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Microclimates have played a critical role in past species
range shifts, suggesting that they could be important in
biological response to future change. Terms are needed to
discuss these future effects. We propose that populations
occupying microclimates be referred to as holdouts, step-
ping stones and microrefugia. A holdout is a population
that persists in a microclimate for a limited period of time
under deteriorating climatic conditions. Stepping stones
successively occupy microclimatesin away thatfacilitates
species’ range shifts. Microrefugia refer to populations
that persist in microclimates through a period of unfavor-
able climate. Because climate projections show that re-
turn to present climate is highly unlikely, conservation
strategies need to be built around holdouts and stepping
stones, rather than low-probability microrefugia.

A small revolution in climate-change biology
Mounting evidence from paleoecology suggests that small
pockets of vegetation occupying microrefugia played a piv-
otal role in plant responses to rapid climate change during
the transition from the Last Glacial Maximum (LGM) [1].
Pioneering work suggests that microclimates will have a
similar role under future, human-induced climate change
[2,3]. Modeled estimates of range shifts, population dynam-
ics, and extinctions may all need to be reassessed in light of
such fine-grain effects, with important policy and conserva-
tion implications. However, research in this emerging field
is limited by the resolution of climate simulations and
because terminology and conceptual frameworks for under-
standing future fine-grain effects are not yet fully developed.
Here, we suggest that physical-natural science colla-
borations can revolutionize understanding of how plants
and animals may respond to human-induced climate
change. Joining physical models of microenvironments
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(Figure 1) with fine-grain models of plant and animal
response to climate change is needed to produce these
new insights. Such work is already underway for some
regions [2-5], and is shifting the resolution of analyses in
climate-change biology by orders of magnitude. We de-
scribe the recent advances in this revolution and provide
terminology to help frame the insights from the research.

Organism-environment interactions at fine scales
Environmental factors, including air and surface temper-
ature, precipitation, radiation, and wind speed, interact
with organismal phenotypes to create complex mosaics of
temperature and water balance [6]. The interaction of
multiple environmental factors can cause unexpected biot-
ic responses to climate change, such as plants moving
downhill in response to cold-air pooling [7]. Differences
in microhabitat affinity can influence the strength of spe-
cies interactions [8].

Environmental interactions also determine the inci-
dence of extreme physiological stress events, which are
an important biogeographic determinant for both plants
and animals [9]. For example, evaporative water loss
during heat waves can result in avian mortality events
[10] and the incidence of thermal stress events for inter-
tidal mussels departs from the latitudinal gradient in air
temperatures based on whether tidal cycles coincide with
the warmest part of the day [11].

The physiological details of organisms responding to
their environment at subhourly temporal scales and spa-
tial scales of meters can be crucial to predicting responses
to climate change, but are often obscured by coarse climatic
data [12]. The 1-100-km grid lengths of climate data
generally used to predict distributions of plants and ani-
mals are three to four orders of magnitude coarser than the
size of focal species being studied [12]. Climate simulations
are typically applied in research using 20- or 30-year
averages, rather than the full temporal resolution of the
global climate model [General Circulation Model (GCM)].

Organismal responses can correspond either to averaged
climate conditions or short timeframe variation, where
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Figure 1. Fine-grain, large-domain modeling. Climatic water deficit calculated at three grain sizes for a domain covering the California Floristic Province (CFP) and desert
outside of the CFP. Climatic water deficit can be a major limiting factor in plant distributions. The domain covers all of political California and encompasses the ranges of
more than 2000 plant species that are endemic to the CFP. The insets contrast climatic water deficit calculated at the commonly used scales of 4 km and 1 km with
calculation at finer grain 270 m. The fine-grain model is calculated using high-resolution temperature interpolation, detailed soil information, and a solar radiation model,
capturing climatic and hydrologic effects of hill-slope shading, elevation, and soil properties that are not represented in the coarser models.

physiological responses to climate extremes are important.
Two processes setting the distributional limits of intertidal
musselsillustrate this point: southern limits in North Amer-
ica are set by mortality associated with acute thermal stress
events, whereas southern limits in Europe are set by
an energy budget integrated across the year [13]. Thus,

both coarse and fine-grain processes can be biologically
important, but to date most climate and/or biological models
have explored only relatively coarse temporal and spatial
influences.

Biological models are now being constructed to capture
fine-grain influences on the response of species to climate
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change. Mechanistic biological models, which explicitly
model how environmental conditions influence physiologi-
cal processes on short time-steps and/or over limited spa-
tial extents, are one strategy for appropriately integrating
organismal responses to climate over time and space
[14,15]. These models have demonstrated how coarse cli-
matologies can bias estimates of biological change [16]. To
build mechanistic models, body temperatures associated
with microclimates can be assessed through constructing
models of heat flow (i.e., biophysical models) or using
physical models of organisms [6,13].

