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The deserts of North America and elsewhere may serve as ‘ecological petri dishes’ that can be used to
study the general effects of global climate change (GCC) as these regions are expected to become warmer
and drier at faster rates than other terrestrial regions. We highlight the biological and societal responses
to such shifts in environmental parameters predicted to vary with GCC, and we introduce the term
tolerance mechanism (TM) to inclusively describe the means by which organisms of natural systems or
human society cope with such environmental challenges. We review the historical relationships between
biological TMs and water availability, temperature, and energy resources, as well as describe societal
TMs. We create a simpliﬁed conceptual model to predict the effectiveness of TMs in the context of GCC
and conclude that, although currently functional, some desert TMs (e.g., biological adaptations by longlived taxa) may be outpaced by GCC. We ﬁnish with suggested future TM-related research.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Arid environments have been utilized by organisms and human
societies for millennia, despite their inherently uncertain availability of resources. This uncertainty is largely attributable to the
high variability and unpredictability of desert systems (Ward et al.,
2000; Ward, 2009). For example, precipitation in North America’s
deserts exhibits both high frequency (i.e., monthly or seasonally)
and low frequency (i.e., inter-annual or inter-decadal) temporal
variation (Bullock, 2003; Comrie and Broyles, 2002), the latter of
which has increased over the past 50e70 years (Anderson et al.,
2010; Arriaga-Ramirez and Cavazos, 2010). With the looming
effects of global climate change (GCC), deserts of North America are
predicted to become drier and warmer at faster rates relative to
most other regions (IPCC, 2007; Seager et al., 2007; but see Wentz
et al., 2007). Thus, this geographic region may serve as an
‘ecological petri dish’ for considering the impacts of GCC on biological systems and human societies.
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Correlates between ecological resilience (i.e., the ability of an
ecosystem to resist damage and recover quickly from disturbance)
and social resilience (i.e., the ability of groups or communities to
cope with external stresses and disturbances) exist (Adger, 2000).
Yet, the speciﬁc means by which both organisms of biological
systems and human societies cope with environmental challenges
in hot deserts (e.g., extreme temperatures and highly uncertain
rainfall) have not been characterized in a synthetic manner.
Henceforth, we refer to such processes as tolerance mechanisms
(Table 1). Tolerance mechanisms (TMs) often subsume familiar
biological phenomena (e.g., adaptation and adaptive phenotypic
plasticity) and socio-anthropological processes (e.g., diversiﬁcation
and inter-social interactions). Notably, societal TMs often have
biological TM analogs (Table 1) that allow for biological-societal
comparison, and TMs are not restricted to organisms and societies
of arid zones. Thus, TMs can broadly describe processes betweenand within-disciplines.
Three variables that are often of particular importance for socioecological systems of North American deserts include precipitation,
temperature, and energy resources (e.g., food availability). We
examine the role of speciﬁc TMs in meeting the challenges associated with these three variables across a diverse set of biological
systems and, speciﬁcally, use case studies from empirical research.
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Table 1
Deﬁnitions and examples of biological and societal tolerance mechanisms (TMs).
Biological
Adaptation
The process, which takes place under natural selection, whereby
an organism becomes better suited to its environment
Example: having a low surface area-to-volume ratio to reduce water loss
Adaptive phenotypic plasticity
Phenotypic plasticity that confers a ﬁtness advantage
Example: increasing heart rate to meet the increased metabolic
needs of foraging
Societal
Diversiﬁcation (a.k.a., “bet-hedging” in biological systems)
A risk averse management technique wherein societies invest
their resources among several ventures
Example: investing resources into the pursuit of multiple energy
sources (e.g., wind power, solar power, and fossil fuels)
Inter- and intra-social interactions (a.k.a., inter- or intra-speciﬁc
interactions in biological systems)
Interactions such as trade, communication, community gatherings,
conﬂict and warfare between individuals of the same group or
members of different cultural groups
Example: trade for ﬁsh and grain between coastal and inland
cultural groups during periods of subsistence shortfalls
Movement (a.k.a., “migration” in biological systems)
Physical movement from one area to another, sometimes over long
distances or in large groups
Example: mass movement to an area with more favorable
climatic conditions
Specialization (a.k.a., the same term in biological systems)
A risk-seeking strategy wherein societies heavily invest their resources
into one or few ventures to potentially maximize return
Example: investing extensive resources (e.g., land, irrigation, and labor)
into mono-agriculture
Storage (a.k.a., the same term in biological systems)
The retention of resources for the purpose of future utilization
Example: storing surplus food resources for seasonal and
inter-annual shortfalls

We discuss speciﬁc TMs of human societies, and compare them
with biological TMs. Last, we consider the effectiveness of these
particular TMs in the context of GCC and suggest future directions
of research and policy.
