland, G.P. Brown, and
R. Shine. 2013. Larger body size at metamorphosis
enhances survival, growth and performance of young
Cane Toads (Rhinella marina). PLoS ONE 8(7):
¢70121. doi:10.1371/journal.pone.0070121

Camargo, J.A., and A. Alonso. 2006. Ecological and
toxicological effects of inorganic nitrogen pollution
in aquatic ecosystems: a global assessment.
Environment International 32:831-849.

Carey, C., and M.A. Alexander. 2003. Climate change
and amphibian declines: is there a link? Diversity
and Distributions 9:111-121.

Cayan, D.R., T. Das, D.W. Pierce, T.P. Barnett, M.
Tyree, and A. Gershunov. 2010. Future dryness in
the southwest US and the hydrology of the early
21st Century drought. Proceedings of the National
Academy of Sciences of the United States of America
107:21271-21276.

Comrie, A.C., and B. Broyles. 2002. Variability and
spatial modeling of fine-scale precipitation data for
the Sonoran Desert of south-west Arizona. Journal of
Arid Environments 50:573-592.

Coumou, D., and S. Rahmstorf. 2012. A decade of
weather extremes. Nature Climate Change 2:491—
496.

Crawford, J.A., L.E. Brown, and C.W. Painter. 2005.
Rana blairi Mecham, Littlejohn, Oldham, Brown
and Brown, 1973: Plains Leopard Frog. Pp. 532-534
In Amphibian Declines: The Conservation Status of
United States Species. Lannoo, M. (Ed.). University
of California Press, Berkeley, California, USA.

Cromie, R.L., R. Lee, R.D.J. Delahay, J.L. Newth, M.F.
O’Brien, H.A. Fairlamb, J.P.Reeves, and D.A. Stroud.
2012. Ramsar Wetland Disease Manual: Guidelines
for Assessment, Monitoring and Management of
Animal Disease in Wetlands. Ramsar Convention
Secretariat, Gland, Switzerland.

Curtin, C.G., and J.P. Parker. 2014. Foundations of
resilience thinking. Conservation Biology 28:912—
923.

Davison, J.E.,S. Coe, D. Finch, E. Rowland, M. Friggens,
and L.J. Graumlich. 2012. Bringing indices of species

vulnerability to climate change into geographic
space: an assessment across the Coronado National
Forest. Biodiversity and Conservation 21:189-204.

Dawson, T.P., S.T. Jackson, J.I. House, I.C. Prentice, and
G.M. Mace. 2011. Beyond predictions: biodiversity
conservation in a changing climate. Science 332:53—
58.

Dell, A.L, S. Pawar, and V. Savage. 2014. Temperature
dependence of trophic interactions are driven by
asymmetry of species responses and foraging
strategy. Journal of Animal Ecology 83:70-84.

Dilling, L., and M.C. Lemos. 2010. Creating usable
science: opportunities and constraints for climate
knowledge use and their implications for science
policy. Global Environmental Change 21:680—689.

Dodd, C.K., and R.A. Seigel. 1991. Relocation,
repatriation, and translocation of amphibians and
reptiles: are they conservation strategies that work?
Herpetologica 47:336-350.

Drake, J.C., K.L. Griffis-Kyle, and N.E. Mclntyre.
Graph theory as an invasive species management
tool: Case study in the Sonoran Desert. Landscape
Ecology (accepted).

Duarte, H., M. Tejedo, M. Katzenberger, F. Marangoni,
D. Baldo, J. F. Beltran, D. A. Marti, A. Richter-Boix,
and A. Gonzalez-Voyer. 2012. Can amphibians
take the heat? Vulnerability to climate warming
in subtropical and temperate larval amphibian
communities. Global Change Biology 18:412—421.

Dubois, N., A. Caldas, A. Boshoven, and A. Deleach.
2011. Integrating climate change vulnerability
assessments into adaptation planning: a case study
using the NatureServe Climate Change Vulnerability
Index to inform conservation planning for species
in Florida. Defenders of Wildlife, Washington D.C.,
USA. 241 p.

Duellman, W.E., and L. Trueb 1986. Biology of
Amphibians. The Johns Hopkins University Press,
Baltimore, Maryland, USA.

Early, R., and D.F. Sax. 2011. Analysis of climate paths
reveals potential limitations on species range shifts.
Ecology Letters 14:1125-1133.

Edwards, G.P.,, B. Zeng, W.K. Saalfeld, and P. Vaarson-
Morel. 2010. Evaluation of the impacts of feral
camels. The Rangeland Journal 32:43-54.

Elith, J., M. Kearney, and S. Phillips. 2010. The art
of modelling range-shifting species. Methods in
Ecology and Evolution 1:330-342.

Environmental Protection Agency (EPA). 2013. Aquatic
life ambient water quality criteria for ammonia -
freshwater. United States Environmental Protection
Agency, Office of Water, Office of Science and
Technology, Washington D.C., USA. 242 p.