Correlative species distribution models (SDM) can be
implemented at high spatial resolutions, if species occur-
rence data required as inputs are georeferenced with
precision measured in meters or tens of meters and high
resolution climatologies are available. The advent of Glob-
al Positioning System (GPS) data has made occurrence
records accurate to scales of meters commonplace [17].
SDMs require only data on species occurrences and envi-
ronmental (climatic) conditions, so they have the advan-
tage of simplicity and wide applicability, but face several
well-recognized limitations, including questionable trans-
ferability across time and space [18].

How do we talk about it?

‘Microrefugia’ is a term borrowed from paleoecology that
describes isolated populations surviving in unusual micro-
climates relative to the surrounding landscape [19] or the
places in which such populations persist [20]. As we de-
scribe below, the population-centered definition is more
useful for analysis of the future. Such populations may help
a species endure a period of unfavorable climate [19-21], or
a glacial or interglacial climate excursion [1].

However, future climates are likely to be characterized
by continuous warming in the long term, or relative sta-
bility (Figure 2). So, although ‘microrefugia’ is useful in
describing some future situations, additional terms are
needed to describe fully the effects of future climate change
on biological systems.

‘Microholdouts’ (hereafter ‘holdouts’) is a term that
describes isolated populations that survive in unusual
microclimates for a limited duration (Figure 3). A holdout
as proposed here is similar to a microrefugium, but without
climatic conditions reversing to ‘rescue’ the population
occupying the microclimate. Holdouts can be important
in moderating species dispersal and population dynamics
in response to future climate change.

The difference between a microrefugium and a holdout
is defined by climate trajectory in the landscape. If regional
climate continues to change, microclimates eventually
become unsuitable for persisting populations, resulting
in holdouts that eventually disappear (Figure 2B). If re-
gional climate returns to an historic reference point, re-
gional climate ameliorates potential adverse effects, and
microrefugial populations may expand. Almost all GCM
simulations using the Intergovernmental Panel on Cli-
mate Change (IPCC) RCPs indicate warmer end-century
temperatures than at present (Figure 2B), so this may be
the century of the holdout.

‘Microstepping-stones’  (hereafter ‘stepping-stones’)
(Figure 4) is a term that we propose to denote a series of
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populations occupying successive microclimates that have a
role in mediating the range shift of a species in response to
climate change. Stepping-stones may be important at the
leading edge, trailing edge, or center of the range of a species.

Microrefugia, holdouts, and stepping-stones are all spe-
cies specific. We know from paleoecology that the responses
of species to climate change are individualistic [22]. Thus, a
microclimate is host to a microrefugium, holdout, or step-
ping-stone only with respect to individual species. This
does not preclude occupation by multiple species, but
species will persist, move on, or become locally extinct
based on individual climatic tolerances in relation to micro-
climates and climate in the surrounding landscape, rather
than as a group.

The dual criteria of both a microclimate and an occupy-
ing population are particularly important for simulations
of the future, which is why simply borrowing terms from
paleoecology may cause confusion. In paleoecology, micro-
climates are usually inferred from biological evidence (fos-
sils of organisms or fossil pollen). Therefore,
paleoecologists have often defined microrefugia as places
that harbor species as surrounding climate deteriorates
[20,21]. However, places (microclimates) do not always
equate to populations. Definitions that focus on popula-
tions, rather than place, are therefore more useful for
analyses of biological change, both past and future [19].
For the future, it is important not only to know if there is a
microclimate in a location, but also whether that microcli-
mate is biologically relevant and will be occupied by popu-
lations of one or more species. In population-centered
terminology, microclimates are isolated, relatively small
places in which climatic conditions are different than in the
surrounding landscape; holdouts, stepping-stones, and
microrefugia are populations that occupy microclimates.
Populations that gradually disappear as climate change
progresses are holdouts, whereas populations rescued by a
climate reversal are microrefugia, and a series of holdouts
that facilitate a range shift are stepping-stones.

This set of terminology can help biologists communicate
with policymakers and stakeholders while helping clarify
evolving usage in the paleoecological literature [1,19,20].
Given that global climate is likely to be warming through-
out this century and beyond, it is important to have terms
such as holdout and stepping-stone to indicate the imper-
manence of any static conservation solutions, and to dispel
any notion that climate is returning to ‘normal’ or current
conditions anytime in our lifetimes or those of our children.

What scale is appropriate?