2. Biological tolerance mechanisms (TMs)
2.1. Water availability
2.1.1. Role of water in desert TMs
As the “universal solvent” and a foundational resource for nearly
all biological processes, water is of general importance to organisms. Minimally, animals require water to transport nutrients
(including oxygen), remove metabolic waste products, and regulate
body temperature. Likewise, plants use water for nutrient transportation, as well as for structural integrity (e.g., turgor pressure)
and photosynthesis. Given the inherent scarcity of standing water
and its variable inputs (e.g., 2e70 cm annual precipitation) (Bender,
1982; Bullock, 2003), deserts of North America have long presented
challenging environments for organisms.
2.1.2. Case study: water-limited reproduction in the senita cactus
Common among desert plants, including many species of Cactaceae and in particular columnar cacti, is a hermaphroditic
breeding system (i.e., ﬂowers contain male and female sex functions) in which plants allocate and partition resources between
ﬂower production and seed/fruit production. This often includes

excess ﬂower production at the expense of reduced seed/fruit
production. This strategy can increase the male ﬁtness function of
plants through high ﬂower (and hence pollen) production. Yet,
excess ﬂower production also results in resource-limited fruit set,
in which not all ﬂowers initiate fruit development due to limited
resources available for seed/fruit maturation. As an example,
consider the reproductive biology of senita cacti (Pachycereus/
Lophocereus schottii) in the Sonoran Desert of North America,
including northwestern Mexico and southwestern U.SA. Upon
reaching reproductive maturity, the seasonal ﬂower phenology of
senita cacti can entail 10e500 ﬂowers per plant in a given night and
1000e5000 ﬂowers per plant over their spring/summer ﬂowering
season; moreover, as a polycarpic plant, the phenology of ﬂowering
in senita cacti can vary from 2e5 months per year among years of
periodic seasonal ﬂowering (Holland and Fleming, 1999, 2002). For
senita cacti, water availability through precipitation is a key
resource contributing to resource allocation between excess ﬂower
production and seed/fruit production (Holland, 2002; Holland and
Fleming, 2002; Holland et al., 2004). Intra- and inter-annual variation in precipitation characteristic of the aridity of desert environments (Davidowitz, 2002) can be important in shaping the
aforementioned variation in the daily, seasonal, and annual
phenology in ﬂower and fruit production of senita cacti.
Indeed, such ﬂower and fruit production is not constant, but
rather variable among years. Both the timing of the onset of ﬂowering and the magnitude of ﬂower (and fruit) production among
individual ﬂowering seasons appear to be coupled with patterns in
precipitation. For the six years of low precipitation inputs following
the heavy rainfall event of a 1994 hurricane, the onset of ﬂowering
by senita became increasingly delayed and the magnitude of ﬂower
(and fruit) production declined (Holland and Fleming, 2002). Such
observational results are consistent with experimental results in
which both ﬂower and fruit production increased with a water
treatment compared with unwatered, control plants (Holland,
2002). In this way, senita appears to have a reproductive strategy
that entails some degree of plasticity to tolerate periods of low
precipitation (or take advantage of times of high rainfall) by
adjusting their intra- and inter-annual timing and magnitude of
seasonal ﬂower production and fruit set. Despite such apparent
plasticity and tolerance of senita to the inherent intra-annual, interannual, and decadal variation in rainfall of deserts, whether or not
plants are able to adjust to the long-term shifts in precipitation with
GCC remains a critical issue in need of study. Further, shifts in
precipitation and temperature with GCC may disrupt the phenological synchrony between cactus ﬂowering and the emergence
and population dynamics of their obligate pollinating moth if both
species do not adjust the phenology of their life history events in
accord with one another.