Farrar, E., and J. Hey. 2005. Spea bombifrons Cope,
1863 Plains Spadefoot. Pp. 513-514 In Amphibian

575



Griffis-Kyle—Physiology and ecology inform desert amphibian.

Declines: The Conservation Status of United States
Species. Lannoo, M. (Ed.). University of California
Press, Berkeley, California, USA.

Feder, M.E. 1982. Environmental variability and thermal
acclimation of metabolism in tropical anurans.
Journal of Thermal Biology 7:23-28.

Feder, M.E., G.E. Hofmann, and J.F. Hoffman. 1999.
Heat-shock proteins, molecular chaperones, and
the stress response: evolutionary and ecological
physiology. Annual Review of Physiology 61:243—
282.

Feehan, J., M. Harley, and J. van Minnen. 2009. Climate
change in Europe. 1. Impact on terrestrial ecosystems
and biodiversity. a review (Reprinted). Agronomy
for Sustainable Development 29:409-421.

Feeley, K.J., and E.M. Rehm. 2014. Priorities for
conservation corridors. Nature Climate Change
4:405-406.

Ficetola, G.F., and F. De Bernardi. 2006. Trade-
off between larval development rate and post-
metamorphic traits in the frog Rana latastei.
Evolutionary Ecology 20:143—158.

Ficetola, G.F., and L. Maiorano. 2016. Contrasting
effects of temperature and precipitation change on
amphibian phenology, abundance and performance.
Oecologia 181:683-693.

Fitzgerald-Dehoog, L., J. Browning, and B.J. Allen.
2012. Food and heat stress in the California Mussel:
evidence for an energetic trade-off between survival
and growth. Biological Bulletin 223:205-216.

Floyd, R.B. 1983. Ontogenetic change in the temperature
tolerance of larval Bufo marinus (Anura: Bufonidae).
Comparative Biochemistry and Physiology Part A:
Physiology 75:267-271.

Foden, W.B., S.H.M. Butchart, S.N. Stuart, J.C. Vié,
H.R. Akgakaya, A. Angulo, L.M. DeVantier, A.
Gutsche, E. Turak, L. Cao, et al. 2013. Identifying
the world's most climate change vulnerable species:
a systematic trait-based assessment of all birds,
amphibians and corals. PLoS ONE 8(6): ¢65427.
doi:10.1371/journal.pone.0065427

Frankham, R., J.D. Ballou, and D.A. Briscoe 2004.
A Primer of Conservation Genetics. Cambridge
University Press, New York, USA.

Garcia, A., M.A. Ortega-Huerta, and E. Martinez-
Meyer. 2014. Potential distributional changes and
conservation priorities of endemic amphibians
in western Mexico as a result of climate change.
Environmental Conservation 41:1-12.

Germano, J.M., and P.J. Bishop. 2009. Suitability
of amphibians and reptiles for translocation.
Conservation Biology 23:7-15.

Gillooly, J.F., E.L. Charnov, G.B. West, V.M. Savage,
and J.H. Brown. 2002. Effects of size and temperature
on developmental time. Nature 417:70-73.

Goetting, J. 2015. Mammal use of desert wildlife waters:
the influence of spatial arrangement and rainfall.
M.Sc. Thesis, Texas Tech University, Lubbock,
Texas. 105 p.

Gosner, K.L. 1960. A simplified table for staging anuran
embryos and larvae with notes on identification.
Herpetologica 16:183—190.

Griffis-Kyle, K.L., J.J. Kovatch, and C. Bradatan. 2014.
Water quality: a hidden danger in anthropogenic
desert catchments. Wildlife Society Bulletin 38:148—
151.

Griffis-Kyle, K.L., S. Kyle, and J. Jungels. 2011. Use
of breeding sites by arid-land toads in rangelands:
landscape level factors. Southwestern Naturalist
56:251-255.

Griffiths, R.A., and L. Pavajeau. 2008. Captive breeding,
reintroduction, and the conservation of amphibians.
Conservation Biology 22:852-861.

Groves, C., E. Game, M. Anderson, M. Cross, C.
Enquist, Z. Ferdana, E. Girvetz, A. Gondor, K.R.
Hall, J. Higgins, et al. 2012. Incorporating climate
change into systematic conservation planning.
Biodiversity and Conservation 21:1651-1671.

Hannah, L., G.F. Midgley, and D. Millar. 2002. Climate
change-integrated conservation strategies. Global
Ecology and Biogeography 11:485-495.

Harings, N.M., and W.J. Boeing. 2014. Desert anuran
occurrence and detection in artificial breeding
habitats. Herpetologica 70:123—134.

Heard, G.W., M.P. Scroggie, N. Clemann, and D.S.L.
Ramsey. 2014. Wetland characteristics influence
disease risk for a threatened amphibian. Ecological
Applications 24:650—662.