Identifying holdouts, stepping-stones, and microrefugia
requires models of future climate and models of biological
response. Climate models are needed that can resolve
microclimates capable of harboring small populations,
areas as little as a few tens of square meters for insects
and understory plants, to hundreds of square meters for
dominant tree species. Biological models are needed to
resolve the intersection of the environmental niche
requirements of species with microclimates, the ability
of species to disperse to suitable microclimates, and popu-
lation dynamics that may occur in the suitable habitat
patches provided by microclimates.
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Figure 2. Microrefugia, holdouts, and stepping-stones in global (inset) and regional (main panel) climate space. Holdouts, microrefugia, and stepping-stones are distinguished
from one another by the trajectory of surrounding climate. Global climate projections (inset) show that Representative Concentration Pathway (RCP) 4.5, 6.0, and 8.5 models
project continuous warming with no return to historical conditions through 2300, the climate context that characterizes holdouts. Global RCP 2.6 projections show temperatures
that return to near-historical levels but only in simulations that extend to 2300, indicating that climate context for microrefugia may exist, if at all, only in a subset of RCP 2.6
models. Regional differences may deviate from these global averages, but regional projections for California (main panel) indicate that only one (GISS RCP2.6) of 11 models
shows a return to historical temperature levels that would create the context necessary for microrefugia (A). Other scenarios show either continual warming in which holdouts
will gradually disappear (B) or sustained strong warming (C) in which context stepping-stones become increasingly important. The main panel represents time series of annual
mean surface air temperature anomalies (°C) for California from 11 CMIP5 models through 2099, with RCP indicated by line color (8.5 red; 2.6 blue). Thick red and blue lines
represent multimodel means for RCP 8.5 and 2.6, respectively. The broken line represents baseline 1981-2010 mean annual temperature for California. The inset is Figure 12.5
from the Fifth Assessment of the Intergovernmental Panel on Climate Change (IPCC) [4], showing a time series of global annual mean surface air temperature anomalies (relative
to 1986-2005) from CMIP5 concentration-driven experiments. Projections are shown for each RCP for the multimodel mean (unbroken lines) and the 5-95% range (+1.64
standard deviation) across the distribution of individual models (shading). Discontinuities at 2100 are due to different numbers of models performing the extension runs beyond
the 21st century, and have no physical meaning. Only one ensemble member is used from each model and numbers in the figure indicate the number of different models

contributing to the different time periods. No ranges are given for the RCP 6.0 projections beyond 2100 because only two models were available [56].

Focal organisms and their habitat requirements are a
starting point for informing the choice of appropriate scales
for modeling. Fine-grain spatial data may be less impor-
tant for organisms in spatially homogeneous environments
or those that can move to buffer their environment. High
temporal resolution data may be less important in envir-
onments where diurnal or seasonal variability is limited, at
least relative to the environmental tolerances of organisms
[12]. Consequently, research on plants has emphasized
spatial resolution, whereas research on animal thermoreg-
ulation has emphasized temporal resolution. The biologi-
cal question also influences choice of climate data;
temporal resolution may be more crucial for studies of
survival and reproduction than for studies of distribution
[15]. High temporal or spatial resolution may not be im-
portant for wide-ranging species or those that will find

suitable climate space expanding. Where fine-grain spatial
processes are important, small populations associated with
microclimates may have key roles in determining the
abilities of species to track suitable climatic conditions.

For biologists, perhaps the greatest challenge is in the
availability of high-resolution climate surfaces, because
constructing these surfaces requires new physical model-
ing skills or new collaborations with climate scientists.
Establishing these skills and collaborations is critical to
improved understanding of holdouts, stepping-stones, and
microrefugia.

A first step in physical modeling of microclimates is
simulating temperature variation with elevation. Global
climate grids are typically only available at horizontal
resolutions of 1-5 km, downscaled from GCMs using inter-
polations from weather stations that have been adjusted for

393



W Trends in Ecology & Evolution July 2014, Vol. 29, No. 7

(A) Historic (B) Recent past (€) MIROC RCP 8.5
1951-1980 1981-2010 2070-2099

Key:

(D) MIROCS5 RCP 2.6
. Potential holdouts and microrefugia 2070-2099 N 4

D Lost holdouts

TRENDS in Ecology & Evolution

Figure 3. Holdouts and microrefugia. Holdouts are populations that persist in microclimates while climate deteriorates in the surrounding landscape, whereas microrefugia
are isolated populations that persist through periods of deteriorating climate until favorable conditions return. (A-D) show potential holdouts and microrefugia (blue) and
loss of holdouts (yellow) across two representative concentration pathways (RCPs) by the end of the 21st century. Microrefugia are evident only in RCP 2.6. Maps are based
on 30-m statistical downscales of water year climatic water deficit (mm) in the Tehachapi Mountains, California and are overlaid on a 30-m digital elevation model (DEM).
Water deficit is a determinant of range limits for many plants, and is used here as a surrogate for microclimates likely to be occupied by plant populations. Blue and yellow
patches represent relatively wet conditions less than two standard deviations from 1951-1980 historical mean. Contemporary period consists of historic data from 2001—
2010 and future projected water deficit is from MIROC RCP 8.5 or 2.6 simulations.
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Figure 4. Stepping-stones. Stepping-stones (red) are populations that occupy successively changing microclimates, facilitating a species range shift in response to climate
change. Maps are based on 30-m statistical downscales of water year climatic water deficit (mm) in the Tehachapi Mountains, California and are overlaid on a 30-m digital
elevation model (DEM). Red represents relatively dry areas more than two standard deviations from the 1951-1980 historical mean (A). Contemporary period (B) comprises
historic data from 2001 to 2010 and future projected water deficits from MIROC RCP 8.5 simulations from 2011 to 2030. (C) End-century MIROC RCP 8.5 projections.