While it is well-recognized that, in polycarpic plants with
seasonal reproduction among years, the key life history stage in
most demographic models is the bottom right-hand corner, that is
the size/age class of reproduction which determines life-time
reproductive output. Yet, this is not to dismiss seed and seedling
mortality of such reproductive output, which can also be critical to
the dynamics of desert plants confronted with GCC. Causes of such
mortality of seeds and seedlings due to a host of factors (e.g., postdispersal predation, herbivory, nurse plants, and rainfall) can
reduce the recruitment and establishment of plants, including
many species cacti such as senita.
2.2. Temperature
2.2.1. Temperature-related TMs of desert organisms
Organisms require temperature-sensitive proteins to perform
many of their basic tasks, including processing nutrients and intra-
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cellular transport. Temperature also affects water balance and
respiration, two critical variables for survival. Clearly, desert plants
and animals must maintain their temperature within an acceptable
range to survive. Air temperatures are highly variable within the
deserts of North America, with extremes reaching 50  C in summer
and <0  C in winter (Balling et al., 1998). Coping with either of
these temperature extremes is challenging, but being able to cope
with both extremes over the course of a year can be a formidable
challenge to organisms. Temperature regulation is often achieved
via evaporative cooling, which comes with a hydric price tag.
Because water is often limiting, animals often take advantage of
temperature-buffering refugia or reduce their activity during hot
periods to navigate a trade-off between temperature regulation and
water balance (Ricklefs and Hainsworth, 1968).
2.2.2. Case study: interdependent TMs of the Gila monster address
thermal challenges
TMs evolve in response to speciﬁc environmental conditions
and are often limited by existing behavior and morphology (e.g.,
exaptations). The Gila monster (Heloderma suspectum) is an iconic
resident of the Sonoran Desert that provides an exceptional
example of the interdependence of behavioral and physiological
TMs and the environmental speciﬁcity in which they are effective.
Like many desert animals, Gila monsters use behavioral TMs to
reduce their exposure to thermal extremes. During the cooler
spring months, Gila monsters are predominantly diurnal and
surface active w20e25% of the time (Davis and DeNardo, 2010).
However, during the hot, dry summer months, Gila monsters
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become nocturnal and limit surface activity to 10e15% (Davis and
DeNardo, 2010). Gila monsters also use behavioral TMs while
inactive, in that they seasonally alter the types of refugia they select
based on the thermal conditions of the refugia (D.F. DeNardo,
unpublished data).
In addition to behavioral TMs, Gila monsters also use physiological TMs. Gila monsters, unlike most lizards, use their urinary
bladder as an internal water reservoir (Davis and DeNardo, 2007).
Such reliable “availability” of water makes water balance less of an
immediate concern, enabling Gila monsters to use evaporative
cooling as a physiological TM that allows for active foraging at
ambient temperatures above their thermal optimum (approximately 29  C, Bogert and Del Campo, 1956). Gila monsters are
restricted to the Sonoran Desert, where they can exploit latesummer precipitation (i.e., annual monsoon) (Fig. 1). In laboratory
conditions, Gila monsters deprived of food and water take
approximately 80 days to reach a biologically relevant dehydration
state if they begin the deprivation with a full bladder (Davis and
DeNardo, 2007). However, the same level of dehydration is
reached after only 33 d of deprivation if the Gila monster begins
with an empty urinary bladder (Davis and DeNardo, 2007). The 80
d time frame to reach dehydration provided by the urinary bladder
provides the necessary buffer to enable Gila monsters to survive the
hot dry summer prior to the onset of the monsoon rains. Nevertheless, such a buffer would be insufﬁcient for Gila monsters to
survive the longer dry period typical of the adjacent Mojave Desert
that does not experience a summer monsoon. A similar outcome
would result in the Sonoran Desert if GCC signiﬁcantly extended

Fig. 1. Gila monsters (Heloderma suspectum) in the Sonoran Desert exhibit behavioral and physiological plasticity by becoming nocturnal during the hot, dry summers and by
storing water from rare rainfall events in their urinary bladders. (A) Photo depicts a Gila monster binge-drinking from a rain puddle following a prolonged period of dehydration.