Heatwole, H., and R.C. Newby. 1972. Interaction of
internal rhythm and loss of body water in influencing
activity levels of amphibians. Herpetologica 28:156—
162.

Heatwole, H., E. Cameron, and G.J.W. Webb. 1971.
Studies on anuran water balance: II. desiccation in
the Australian Frog, Notaden bennetti. Herpetologica
27:365-378.

Heller, N.E., and E.S. Zavaleta. 2009. Biodiversity
management in the face of climate change: a
review of 22 years of recommendations. Biological
Conservation 142:14-32.

Hillman, S.S. 1987. Dehydrational effects on
cardiovascular and metabolic capacity in two
amphibians. Physiological Zoology 60:608-613.

Hillman, S.S., P.C. Withers, R.C. Drewes, and S.D.
Hillyard. 2009. Ecological and Environmental
Physiology of Amphibians. University of Oxford
Press, New York, New York, USA.

Hoff, K.vS., A.R. Blaustein, R.W. McDiarmid, and
R. Altig. 1999. Behavior: interactions and their
consequences. Pp. 215-239 [In Tadpoles: The

576



Herpetological Conservation and Biology

Biology of Anuran Larvae. McDiarmid, R.W., and
R. Altig (Eds.). The University of Chicago Press,
Chicago, Illinois, USA.

Hofmann, G.E., and A.E. Todgham. 2010. Living in
the now: physiological mechanisms to tolerate a
rapidly changing environment. Annual Review of
Physiology 72:127-145.

Holmquist, J.G., J. Schmidt-Gengenbach, and M.R.
Slaton. 2011. Influence of invasive palms on
terrestrial arthropod assemblages in desert spring
habitat. Biological Conservation 144:518-525.

Hutchinson, V.H.,, and R.K. Dupre. 1992.
Thermoregulation. Pp. 206-249 In Environmental
Physiology of the Amphibians. Feder, M.E., and
W.W. Burggren (Eds.). The University of Chicago
Press, Chicago, Illinois, USA.

Intergovernmental Panel on Climate Change (IPCC).
2013. Climate Change 2013: The Physical Science
Basis. Working Group I Contribution to the Fifth
Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press,
New York, New York, USA.

Intergovernmental Panel on Climate Change (IPCC).
2014a. Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group II to the
Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University
Press, New York, New York, USA.

Intergovernmental Panel on Climate Change (IPCC).
2014b. Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part B: Regional Aspects.
Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press,
New York, New York, USA.

Intergovernmental Panel on Climate Change (IPCC).
2014c. Climate Change 2014: Synthesis Report.
Contribution of Working Groups I, II and III to the
Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University
Press, New York, New York, USA.

Jarchow, C.J., B.R. Hossack, B.H. Sigafus, C.R.
Schwalbe, and E. Muths. 2016. Modeling habitat
connectivity to inform reintroductions: a case
study with the Chiricahua Leopard Frog. Journal of
Herpetology 50:63—69.

Kearney, M., and W. Porter. 2009. Mechanistic niche
modelling: combining physiological and spatial data
to predict species' ranges. Ecology Letters 12:334—
350.

Kearney, M., B.L. Phillips, C.R. Tracy, K.A. Christian,
G. Betts, and W.P. Porter. 2008. Modelling species
distributions without using species distributions:

the Cane Toad in Australia under current and future
climates. Ecography 31:423-434.

Kishida, O., Z. Costa, A. Tezuka, and H. Michimae. 2014.
Inducible offences affect predator-prey interactions
and life-history plasticity in both predators and prey.
Journal of Animal Ecology 83:899-906.

Komuscu, A.U., A. Erkan, and S. Oz. 1998. Possible
impacts of climate change on soil moisture
availability in the Southeast Anatolia Development
Project Region (GAP): An analysis from and
agricultural drought perspective. Climate Change
40:519-545.

Krebs, R.A., and V. Loeschcke. 1994. Costs and benefits
ofactivation of the heat-shock response in Drosophila
melanogaster. Functional Ecology 8:730-737.

Kujala, H., A. Moilanen, M.B. Araujo, and M. Cabeza.
2013. Conservation planning with uncertain climate
change projections. PLoS ONE 8(2): e53315.
doi:10.1371/journal.pone.0053315

Kunkel, K.E., L.E. Stevens, S.E. Stevens, L. Sun, E.
Janssen, D. Wuebbles, K.T. Redmond, and J.G.
Dobson. 2013. Regional climate trends and scenarios
for the U.S. National Climate Assessment: Part 5.
Climate of the southwest U.S. NOAA Technical
Report NESDIS 142-5. U.S. Department of
Commerce, National Oceanic and Atmospheric
Administration, National Environmental Satellite,
Data, and Information Service, Washington, D.C.,
USA.

Kuzmin, S.L., and V.G. Ischenko. 1997.
Skeletochronology of Bufo raddei from the Gobi
Desert. Journal of Herpetology 31:306-309.