temperature variation with elevation [23]. Further temper-  resolutions can offer important biological insights. Tem-
ature correction for elevation is now possible using high-  perature variability calculated at sub-kilometer scales has
resolution digital elevation models (DEM), available for =~ been demonstrated to be substantially greater than vari-
many regions at horizontal resolutions of 30 m or finer. ability among coarser grids [23-25]. This means that

Extending elevation-corrected interpolations to higher  species may be able to adjust to warming by moving

394



Box 1. Holdouts, stepping-stones and range shifts

The role of holdouts and stepping-stones in mediating range shifts
depends on whether they are at the leading edge, trailing edge, or
center of the species range. Leading-edge stepping-stones may
undergo purging of alleles due to small population size [19]
facilitating the expression of recessive traits that favor rapid dispersal
to track climate change. Examples are long-winged morphs of
bushcrickets (Cynocephalus discolor and Metrioptera roeselii) in
England and long-winged seed morphs of lodgepole pine (Pinus
contorta) in western North America. In these cases, the highly
dispersed form is found at leading edges of range shifts past
(lodgepole pine) and present (bushcrickets) [58,59].

Central holdouts may be important in providing genes beneficial
for adaptation to leading edge populations. Central populations
receive genes from both the leading edge (least adapted to novel
conditions) and trailing edge (most adapted to novel conditions)
populations and so are valuable conduits of adaptive traits toward
the leading edge [60]. As climate change causes conditions to
deteriorate, populations in the range center will decline, but
holdouts will decline last, helping to prolong gene transfer that
enhances adaptation at the leading edge.

Trailing-edge populations harbor important genetic information
accumulated during glacial-interglacial range shifts of the past [22].
Although trailing-edge holdouts will eventually disappear, their
existence can be prolonged through management. For instance,
control of predators can reduce predation and maintain holdouts of
small mammals. This type of management to maintain holdouts
may allow genetic information to persist in situ for decades until ex
situ or other long-term conservation strategies are worked out.

The effective role of holdouts and stepping-stones in range-shift
dynamics depends on climate change velocity relative to landscape
position, as well as other biotic and abiotic factors. The ability of
species to track climate change is a function of topography and
species’ traits such as dispersal, competitive advantage, life history
and resistance to disturbance. Connectivity among isolated popula-
tions within metapopulations is more likely when species are small
bodied, reproduce asexually, and carry light genetic loads [19].
Whereas holdouts and stepping-stones at any one location most likely
cannot maintain populations by themselves, they can have key roles in
mediating range shifts when connected to other subpopulations. In
addition, successive groups of stepping-stones may be central to
avoiding extinction for some species whose climatic tolerances dictate
long-distance, rapid range shifts in response to climate change.

shorter distances than would be suggested by studies
using multi-kilometer climate grids, increasing estimated
probabilities of persistence and decreasing the probability
of local extinction [26].

A second major determinant of microclimates is variation
in solar radiation due to landscape shading, slope, and
aspect. Radiation models available from the physical
sciences are limited by DEM resolution, so the newer
high-resolution DEMs enable simulation of microclimates
related to radiation effects, as well as correction of temper-
ature for elevation. Radiation microclimates can have
strong biological relevance, especially in temperate and
high-latitude settings, acting through temperature, poten-
tial evapotranspiration, and soil moisture. For example,
radiation on equator-facing temperate slopes can greatly
accentuate climatic water deficit, a key determinate of tree
distributions [27,28]. Similarly, the bottom of a steep east—
west trending gorge would be predicted to experience day-
time temperatures warmer than surrounding higher areas
based only on elevation-corrected interpolation, but may in
fact be much cooler than surrounding uplands because of the
shading effects of steep side walls. This topographic shading
of incoming solar radiation can create microclimates in
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gorges that shelter isolated populations of species, such
as Wollemi pine (Wollemia nobilis) in Australia [17].
Other biologically relevant microclimatic effects include
cold air drainage, rainshadows, wind, influences of small
and medium-sized lakes and rivers on precipitation and
temperature, fog formation, local inversions, and convec-
tive effects of land cover and topography [29,30]. These
dynamic processes are more difficult to simulate at high
resolution, but a new generation of algorithms (e.g., for cold
air drainage [31]) and high-resolution regional climate
models (e.g., of local winds and fire weather corridors
[32]) are coming online to inform biological modeling [12].
Given computational limits, modelers face a trade-off
between spatial and temporal resolution of climate data.
A 100-km GCM grid cell contains 10 billion 1-m? cells,
whereas a 30-year climate normal represents over 10 950
individual monthly means. This makes simulation of cli-
mate at scales relevant to populations or individual plants
and animals a huge computational challenge, because many
organisms are smaller than 1 m and may respond to weath-
er events, such as freezes, that unfold on timescales of
minutes or hours. This challenge is sometimes addressed
by simulating only a portion of the range of a species, but
conservation planning and estimates of extinction risk will
usually require simulations of whole ranges, often of multi-
ple species. Therefore, fine-grain modeling is defined by the
phenomena being studied, balanced by computational con-
straints, but always at finer spatial or temporal scales than
the 1-4-km monthly averaged 30-year normals that are
commonly used in species distribution modeling.