Below the image are ultrasonograms that show (B) an empty and (C) a full Gila monster urinary bladder (dark areas demarcated by brackets). When full, the urinary bladder can
hold up to 75 ml (20% of body mass). Photograph and ultrasonograms by J.R. Davis.
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the drought period through shifts in the timing of either spring or
monsoonal rains even for a single season. Furthermore, juvenile
live stages are even more sensitive than adults to water restriction
(Moeller and DeNardo, unpublished data); thus, recruitment and
long-term population persistence may be very sensitive to detrimental shifts in rainfall patterns.
2.3. Energy resources
2.3.1. Energetic challenges of desert animals
Energy is a prerequisite for all life because it is instrumental to
maintenance, growth, and reproduction. Desert plants use ATP as
a source of chemical energy to transport glucose, build structural
vasculature, and synthesize disperser-attracting fruit. Similarly,
desert animals require energy to pump blood, promote skeletal
growth, and invest in reproduction. However, deserts present
energy-related challenges to animals since most of their chemical
energy is tied up in vegetation that is often sparse or difﬁcult to
acquire due to mechanical or chemical defenses. Additionally,
energy expenditure for most desert animals is related to environmental temperature. Therefore, animals in hot deserts ﬁnd energy
difﬁcult to acquire and easy to lose.
2.3.2. Case study: adaptively plastic foraging in desert vertebrates
Foraging decision-making is a noteworthy example of adaptive
behavioral plasticity since acquiring energy is the focus of much of
an organism’s activities. When an animal leaves the shelter of its
refuge (e.g., burrow and nest), it may succeed in ﬁnding food. The
energy obtained can be used for maintenance and reproduction. At
the same time, such foragers necessarily expose themselves to
increased risk of predation, which may affect survivorship. Thus,
there are two corollaries to adaptively plastic foraging: (1) it should
be under strong natural selection because foraging traits are variable and affect ﬁtness parameters (i.e., fecundity and survival), and
(2) foragers face a fundamental trade-off between food and safety
whereby they cannot obtain the former without sacriﬁcing some of
the latter.
In arid regions, animals face additional trade-offs, including
those between energy intake versus water balance and exposure to
extreme temperatures. Relative to ambient conditions, refugia are
often characterized by more amenable hydric and thermal environments which reduce occupants’ evaporative water loss. Thus,
leaving the refuge to forage should give rise to increased costs from
water loss. In this way, food and water may be complementary
resources for animals in deserts. Indeed, for Australian raven
(Kotler et al., 1998), ibex (Hochman and Kotler, 2006), springbok
(J.S. Brown, unpublished data), goats (Shrader et al., 2008) and even
crested larks (Kotler and Brown, 1999), water is complementary to
food, and immediate access to water decreases foraging costs and
increases foraging efﬁciency. While giving-up densities (GUD, the
ﬁnal amount food left behind in a resource patch following
exploitation; a measure of foraging efﬁciency) for crested larks
decrease just 7% in the presence of water, for these other foragers
GUDs may fall by half (Fig. 2) (Brown, 1988).
3. Societal TMs
3.1. Adaptive responsiveness of desert societies
Although humans may be under limited natural selection,
human societies have more potential for behavioral responses to
the environmental stresses of arid living relative to other organisms, particularly over the short term and at the individual and
societal levels. Humans can more easily cope with or tolerate the
stresses associated with uncertain water, high temperatures, and

Fig. 2. The effect of water and distance from the cliff refuge on patch exploitation as
expressed as giving up densities (i.e., the ﬁnal amount food left behind in a resource
patch following exploitation; a measure of foraging efﬁciency) for Nubian ibex (Capra
ibex nubiana) in the Negev Desert (after Hochman and Kotler, 2006). As in the systems
of other desert foragers, the availability of water and food interact to affect decisionmaking as ibex become more efﬁcient foragers when water is limited.

securing energy through changes in what can be broadly classiﬁed
as behavioral TMs. Human behavioral responses are also extremely
ﬂexible because humans are able to learn from the past and plan for
the future (Redman, 2001). Behavioral responses allow for additional tolerances that are not exclusively reliant on evolutionary
adaptations. Such adjustments in behavioral strategies include
decisions about population migration, diversifying resource
procurement, specialization of a procurement strategy to maximize
energy return, and/or increasing investment in the storage of
resources (Table 1). However it should be noted that the use of
behavioral TMs has as much or more to do with individual or
societal perceptions of problems than a situation which necessitates
a response (O’Connor et al., 1999).