Lang, T., G. Peters, R. Hoffmann, and E. Meyer.
1987. Experimental investigations on the toxicity
of ammonia - effects on ventilation frequency,
growth, epidermal mucous cells, and gill structure of
Rainbow-Trout Salmo gairdneri. Diseases of Aquatic
Organisms 3:159-165.

Lapola, D.M., M.D. Oyama, and C.A. Nobre. 2009.
Exploring the range of climate biome projections for
tropical South America: the role of CO2 fertilization
and seasonality. Global Biogeochemical Cycles 23:
GB3003. doi:10.1029/2008GB003357

Lawler, J.J., S.L. Shafer, and A.R. Blaustein. 2010.
Projected climate impacts for the amphibians of the
Western Hemisphere. Conservation Biology 24:38—
50.

Lawler, J.J., D.D. Ackerly, C.M. Albano, M.G.
Anderson, S.Z. Dobrowski, J.L. Gill, N.E. Heller,
R.L. Pressey, E.W. Sanderson, and S.B. Weiss. 2015.
The theory behind, and the challenges of, conserving
nature's stage in a time of rapid change. Conservation
Biology 29:618-629.

Lee, A.K., and E.H. Mercer. 1967. Cocoon surrounding
desert-dwelling frogs. Science 157: 87-88.

577



Griffis-Kyle—Physiology and ecology inform desert amphibian.

Li, Y., J.M. Cohen, and J.R. Rohr. 2013. Review
and synthesis of the effects of climate change on
amphibians. Integrative Zoology 8:145-161.

Loyola, R.D., P. Lemes, J.C. Nabout, J. Trindade-Filho,
M.D. Sagnori, R. Dobrovolski, and J.A.F. Diniz-
Filho. 2013. A straightforward conceptual approach
for evaluating spatial conservation priorities under
climate change. Biodiversity and Conservation
22:483-495.

Luja, VH., and R. Rodriguez-Estrella. 2010. The
invasive Bullfrog Lithobates catesbeianus in oases
of Baja California Sur, Mexico: potential effects in
a fragile ecosystem. Biological Invasions 12:2979—
2983.

Martinez, P.J. 2012. Invasive crayfish in a high desert
river: implications of concurrent invaders and
climate change. Aquatic Invasions 7:219-234.

Mawdsley, J.R., R. O'Malley, and D.S. Ojima. 2009. A
review of climate-change adaptation strategies for
wildlife management and biodiversity conservation.
Conservation Biology 23:1080—-1089.

MclIntyre, N.E., J.C. Drake, and K.L. Griffis-Kyle.
2016. A connectivity and wildlife management
conflict in isolated desert waters. Journal of Wildlife
Management 80:655-666.

McKinney, M.L. 1997. Extinction vulnerability and
selectivity: combining ecological and paleontological
views. Annual Review of Ecology and Systematics
28:495-516.

Milanovich, J.R., W.E. Peterman, N.P. Nibbelink, and
J.C. Maerz. 2010. Projected loss of a salamander
diversity hotspot as a consequence of projected global
climate change. PLoS ONE 5: ¢12189. doi:10.1371/
journal.pone.0012189

Minckley, T.A., D.S. Turner, and S.R. Weinstein. 2013.
The relevance of wetland conservation in arid regions:
a re-examination of vanishing communities in the
American Southwest. Journal of Arid Environments
88:213-221.

Mitchell, N.J. 2001. Males call more from wetter nests:
effects of substrate water potential on reproductive
behaviors of terrestrial toadlets. Proceedings of the
Royal Society B — Biological Sciences 268:87-93.

Moore, F.R., and R.E. Gatten, Jr. 1989. Locomotor
performance of hydrated, rehydrated, and osmotically
stressed anuran amphibians. Herpetologica 45:101—
110.

Morey, S.R. 2005a. Scaphiopus couchii Baird, 1854:
Couch's Spadefoot. Pp. 508-511 In Amphibian
Declines: The Conservation Status of United States
Species. Lannoo, M. (Ed.). University of California
Press, Berkeley, California, USA.

Morey, S.R. 2005b. Spea multiplicata (Cope, 1863)
Mexican Spadefoot. Pp. 519-522 /n Amphibian
Declines: The Conservation Status of United States

Species. Lannoo, M. (Ed.). University of California
Press, Berkeley, California, USA.

Morin, X., and W. Thuiller. 2009. Comparing niche-
and process-based models to reduce prediction
uncertainty in species range shifts under climate
change. Ecology 90:1301-1313.

Navas, C.A., F.R. Gomes, and J.E. Carvalho. 2008.
Thermal relationships and exercise physiology in
anuran amphibians: integrations and evolutionary
implications. ~Comparative  Biochemistry and
Physiology A—Molecular and Integrative Physiology
151:344-362.

Newman, R.A. 1987. Effects of density and predation
on Scaphiopus couchi tadpoles in desert ponds.
Oecologia 71:301-307.