Conservation consequences

Conservation planners need to be aware that microrefugia
are unlikely under all but a few future climate scenarios, so
that planning for holdouts and stepping-stones should be
the major focus of protected areas and species plans. Con-
tinuing climate change produces fading holdouts, whereas
climate reversal produces persistent microrefugia. All
RCP scenarios project continuing climate change without
reversal, except for a few RCP2.6 simulations (Figure 2).
This indicates that microrefugia will be rare, resulting only
if global mitigation policy is aggressive or geoengineering is
used to change the trajectory of climate change.

Planning for holdouts and stepping-stones focuses on
whether and how species can keep pace with changing
climate, in the context of continuing change. Conserving
holdouts may maintain sources of dispersal, genetic infor-
mation, and populations involved in stepping-stone effects
(Box 1). Management levers might include limiting distur-
bance to allow holdouts of mature trees to persist even
after climate suitability has declined, because deeply root-
ed trees may be less affected by surface conditions com-
pared with seedlings or immature trees [33]. At the same
time, the trailing edge for some species may be the leading
edge for others, so monolithic management may suppress
stepping-stones at the expense of holdouts, or vice versa.

Mosaics oflandscape management may be the best way to
meet multiple species and ecosystem conservation goals
simultaneously. For instance, stand-replacing fire might
be controlled in one part of a landscape to help holdouts
of one species persist, whereas promotion of stand-replacing
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fire in other parts of the same landscape could facilitate
vegetation transitions to help other species range shifts keep
pace with climate change [34]. Consideration of novel and
disappearing climates and the velocity of climate change
may help in designing landscapes that harbor both holdouts
and stepping-stones to meet conservation goals [35].

Holdouts and stepping-stones need to be understood not
only in landscape context, but also in the context of region-
al climate change and the entire ranges of species. For
instance, efficient protected area plans for climate change
require consideration of range shifts and changes in range
sizes for species within the planning region [36,37]. Given
that range changes may be mediated by holdouts and
stepping-stones, analyses that are both large domain
and fine grain are required. Biological models are needed
that can provide the link between microscale changes and
macroscale impact. How to best incorporate microclimatic
effects into biological models is an important avenue of
ongoing research (Box 2).

One approach that speaks to conservation endpoints is
the integration of correlative SDMs and population models

Box 2. Tools for fine-grain, large-domain studies

Several tools are emerging for assessing fine-grain processes at
spatial extents that are relevant to assessing changes in the
distribution of species. Among the new tools are microsensors that
measure temperature, relative humidity, and other variables; air-
borne and hand-held imaging devices that enable fine-grain
recognition of vegetation and temperature in landscapes; and
distributed experiments that sample climate-change effects on
individual organisms across biogeographic spatial domains.
Fine-grain sensor networks can be used to better understand the
distribution of microclimates in a landscape and from ground level
into the air column [33]. These are important advances, because
standard climatologies report air temperature at a 2-m elevation,
whereas many biologically important processes are being mediated
at or near the ground surface [12]. For instance, a seedling may
experience radiative warming of the ground surface that is not
captured in 2-m air temperatures, but that may be a critical factor in
determining survival in times of summer water stress [33].
Microsensors combine sensors for temperature, relative humidity,
or other variables with a solid-state data logger in a package little
bigger than a wristwatch, costing a fraction of a traditional weather
station (around US$100 versus several thousand dollars). These
sensors deployed at multiple levels (e.g., 20-cm intervals above the
ground surface) can be used to construct temperature profiles that
enable surface conditions important to plants and small animals to
be estimated from standard 2-m climatologies [33]. Sophisticated
networks linking hundreds of sensors can be used to characterize
microclimates across landscapes and in vertical profile.
High-resolution remote sensing is an important complement to
sensor measurements. Hand-held thermal imagery can be used to
identify temperature patterns in landscapes with more spatial detail
than all but the most dense microsensor networks [24]. Airborne
multispectral imaging platforms provide spatial and spectral resolu-
tion finer than satellite-borne sensors, some enabling identification of
individual trees and other plants to the level of genus or species [57].
Flight paths for these instruments, such as the NEON multispectral
airborne sensor in the USA, are being programmed to sample large
enough areas to be informative at macroecological scales [57].
Experiments, sensor networks, and modeling can be combined to
scale-up effects measured at the level of individual organisms to
landscapes or ranges of species. For example, common garden
trials of seeds transplanted to lower (warmer) sites can be used to
estimate the establishment niche of a plant species, with sensor
networks measuring microclimates appropriate for recruitment at
ground level. These measurements on landscape scales can be
translated to broader domains by modeling.
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to better account for demographic processes [38]. Holdouts
and the main distribution of species are analogous to islands
and mainlands in metapopulation theory [19]. This means
that metapopulation models and newer coupled metapop-
ulation—climate models [38] can be used to assess possible
impacts of holdouts, stepping-stones, and microrefugia.