3.2. Case study: decision-making in agricultural societies
Agricultural societies are particularly vulnerable to the variability and unpredictability of arid landscapes. Thus, societies of the
past and present have employed many TMs to alleviate the stresses
associated with arid-land farming (Table 1). The speciﬁc TMs
employed depend upon the environmental, agricultural, and social
contexts; thus, a portfolio of TMs is often used. For example,
contemporary small scale agriculturalists in the arid regions of
Africa commonly alternate ﬁeld locations, diversify the types of
crops grown, and use economic strategies such as wage economies
(Graef and Haigis, 2001; Roncoli et al., 2001). In addition to diversiﬁcation strategies, small-scale agriculturalists in the prehistoric
southwest USA frequently engaged in extensive food sharing
networks or storage to reduce the risks associated with arid
uncertainty (Halstead and O’Shea, 1989). Other agricultural societies with the labor capacity, complexity, and the appropriate
environmental conditions cope with uncertain agricultural
production through specialization by constructing irrigation
systems that reduce risk by increasing the predictability of water
resources (Mabry, 1996). Large-scale industrial agriculture is
currently in a phase of coping with GCC knowing that these
methods of maximizing output are a signiﬁcant contributor to
greenhouse gas emissions. Not only does industrialized agriculture
need to focus on the types of TMs summarized here, but it also
needs to address its role in anthropogenic GCC (Wreford et al.,
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2010). Understanding the speciﬁc social and ecological contexts is
necessary to determine the TMs relied upon by societies which
depend on agriculture for their energy needs.
4. Global climate change and TMs
4.1. Biological TMs
The potential impact of climate change on ecosystems is
a source of concern for biologists, sociologists, and policy makers
alike. In particular, researchers predict that the deserts of North
America will become warmer and drier at a relatively fast rate
(IPCC, 2007; Seager et al., 2007). Also, the variability of precipitation in this region has recently increased and this trend is expected
to continue (Hughes and Diaz, 2008). Recent evidence demonstrates that much of the hydrological and temperature-related
climate trends of the western United States are human-induced
(Barnett et al., 2008). As a possible result of these and other related
factors (e.g., shifts in the seasonal timing of reproduction), the
deserts of North America have experienced several vegetation dieoffs related to prolonged drought (Breshears et al., 2005; Miriti
et al., 2007). Given these troubling signs, we discuss the effectiveness of TMs of desert organisms to respond to GCC.
As the products of natural selection, biological adaptations
operate on an evolutionary timescale. In some species from nonarid regions, genetic responses to the effects of GCC can evolve
quickly. For example, the genetically controlled photoperiodic
response of the pitcher-plant mosquito (Wyeomyia smithii) from
eastern North America has shifted as growing seasons have become
longer due to GCC in as few as ﬁve years (Bradshaw and Holzapfel,
2001). Also, organisms can evolve increased phenotypic plasticity,
and such selection for plasticity coincides with GCC. For example,
GCC has selected for longer reproductive seasons in the red squirrel
(Tamiasciurus hudsonicus) of northern North America due to
increasingly prolonged growing seasons of food sources (Reale
et al., 2003). However, other adaptations evolve at a much slower
rate. For example, bird feathers were initially selected for display
and thermoregulation millions of years before they became adapted for ﬂight (Cowen, 1991). Thus, adaptations are often long-term
solutions even with amenable bauplane. Given the potential for
such inherent rigidity, organismal success in the context of GCC
often heavily relies on adaptive phenotypic plasticity.
The extent to which organisms and ecosystems function
through periods of disturbance, which can be human-induced and/
or natural (e.g., Brown et al., 1997), can be described in terms of
fundamental niches, current available micro-climates, and predicted available micro-climates in 100 years. We propose a simpliﬁed conceptual model incorporating these parameters as they
relate to temperature and water availability (Fig. 3) because
temperature and water availability: (1) are universally important
factors to organism ﬁtness, (2) are signiﬁcantly changing due to
GCC at a relatively fast rate in the deserts of North America (e.g.,
IPCC, 2007; Seager et al., 2007), and (3) have effects on organisms
that are inter-related (e.g., increased body temperature generally
leads to increased evaporative water loss in ectothermic animals).