Newman, R.A. 1998. Ecological constraints on
amphibian ~ metamorphosis:  interactions  of
temperature and larval density with responses to
changing food level. Oecologia 115:9-16.

Niehaus, A.C., M.J. Angilletta, M.W. Sears, C.E.
Franklin, and R.S. Wilson. 2012. Predicting
the physiological performance of ectotherms
in fluctuating thermal environments. Journal of
Experimental Biology 215:694-701.

Nosaka, M., N. Katayama, and O. Kishida. 2015.
Feedback between size balance and consumption
strongly affects the consequences of hatching
phenology in  size-dependent  predator-prey
interactions. Oikos 124:225-234.

Noss, R.F, and K.M. Daly. 2006. Incorporating
connectivity into broad-scale conservation planning.
Pp. 587-619 In Connectivity Conservation.
Conservation Biology 14. Crooks, K.R., and M.
Sanjayan (Eds.). Cambridge University Press, New
York, New York, USA.

Orizaola, G., E. Dahl, A.G. Nicieza, and A. Laurila.
2013. Larval life history and anti-predator strategies
are affected by breeding phenology in an amphibian.
Oecologia 171:873-881.

Pails, J.G. 2012. Breeding frequency and success
of Eastern Spadefoots, Scaphiopus halbrookii,
in southern Illinois. Proceedings of the Indiana
Academy of Science 121:158-162.

Payne, J.L., and S. Finnegan. 2007. The effect
of geographic range on extinction risk during
background and mass extinction. Proceedings of the
National Academy of Sciences of the United States
of America 104:10506-10511.

Pechmann, J.K., D. Scott, J. Whitfield Gibbons, and R.
Semlitsch. 1989. Influence of wetland hydroperiod on
diversity and abundance of metamorphosing juvenile
amphibians. Wetlands Ecology and Management
1:3-11.

Petrie, M.D., S.L. Collins, D.S. Gutzler, and D.M.
Moore. 2014. Regional trends and local variability

578



Herpetological Conservation and Biology

in monsoon precipitation in the northern Chihuahuan
Desert, USA. Journal of Arid Environments 103:63—
70.

Phillips, S.J., R.P. Anderson, and R.E. Schapire. 2006.
Maximum entropy modeling of species geographic
distributions. Ecological Modelling 190:231-259.

Pimm, S.L., H.L. Jones, and J. Diamond. 1988. On the
risk of extinction. American Naturalist 132:757-785.

Pinder, A.W., K.B. Storey, and G.R. Ultsch. 1992.
Estivation and hibernation. Pp. 250-276 In
Environmental Physiology of the Amphibians.
Feder, M.E., and W.W. Burggren (Eds.). University
of Chicago Press, Chicago, Illinois, USA.

Pineda, E., and J.M. Lobo. 2009. Assessing the accuracy
of species distribution models to predict amphibian
species richness patterns. Journal of Animal Ecology
78:182-190.

Poertner, H.O., and A.P. Farrell. 2008. Physiology and
climate change. Science 322:690—692.

Poiani, K.A., R.L. Goldman, J. Hobson, J.M. Hoekstra,
and K.S. Nelson. 2011. Redesigning biodiversity
conservation projects for climate change: examples
from the field. Biodiversity and Conservation
20:185-201.

Polasik, J.S., M.A. Murphy, T. Abbott, and K. Vincent.
2016. Factors limiting early life stage survival
and growth during endangered Wyoming Toad
reintroductions. Journal of Wildlife Management
80:540-552.

Portner, H.O., and R. Knust. 2007. Climate change
affects marine fishes through the oxygen limitation
of thermal tolerance. Science 315:95-97.

Pressey, R.L., M. Cabeza, M.E. Watts, R.M. Cowling,
and K.A. Wilson. 2007. Conservation planning in a
changing world. Trends in Ecology and Evolution
22:583-592.

Purvis, A., J.L. Gittleman, G. Cowlishaw, and G.M.
Mace. 2000. Predicting extinction risk in declining
species. Proceedings of the Royal Society B-
Biological Sciences 267:1947-1952.

Putnam, R.W., and S.S. Hillman.
responses of anurans
1977:746-749.

Raffel, T.R., J.R. Rohr, J.M. Keisecker, and P.J. Hudson.
2006. Negative effects of changing temperature
on amphibian immunity under field conditions.
Functional Ecology 20:819-828.

Raffel, TR., JM. Romansic, N.T. Halstead, T.A.
McMahon, M.D. Venesky, and J.R. Rohr. 2013.
Disease and thermal acclimation in a more variable
and unpredictable climate. Nature Climate Change
3:146-151.

Ralin, D.B., and J.S. Rogers. 1972. Aspects of tolerance
to desiccation in Acris crepitans and Pseudacris
streckeri. Copeia 1972:519-525.