Stochastic population models incorporate variation and
uncertainty in demographic and environmental parame-
ters to provide population trajectories that are used to
calculate extinction risk [37,39—45]. Dynamic vegetation
models (DVMs) are process based, often incorporate eco-
physiology, and have also been parameterized to the level
of species at fine spatial grains, to simulate range shifts,
refugia in paleoecological studies, and to explore ramifica-
tions of future climate change [37,46—49]. These existing
modeling tools can be applied to improve understanding of
how populations exploit microclimates.

What's next?

Next-generation models are emerging that can address the
effects of dispersal, species interactions, population dy-
namics, and disturbance on holdouts and stepping-stones.
LANDIS-IT [50] and BioMove [51], for example, provide
flexible, modular model architecture that allows users to
vary spatial and temporal grain and extent and to select
custom extensions to simulate a range of mechanistic
detail, depending on the study objective. Climatic effects
on fire regimes can be simulated, and species successional
(and, thus, range) dynamics can be explored through cli-
mate-mediated rates of growth, decay, and establishment
[52,53]. In LANDIS-II, soil carbon and nitrogen can also
vary with climate change [54].

Conservation-planning frameworks for the application of
these models are still being elaborated. Some conservation-
ists have despaired of the uncertainty in climate projections
and in understanding of the response of species, advocating
instead the conservation of abiotic land facets as a surrogate
to understanding climate-change biology [55]. However,
planning for the long-term persistence of biodiversity in
the face of climate change will not be accomplished by
ignoring biology. Much of the biology of change may be
occurring at finer scales than most current climate or bio-
logical models can resolve. Conserving the biodiversity of
the world over the coming centuries of change requires a
crash course in holdouts, stepping-stones, and microrefugia.

Acknowledgement

We gratefully acknowledge funding support from the National Science
Foundation Macrosystems Biology program NSF #EF 1065864 and the
insights and comments of our collaborators in that project, Frank Davis,
Janet Franklin, Alex Hall, Kelly Redmond, Alan Flint, Helen Regan,
Lynn Sweet, and John Dingman. The work was also supported by NSF
grant EF-1065638.

References

1 Stewart, J.R. et al. (2010) Refugia revisited: individualistic responses of
species in space and time. Proc. R. Soc. B: Biol. Sci. 277, 661-671

2 Randin, C.F. et al. (2009) Climate change and plant distribution: local
models predict high-elevation persistence. Global Change Biol. 15,
1557-1569

3 Gillingham, P.K. et al. (2012) The effect of spatial resolution on
projected responses to climate warming. Divers. Distrib. 18, 990—1000

4 Flint, L.E. and Flint, A.L. (2012) Downscaling climate change scenarios
for ecological applications. Ecol. Process. 1, 1-15


http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0005
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0005
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0010
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0010
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0010
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0015
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0015
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0020
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0020

5 Flint, L.E. et al. (2013) Fine-scale hydrologic modeling for regional
landscape applications: the California Basin Characterization Model
development and performance. Ecol. Process. 2, 1-21

6 Helmuth, B. (2009) From cells to coastlines: how can we use physiology
to forecast the impacts of climate change? J. Exp. Biol. 212, 753-760

7 Dobrowski, S.Z. (2011) A climatic basis for microrefugia: the influence
of terrain on climate. Global Change Biol. 17, 1022-1035

8 Broitman, B.R. et al. (2009) Predator—prey interactions under climate
change: the importance of habitat vs body temperature. Oikos 118, 219-224

9 Huey, R.B. et al. (2002) Plants versus animals: do they deal with stress
in different ways? Integr. Comp. Biol. 42, 415-423

10 McKechnie, A.E. and Wolf, B.O. (2009) Climate change increases the
likelihood of catastrophic avian mortality events during extreme heat
waves. Biol. Lett. 6, 253—256

11 Helmuth, B. et al. (2002) Climate change and latitudinal patterns of
intertidal thermal stress. Science 298, 1015-1017

12 Potter, K.A. et al. (2013) Microclimatic challenges in global change
biology. Global Change Biol. 19, 29322939

13 Woodin, S.A. et al. (2013) Climate change, species distribution models,
and physiological performance metrics: predicting when biogeographic
models are likely to fail. Ecol. Evol. 3, 3334-3346

14 Kearney, M. and Porter, W. (2009) Mechanistic niche modelling:
combining physiological and spatial data to predict species’ ranges.
Ecol. Lett. 12, 334-350