Using this framework, it is unlikely that all desert organisms will
adapt to the predicted 2e5  C increase in mean annual temperature
on a century level timescale (Fig. 3: species II). Long-lived species
(e.g., columnar cacti and Gila monsters) may be at a particular
disadvantage because they have slower reproductive life histories
and longer generation times, which will likely inhibit rapid
evolution and adaptation in response to GCC. However, these large
species may have an advantage over smaller-bodied counterparts
because organisms with relatively large biomass are less adversely
affected by periods of prolonged drought (McKechnie and Wolf,

Fig. 3. Conceptual diagram for organismal fundamental niches (Nf, shaded boxes),
current available micro-climates (dotted box), and predicted available micro-climates
in 100 years (MC100, dashed box) as a function of temperature ( C) and water availability (e.g., precipitation or soil water potential). Organisms will not be suited for their
environment in 100 years if their Nf fails to overlap with MC100 (e.g., Species II). Species
I may have a more successful suite of TMs (e.g., a greater buffering capacity due to
larger body size or a higher rate of adaptation) than Species II.

2010). Therefore, even small-bodied desert organisms with high
rates of adaptation (e.g., Drosophila species) may succumb to severe
environmental stress related to GCC (Fig. 3).
Clearly, organisms with large fundamental niches, potentially
due to high rates of adaptation and highly plastic TMs, will likely
better cope with rapid GCC (Fig. 3). For example, reproductive bethedging in desert plants allows seeds the option to forego germination in years when environmental conditions are stressful.
However, seed viability has a shelf-life, and evidence demonstrates
that perennial plants in the desert may not outlive prolonged
periods of drought (Miriti et al., 2007). On the other hand, desert
animals often use behavioral plasticity to better cope with adverse
environmental conditions. For example, if a woodrat’s nest is too
warm in the Sonoran Desert, it may dig a deeper one that is more
thermally buffered by the ground. Yet, behavioral plasticity may not
completely offset the effects of global warming in other vertebrate
systems (Schwanz and Janzen, 2008; Sinervo et al., 2010). In sum,
GCC may seriously challenge and, with time, could overwhelm the
TMs used by many desert plants and animals.
From a broader ecological perspective, species interactions
affect multiple levels of biological organization (i.e., organism to
ecosystem) and depend on when and where foragers can proﬁt.
Familiar mechanisms that mediate interspeciﬁc interactions
include resource partitioning and habitat selection, storage effect,
seasonal variation of foraging efﬁciencies, spatial variance in
resource abundances, and temporal variation in resource abundances (e.g., Kotler and Brown, 1999). Thus, adaptations and the
plasticity of adaptations are fundamental to species interactions.
GCC is expected to increase the inter-annual variation in precipitation and resource pulses that drives mechanisms involving the
storage effect and the sizes of the resource pulses. Those species
with adaptations favored by such variability will also be favored.
4.2. Societal TMs
Because TMs for human societies do not rely on the necessarily
slow moving process of adaptation, the behavioral TMs utilized by
human societies are likely much more effective at absorbing the
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shock of GCC because they can be enacted much more quickly.
Additionally, the arsenal of societal TMs is much more diverse, and
there is greater potential for specialization based on context. The
human ability to learn from the past, plan for the future, and
determine causes of conditions make humans ﬂexible in their
means of responding to environmental stresses (Richerson and
Boyd, 1999; Redman, 2001).
However, as organizations and their institutions become more
connected and inﬂexible, behavioral TMs may no longer be sufﬁcient
to handle stresses associated with GCC. These types of systems,
particularly highly bureaucratic, interconnected and complex
systems of today, are grounded within a “rigidity trap” (Holling et al.,
2002). The more rigid a system, the more severe are potential societal collapses or transformations (Hegmon et al., 2008). In many
ways, such societal rigidity is comparable to phylogenetic
constraints (i.e., components of the phylogenetic history of a lineage
that prevents evolution in that lineage) in biological systems. Thus,
complex human societies may be more or less adaptable to GCC than
biological systems. Our conceptual model regarding the efﬁcacy of
biological TMs in response to GCC (Fig. 3) could be modiﬁed and
applied to societal systems because societal and biological systems
reﬂect both adaptive traits (Table 1) and inherent constraints.