1977. Activity
to dehydration. Copeia

Relyea, R.A. 2002. Competitor-induced plasticity in
tadpoles: consequences, cues, and connections to
predator-induced plasticity. Ecological Monographs
72:523-540.

Rohr, J.R., and B.D. Palmer. 2013. Climate change,
multiple stressors, and the decline of ectotherms.
Conservation Biology 27:741-751.

Rome, L.C., E.D. Stevens, and H.B. John-Alder.
1992. The influence of temperature and thermal
acclimation on physiological function. Pp. 183-205
In Environmental Physiology of the Amphibians.
Feder, M.E., and W.W. Burggren (Ed.). University of
Chicago Press, Chicago, Illinois, USA.

Rorabaugh, J.C. 2005. Rana berlandieri Baird, 1854(a),
Rio Grande Leopard Frog. Pp. 530-532 In Amphibian
Declines: The Conservation Status of United States
Species. Lannoo, M. (Ed.). University of California
Press, Berkeley, California, USA.

Rosen, P.C., and C.R. Schwalbe. 1995. Bullfrogs:
introduced predators in southwestern wetlands. Pp.
452-454 In Our Living Resources: A Report to the
Nation on the Distribution, Abundance, and Health
of US Plants, Animals, and Ecosystems. LaRoe,
E.T., G.S. Farris, C.E. Puckett, P.D. Doran, and M.J.
Mac (Eds.). US Department of the Interior, National
Biological Service, Washington, D.C., USA.

Rosen, P.C., C.R. Schwalbe, D.A. Parizek, P.A. Holm,
and C.H. Lowe. 1994. Introduced aquatic vertebrates
in the Chiricahua region: effects of declining
native ranid frogs. Pp. 251-261 In Biodiversity
and Management of the Madrean Archipelago:
The Sky Islands of the Southwestern United States
and Northwestern Mexico. DeBano, L.H., P.H.
Ffolliott, A. Ortega-Rubio, G.J. Gottfried, R.H.
Hamre, and C.B. Edminster (Tech. Coords.). General
Technical Report RM-GTR-264. U.S. Department
of Agriculture, Forest Service, Rocky Mountain
Forest and Range Experiment Station, Fort Collins,
Colorado. USA.

Rosset, V., and B. Oertli. 2011. Freshwater biodiversity
under climate warming pressure: identifying the
winners and losers in temperate standing waterbodies.
Biological Conservation 144:2311-2319.

Rowe, C.L., and W.A. Dunson. 1995. Impacts of
hydroperiod on growth and survival of larval
amphibians in temporary ponds of central
Pennsylvania, USA. Oecologia 102:397-403.

Rummer, J.L., C.S. Couturier, J.A.W. Stecyk, N.M.
Gardiner, J.P. Kinch, G.E. Nilsson, and P.L. Munday.
2014. Life on the edge: thermal optima for aerobic
scope of equatorial reef fishes are close to current
day temperatures. Global Change Biology 20:1055—
1066.

Russo, R.C. 1985. Ammonia, nitrite, and nitrate. Pp.
455-471 In Fundamentals of Aquatic Toxicology and

579



Griffis-Kyle—Physiology and ecology inform desert amphibian.

Chemistry. Rand, G.M., and S.R. Petrocelli (Eds.).
Hemisphere Publishing Corporation, Washington,
D.C., USA.

Salice, C.J. 2012. Multiple stressors and amphibians:
contributions of adverse health effects and altered
hydroperiod to population decline and extinction.
Journal of Herpetology 46:675—681.

Savage, A.E., C.G. Becker, and K.R. Zamudio. 2015.
Linking genetic and environmental factors in
amphibian disease risk. Evolutionary Applications
8:560-572.

Scarlett, L. 2010. Climate change effects: the intersection
of science, policy, and resource management in the
USA. Journal of the North American Benthological
Society 29:892-903.

Scheffers, B.R., D.P. Edwards, A. Diesmos, S.E.
Williams, and T.A. Evans. 2014. Microhabitats
reduce animal's exposure to climate extremes. Global
Change Biology 20:495-503.

Scott, N.J., and R.D. Jennings. 1985. The tadpoles
of five species of New Mexican leopard frogs.
Occasional Papers of the Museum of Southwestern
Biology 3:1-21.

Seager, R., M. Ting, I. Held, Y. Kushnir, J. Lu, G. Vecchi,
H.-P. Huang, N. Harnik, A. Leetmaa, N.-C. Lau, et al.
2007. Model projections of an imminent transition to
a more arid climate in southwestern North America.
Science 316:1181-1184.

Seneviratne, S.I., T. Corti, E.L. Davin, M. Hirschi,
E.B. Jaeger, 1. Lehner, B. Orlowsky, and A.J.
Teuling. 2010. Investigating soil moisture-climate
interactions in a changing climate: a review. Earth-
Science Reviews 99:125-161.