15 Buckley, L.B. et al. (2010) Can mechanism inform species’ distribution
models? Ecol. Lett. 13, 1041-1054

16 Kearney, M.R. et al. (2012) Biomechanics meets the ecological niche:
the importance of temporal data resolution. J. Exp. Biol. 215, 922-933

17 Ashcroft, M.B. (2010) Identifying refugia from climate change. J.
Biogeogr. 37, 1407-1413

18 Elith, J. et al. (2006) Novel methods improve prediction of species’
distributions from occurrence data. Ecography 29, 129-151

19 Mosblech, N.A.S. et al. (2011) On metapopulations and microrefugia:
palaeoecological insights. J. Biogeogr. 38, 419-429

20 Rull, V. (2009) Microrefugia. J. Biogeogr. 36, 481-484

21 Keppel, G. et al. (2012) Refugia: identifying and understanding safe
havens for biodiversity under climate change. Global Ecol. Biogeogr.
21, 393-404

22 Hampe, A. and Petit, R.J. (2005) Conserving biodiversity under climate
change: the rear edge matters. Ecol. Lett. 8, 461-467

23 Tabor, K. and Williams, J.W. (2010) Globally downscaled climate
projections for assessing the conservation impacts of climate change.
Ecol. Appl. 20, 554-565

24 Scherrer, D. and Koerner, C. (2010) Infra-red thermometry of alpine
landscapes challenges climatic warming projections. Global Change
Biol. 16, 2602-2613

25 Ackerly, D.D. et al. (2010) The geography of climate change: implications
for conservation biogeography. Divers. Distrib. 16, 476-487

26 Lenoir, J. et al. (2013) Local temperatures inferred from plant
communities suggest strong spatial buffering of climate warming
across Northern Europe. Global Change Biol. 19, 1470-1481

27 Stephenson, N. (1998) Actual evapotranspiration and deficit:
biologically meaningful correlates of vegetation distribution across
spatial scales. J. Biogeogr. 25, 855-870

28 Flint, A.L. and Childs, S.W. (1987) Calculation of solar radiation in
mountainous terrain. Agr. Forest Meteorol. 40, 233—-249

29 Rosenberg, N.J. et al. (1983) Microclimate: The
Environment, Wiley

30 Lowry, W.P. and Lowry, P.P. (2001) Fundamentals of Biometeorology:
The Physical Environment, Peavine Publications/Missouri Botanical
Garden Press

31 Lundquist, J.D. et al. (2008) Automated algorithm for mapping regions
of cold-air pooling in complex terrain. J. Geophys. Res. Atmos. 113,1-15

32 Moritz, M.A. et al. (2010) Spatial variation in extreme winds predicts
large wildfire locations in chaparral ecosystems. Geophys. Res. Lett. 37,
1-5

33 Dingman, J.R. et al. (2013) Cross-scale modeling of surface
temperature and tree seedling establishment in mountain
landscapes. Ecol. Process. 2, 1-15

34 Moritz, M.A. et al. (2012) Climate change and disruptions to global fire
activity. Ecosphere 3, art49

35 Williams, J.W. and Jackson, S.T. (2007) Novel climates, no-analog
communities, and ecological surprises. Front. Ecol. Environ. 5, 475-482

Biological

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Trends in Ecology & Evolution July 2014, Vol. 29, No. 7

Bonebrake, T.C. et al. (2014) Fire management, managed relocation,
and land conservation options for long-lived obligate seeding plants
under global changes in climate, urbanization, and fire regime.
Conserv. Biol. http://dx.doi.org/10.1111/cobi.12253

Syphard, A.D. et al. (2013) Does functional type vulnerability to
multiple threats depend on spatial context in Mediterranean-
climate regions? Divers. Distrib. 19, 1263-1274

Franklin, J. et al. (2013) Linking spatially explicit species distribution
and population models to plan for the persistence of plant species
under global change. Environ. Conserv. http:/dx.doi.org/10.1017/
S0376892913000453

Conlisk, E. et al. (2012) The roles of dispersal, fecundity, and predation in
the population persistence of an oak (Quercus engelmannii) under global
change. PLoS ONE http:/dx.doi.org/10.1371/journal.pone.0036391
Dullinger, S. et al. (2012) Extinction debt of high-mountain plants under
twenty-first-century climate change. Nat. Clim. Change 2, 619-622
Fordham, D.A. et al. (2012) Plant extinction risk under climate change:
are forecast range shifts alone a good indicator of species vulnerability
to global warming? Global Change Biol. 18, 1357-1371

Regan, H.M. et al. (2012) Evaluation of assisted colonization strategies
under global change for a rare, fire-dependent plant. Global Change
Biol. 18, 936-947

Lawson, D.M. et al. (2010) Cumulative effects of land use, altered fire
regime and climate change on persistence of Ceanothus verrucosus, a
rare, fire-dependent plant species. Global Change Biol. 16, 2518-2529
Anderson, B.J. et al. (2009) Dynamics of range margins for metapopulations
under climate change. Proc. R. Soc. B: Biol. Sci. 276, 1415-1420