5. Future directions
Tackling GCC problems should be rooted in science and facilitated with policy and education. Mathematical modeling has
provided considerable insight into the large-scale effects of climate
change. However, ﬁner-scale investigations into empirical systems
(i.e., organismal, population-, and community-level) are necessary
to ﬂesh out species- and system-speciﬁc conceptual models of
biological responses to GCC (e.g., Fig. 3), and are thus far few.
Questions in dire need of attention include, but are not limited to:
(1) Do organisms have the propensity to genetically adapt to the
adverse effects of GCC in desert systems? Short-lived species in other
systems exhibit some ability to adapt (Bradshaw and Holzapfel,
2001; Reale et al., 2003), but further investigation is necessary to
assess GCC’s impact in arid systems, particularly in long-lived taxa.
(2) How much “wiggle room” is there between the demands currently
placed on TMs and the maximal buffering capacity of the TMs? For
example, common TMs presently used by organisms (e.g., the
ability of molecular chaperones to repair damaged proteins) may be
operating at or near their maximum capacity. (3) To what extent can
the plasticity of behavioral TMs buffer organisms from the negative
impacts of anticipated environmental changes? Recent evidence
suggests that some populations in arid environments will be
drastically affected by the thermal effects of GCC despite extensive
behavioral plasticity (McKechnie and Wolf, 2010). (4) To what extent
will anticipated changes in air temperatures alter the thermal and
hydric properties of critical microhabitats? Although useful on a large
scale, mathematical models rarely take into consideration the
environments in which organisms actually live (e.g., refugia;
available micro-climates in Fig. 3). (5) Which species represent
keystone species, what is their scope of inﬂuence, and how susceptible
are these organisms to anticipated climate change? In the scope of
GCC, understanding the interaction between abiotic (e.g., temperature and precipitation) and biotic (e.g., inter-speciﬁc interactions)
ecological factors should be combined with fundamentals of
organismal biology (e.g., thermal tolerance).
Human societies have a long history of dealing with changes in
climate and overcoming stresses associated with desert living
(Barker and Gilbertson, 2000; Doyel and Dean, 2006; deMenocal,
2001). The history and archaeology of these cases will prove to be
useful in evaluating the effectiveness of TMs for conditions in the
present and future (Fisher et al., 2009; McIntosh et al., 2000). While

this predicted global future includes changes at unprecedented
scales, the lessons of the past can provide useful roadmaps for the
future. Along these lines, several questions that should be
addressed include: (1) How can the successes, failures, and trade-offs
made by past societies in coping with the challenges of environmental
change be considered in future policy considerations? Current interdisciplinary research endeavors are attempting to integrate the
successes and failures of past and present human societies to clarify
future management decisions. For example, one such project,
Integrated History and Future of People on Earth, is developing
credible options for the future through the compilation and
comparison of historical case studies (Costanza et al., 2007). (2)
How diverse, ﬂexible, adaptive, and contextual will policy decisions be
in planning and coping for GCC? The type and conﬁguration of
employed TMs is dependent upon the social and environmental
context and must remain ﬂexible to avoid the so-called rigidity trap
(Holling et al., 2002). Policy therefore must take into account these
lessons and realize a “one size ﬁts all” approach is inappropriate. In
addition, maintaining a diversity of response options is important
to minimize vulnerability to environmental change because loss of
potential response options makes systems more susceptible and
unable to absorb change (Fazey et al., 2010). (3) What trade-offs are
we as a society willing to make, and what aspects are we unwilling to
abandon as we are faced with the challenges of GCC? We as a human
society must prioritize our goals and consider which future
trajectory is worth undertaking. We must also develop a clearer
understanding of how human societies perceive the problems
associated with GCC, and how they are willing to meet these
challenges. This will require an increased engagement between
environmental scientists, policy makers, and the public which will
require a revaluation of how scientists communicate with the
stakeholders (e.g., Groffman et al., 2010).
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