Shafer, C.L. 2014. From non-static vignettes to
unprecedented change: the US National Park System,
climate impacts and animal dispersal. Environmental
Science and Policy 40:26-35.

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

Sherman, E. 1980. Ontogenetic change in thermal
tolerance of the toad Bufo woodhousii fowleri.
Comparative Biochemistry and Physiology Part A:
Physiology 65:227-230.

Shoemaker, V.H., S.S. Hillman, S.D. Hillyard, D.C.
Jackson, L.L. McClanahan, P.C. Withers, and
M.L. Wygoda. 1992. Exchange of water, ions, and
respiratory gases in terrestrial amphibians. Pp. 125—
150 In Environmental Physiology of the Amphibians.
Feder, M.E., and W.W. Burggren (Eds.). University
of Chicago Press, Chicago, Illinois, USA.

Shoo, L.P., S.E. Williams, and J.M. Hero. 2006. Detecting
climate change induced range shifts: where and how
should we be looking? Austral Ecology 31:22-29.

Shoo, L.P., D.H. Olson, S.K. McMenamin, K.A.
Murray, M. Van Sluys, M.A. Donnelly, D. Stratford,
J. Terhivuo, A. Merino-Viteri, S.M. Herbert, et al.
2011. Engineering a future for amphibians under
climate change. Journal of Applied Ecology 48:487—
492.

Sinervo, B., F. Méndez-de-la-Cruz, D.B. Miles, B.
Heulin, E. Bastiaans, M. Villagran-Santa Cruz,
R. Lara-Resendiz, N. Martinez-Méndez, M.L.
Calder6n-Espinosa, R.N. Meza-Lazaro, et al. 2010.
Erosion of lizard diversity by climate change and
altered thermal niches. Science 328:894-899.

Slatyer, R.A., M. Hirst, and J.P. Sexton. 2013. Niche
breadth predicts geographical range size: a general
ecological pattern. Ecology Letters 16:1104—1114.

Somero, G.N. 2002. Thermal physiology and vertical
zonation of intertidal animals: optima, limits, and
costs of living. Integrative and Comparative Biology
42:780-789.

Sprankle, T. 2008. Giving leopard frogs a head start.
Endangered Species Bulletin 33:15-17.

Sredl M.J. 2005. Rana yavapaiensis Platz and Frost,
1984: Lowland Leopard Frog. Pp. 596-599 In
Amphibian Declines: The Conservation Status of
United States Species. Lannoo, M. (Ed.). University
of California Press, Berkeley, California, USA.

Stahlschmidt, Z.R., D.F. DeNardo, J.N. Holland, B.P.
Kotler, and M. Kruse-Peeples. 2011. Tolerance
mechanisms in North American deserts: biological
and societal approaches to climate change. Journal
of Arid Environments 75:681-687.

Stenseth, N.C., A. Mysterud, G. Ottersen, J.W. Hurrell,
K.S. Chan, M. Lima. 2002. Ecological effects of
climate fluctuations. Science 297:1292—1296.

Stevenson, L.A., R.A. Alford, S.C. Bell, E.A. Roznik,
L. Berger, and D.A. Pike. 2013. Variation in thermal
performance of a widespread pathogen, the amphibian
chytrid fungus Batrachochytrium dendrobatidis.
PLoS ONE 8(9): ¢73830. doi:10.1371/journal.
pone.0073830

Sullivan, B.K. 1989. Desert environments and the
structure of anuran mating systems. Journal of Arid
Environments 17:175-183.

Sullivan, B.K. 2005. Bufo punctatus Baird and
Girard, 1852(a): Red-spotted Toad. Pp. 430433 In
Amphibian Declines: The Conservation Status of
United States Species. Lannoo, M. (Ed.). University
of California Press, Berkeley, California, USA.

Sullivan, B.K., and P.J. Fernandez. 1999. Breeding
activity, estimated age-structure, and growth in
Sonoran Desert anurans. Herpetologica 55:334—343.

Tattersall G.J., B.J. Sinclair, P.C. Withers, P.A. Fields,
F. Seebacher, C.E. Cooper, and S.K. Maloney. 2012.
Coping with thermal challenges: physiological

580



Herpetological Conservation and Biology

adaptations to  environmental  temperatures.
Comprehensive Physiology 2:2151-2202.

Teipel, J.W., and D.E. Koshland. 1971. Kinetic aspects
of conformational changes in proteins. I. Rate of
regain of enzyme activity from denatured proteins.
Biochemistry 10:792-798.

Tevis, L. 1966. Unsuccessful breeding by desert toads
(Bufo punctatus) at the limit of their ecological
tolerance. Ecology 47:766-775.

Thorson, T.B. 1955. The relationship of water economy
to territorialism in amphibians. Ecology 36:100—116.

Tinsley, R.C., and K. Tocque. 1995. The population
dynamics of a desert anuran, Scaphiopus couchii.
Australian Journal of Ecology 20:376-384.