Keith, D.A. et al. (2008) Predicting extinction risks under climate
change: coupling stochastic population models with dynamic
bioclimatic habitat models. Biol. Lett. 4, 560-563

Snell, R.S. (2014) Simulating long-distance seed dispersal in a dynamic
vegetation model. Global Ecol. Biogeogr. 23, 89-98

Bullock, J.M. et al. (2012) Modelling spread of British wind-dispersed
plants under future wind speeds in a changing climate. J. Ecol. 100,
104-115

Allen, J.R. et al. (2010) Last glacial vegetation of northern Eurasia.
Quaternary Sci. Rev. 29, 2604-2618

Boulangeat, I. et al. (2012) Improving plant functional groups for
dynamic models of biodiversity: at the crossroads between
functional and community ecology. Global Change Biol. 18, 3464-3475
Scheller, R.M. et al. (2007) Design, development, and application of
LANDIS-II, a spatial landscape simulation model with flexible
temporal and spatial resolution. Ecol. Model. 201, 409-419

Midgley, G.F. et al. (2010) BioMove: an integrated platform simulating
the dynamic response of species to environmental change. Ecography
33, 612-616

Xu, C. et al. (2011) Importance of colonization and competition in forest
landscape response to global climatic change. Clim. Change 110, 53—-83
Loudermilk, E.L. et al. (2013) Carbon dynamics in the future forest: the
importance of long-term successional legacy and climate—fire
interactions. Global Change Biol. 19, 3502-3515

Sturtevant, B.R. et al. (2009) Simulating dynamic and mixed-severity
fire regimes: a process-based fire extension for LANDIS-II. Ecol. Model.
220, 3380-3393

Anderson, M.G. and Ferree, C.E. (2010) Conserving the stage: climate
change and the geophysical underpinnings of species diversity. PLoS
ONE 5, el1554

Collins, M. et al. (2013) Long-term climate change: projections,
commitments and irreversibility. In Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change
(Stocker, T.F. et al., eds), p. 1054, Cambridge University Press
Kampe, T.U. et al. (2010) NEON: the first continental-scale ecological
observatory with airborne remote sensing of vegetation canopy
biochemistry and structure. J. Appl. Remote Sens. 4, 043510
Cwynar, L.C. and MacDonald, G.M. (1987) Geographical variation of
lodgepole pine in relation to population history. Am. Nat. 129, 463-469
Davis, M.B. and Shaw, R.G. (2001) Range shifts and adaptive
responses to Quaternary climate change. Science 292, 673—679
Foden, W.B. et al. (2013) Indicators of climate change impacts on
biodiversity. In Biodiversity Monitoring and Conservation: Bridging
the Gap between Global Commitment and Local Action (Collin, B. et al.,
eds), pp. 120-137, Wiley

397


http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0025
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0025
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0025
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0030
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0030
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0035
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0035
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0040
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0040
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0045
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0045
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0050
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0050
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0050
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0055
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0055
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0060
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0060
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0065
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0065
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0065
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0070
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0070
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0070
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0075
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0075
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0080
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0080
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0085
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0085
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0090
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0090
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0095
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0095
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0100
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0105
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0105
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0105
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0110
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0110
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0115
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0115
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0115
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0120
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0120
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0120
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0125
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0125
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0130
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0130
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0130
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0135
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0135
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0135
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0140
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0140
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0145
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0145
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0150
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0150
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0150
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0155
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0155
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0160
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0160
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0160
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0165
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0165
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0165
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0170
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0170
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0175
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0175
http://dx.doi.org/10.1111/cobi.12253
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0185
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0185
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0185
http://dx.doi.org/10.1017/S0376892913000453
http://dx.doi.org/10.1017/S0376892913000453
http://dx.doi.org/10.1371/journal.pone.0036391
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0200
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0200
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0205
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0205
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0205
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0210
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0210
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0210
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0215
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0215
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0215
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0220
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0220
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0225
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0225
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0225
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0230
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0230
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0235
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0235
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0235
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0240
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0240
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0245
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0245
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0245
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0250
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0250
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0250
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0255
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0255
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0255
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0260
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0260
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0265
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0265
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0265
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0270
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0270
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0270
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0275
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0275
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0275
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0280
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0280
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0280
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0280
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0280
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0285
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0285
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0285
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0290
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0290
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0295
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0295
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0300
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0300
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0300
http://refhub.elsevier.com/S0169-5347(14)00100-1/sbref0300

	Fine-grain modeling of species’ response to climate change: holdouts, stepping-stones, and microrefugia
	A small revolution in climate-change biology
	Organism-environment interactions at fine scales
	How do we talk about it?
	What scale is appropriate?
	Conservation consequences
	What&apos;s next?
	Acknowledgement
	References