Toft, C.A. 1980. Seasonal variation in populations of
Panamanian litter frogs and their prey: a comparison
of wetter and drier sites. Oecologia 47:34-38.

Tracy, C.R., S.J. Reynolds, L. McArthur, C.R. Tracy,
and K.A. Christian. 2007. Ecology of aestivation in a
cocoon-forming frog, Cyclorana australis (Hylidae).
Copeia 2007:901-912.

Tromans, D. 1998. Temperature and pressure dependent
solubility of oxygen in water: a thermodynamic
analysis. Hydrometallurgy 48:327-342.

Tylianakis, J.M., R.K. Didham, and J. Bascompte. 2008.
Global change and species interactions in terrestrial
ecosystems. Ecology Letters 11:1351-1363.

Unmack, PJ., and W.L. Minckley. 2008. The demise
of desert springs. Pp. 11-34 In Aridland Springs in
North America: Ecology and Conservation. Stevens,
L.E., and V.J. Meretsky (Eds.). The University
of Arizona Press and the Arizona-Sonora Desert
Museum, Tucson, Arizona, USA.

Vignieri, S. 2014. Vanishing fauna. Science 345:392—
395.

Vos, C.C., D.C.J. van der Hoek, and M. Vonk. 2010.
Spatial planning of a climate adaptation zone for
wetland ecosystems. Landscape Ecology 25:1465—
1477.

Voss, S.R. 1993. Effect of temperature on body-size,
developmental stage, and timing of hatching in
Ambystoma maculatum. Journal of Herpetology
27:329-333.

Warburg, M.R. 1965. Studies on the water economy of
some Australian frogs. Australian Journal of Zoology
13:317-330.

Warburg, M.R. 1967. On thermal and water balance
of three central Australian frogs. Comparative
Biochemistry and Physiology 20:27—43.

Weiss, J.L., and J.T. Overpeck. 2005. Is the Sonoran
Desert losing its cool? Global Change Biology
11:2065-2077.

While, G.M., and T. Uller. 2014. Quo vadis amphibia?
Global warming and breeding phenology in frogs,
toads and salamanders. Ecography 37:921-929.

Wilbur, H.M. 1987. Regulation of structure in complex
systems: experimental temporary pond communities.
Ecology 68:1437-1452.

Woodward, B.D., and S.L. Mitchell. 1991. The
community ecology of desert anurans. Pp. 223-248
In The Ecology of Desert Communities. Polis, G.A.
(Ed.). University of Arizona Press, Phoenix, Arizona,
USA.

Thomson, R.C., A.N. Wright, and H.B. Shaffer. 2016.
California Amphibian and Reptile Species of Special
Concern. University of California Press, Berkeley,
California, USA.

Yang, L.H., and V.H.W. Rudolf. 2010. Phenology,
ontogeny and the effects of climate change on the
timing of species interactions. Ecology Letters 13:1—
10.

Young, J.E., K.A. Christian, S. Donnellan, C.R.
Tracy, and D. Parry. 2005. Comparative analysis
of cutaneous evaporative water loss in frogs
demonstrates correlation with ecological habitats.
Physiological and Biochemical Zoology: Ecological
and Evolutionary Approaches 78:847—-856.

Zuo, W., M.E. Moses, G.B. West, C. Hou, and J.H.
Brown. 2012. A general model for effects of
temperature on ectotherm ontogenetic growth and
development. Proceedings of the Royal Society B—
Biological Sciences 279:1840—1846.

Zweifel, R.G. 1968. Reproductive biology of anurans
of the arid Southwest, with emphasis on adaptation
of embryos to temperature. Bulletin of the American
Museum of Natural History 140:1-64.

Zweifel, R.G. 1977. Upper thermal tolerances of
anuran embryos in relation to stage of development
and breeding habits. American Museum Novitates
2617:1-21.

581



Griffis-Kyle—Physiology and ecology inform desert amphibian.

KERRY L. GriFris-KYLE is an Associate Professor at Texas Tech
University in the Department of Natural Resources Management
in Lubbock, Texas, USA. She received her postdoctoral training
in desert ecology at New Mexico State University. She earned her
Ph.D. at Syracuse University in New York working on amphibian
ecology and ecotoxicology, her M.S. at Northern Arizona Univer-
sity studying spatial patterns of bird diversity, and her B.S. in Wild-
life Ecology and Conservation at the University of Florida. She
focuses her research on how anthropogenic disturbances, includ-
ing climate change, affect arid and semi-arid land wetlands and the
organisms dependent on those wetlands. As a member of several
working groups within the Desert Landscape Conservation Coop-
erative, Kerry is actively involved in the conservation and manage-
ment of desert ecosystems. She is a firm believer in collaboration
and is a strong supporter of diversity in the wildlife profession. Pic-
tured is Dr. Griffis-Kyle introducing her daughter/field technician to
amplexing toads. (Photographed by Sean Kyle).

582



