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Abstract Assessing the impact of climate change on
species and associated management objectives is a critical
initial step for engaging in the adaptation planning process.
Multiple approaches are available. While all possess limi-
tations to their application associated with the uncertainties
inherent in the data and models that inform their results,
conducting and incorporating impact assessments into the
adaptation planning process at least provides some basis
for making resource management decisions that are
becoming inevitable in the face of rapidly changing
climate. Here we provide a non-exhaustive review of
long-standing (e.g., species distribution models) and newly
developed (e.g., vulnerability indices) methods used to
anticipate the response to climate change of individual
species as a guide for managers grappling with how to
begin the climate change adaptation process. We address
the limitations (e.g., uncertainties in climate change pro-
jections) associated with these methods, and other con-
siderations for matching appropriate assessment approaches
with the management questions and goals. Thorough con-
sideration of the objectives, scope, scale, time frame and
available resources for a climate impact assessment allows
for informed method selection. With many data sets and tools
available on-line, the capacity to undertake and/or benefit
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from existing species impact assessments is accessible to
those engaged in resource management. With some under-
standing of potential impacts, even if limited, adaptation
planning begins to move toward the development of man-
agement strategies and targeted actions that may help to
sustain functioning ecosystems and their associated services
into the future.
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Introduction

Multiple lines of evidence point to widespread impacts of
warming temperatures and climatic extremes on species
and ecosystem processes, prompting natural resource
practitioners to look for ways to incorporate the threat of
this exacerbating stressor into management planning. In
recent years numerous papers have outlined broad-spec-
trum strategies for adaptation, which we define as human
actions intended to reduce the biophysical impacts of
climate change, to address this pressing issue (e.g., Millar
and others 2007; Baron and others 2009; Mawdsley and
others 2009; Lawler and others 2010a; Hansen and others
2010). The critical precursor to identifying appropriate
adaptation strategies for natural resources is to assess the
potential impacts of climate change on conservation
targets and on the outcomes of existing management in
order to develop and modify management actions and
allocate resources (West and others 2009). Given the
availability of multiple approaches and the uncertainties
associated with climate projections and models for fore-
casting species’ responses, starting the process may seem
daunting.
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Initiating engagement in this first step in the adaptation
process, some managers have undertaken impact assess-
ments at varying levels of biological organization, from
species and taxonomic groups (e.g., Peterson and others
2002; Lawler and others 2009) to vegetation communities
and ecosystems (e.g., Hamann and Wang 2006; Enquist
and Gori 2008; Loarie and others 2009). In this article we
focus on long-standing as well as newly developed meth-
ods used by scientists and managers to anticipate the
response to climate change of individual species for which
they hold stewardship mandates or conservation interest.
Potential impacts of climate change on species characterize
their vulnerability; as used here, vulnerability is a function
of both a species’ inherent sensitivity to and exposure to
changing climate (Williams and others 2008; West and
others 2009). Sensitivity is defined by species’ traits,
including morphology, physiology, life history, dispersal
and behavior, all of which govern response to abiotic
habitat conditions. Also important are biotic interactions
that regulate response, for example the dependence on
other species for habitat creation or services such as pol-
lination. Exposure refers to an organism’s experience of the
effects of climate change in its physical habitat, and also
includes indirect influence manifest through changes in
important processes (e.g., disturbance regimes), shifts in
vegetation structure and composition, or impacts on coastal
environments through sea-level fluctuation (Fig. 1). An
organism may be directly exposed to climate by, for
example, changes in temperature, precipitation, the length
of the growing season, and the frequency of extreme
events. Because a species may be inherently sensitive to
changes in climate but not be exposed to such changes, or
exposed to climate change but not sensitive, both are
important to consider in vulnerability assessments. It is also
important to keep in mind that, regardless of a species’
climate-related vulnerability, there are numerous non-cli-
mate factors, such as land use changes and the spatial
distribution of anthropogenic barriers (e.g., dams, urban
areas, transportation corridors) that can impair its inherent
ability (i.e., adaptive capacity) to respond to climate
conditions.

Approaches to assessing species’ vulnerability to cli-
mate change can be categorized into two broad groups.
First, there are examinations of spatially explicit shifts in
the geographical range of species with changing climate.
These may be based on empirical evidence from the
paleoecological record of past changes in response to
Holocene climate cycles (e.g., Guralnick 2007) or twenti-
eth century observations of shifts in species (Parmesan and
Yohe 2003; Rosenzweig and others 2008). Future range
changes may also be forecast using species distribution
models (SDMs), based either on correlative associations
with environmental variables (e.g., Thuiller and others
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Fig. 1 Factors associated with sensitivity and exposure considered in
species vulnerability assessments (Modified from Kearney and Porter
2009)

2005; Pearson and others 2006; Lawler and others 2009) or
on mechanistic relationships between species and their
environments (e.g., Kearney and Porter 2009). The second
group of assessment approaches employs evaluative
frameworks that generate relative indices of climate change
vulnerability. These indices integrate information about
species’ exposure and sensitivity to climate change based
on observation, field experiments and the results of SDMs,
if available.

In the following sections we more fully describe the
approaches in these two broad categories of vulnerability
assessment as reported in the literature, both peer-reviewed
journals and reports. We also address the limitations and
uncertainties associated with these methods, and other
considerations for matching appropriate assessment
approaches with the management applications or questions.
In doing so, we hope to provide a non-exhaustive review
that serves as a guide for managers grappling with how to
begin the climate change adaptation process.

Detailing the Approaches

An understanding of the key elements of the various vul-
nerability assessments is important for selecting an
appropriate approach or set of approaches on which to base
adaptation planning (Table 1). In this section we first dis-
cuss the Holocene and twentieth century observations of
species distribution dynamics, followed by descriptions of
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Fig. 2 Matrix for evaluating the suitability of the vulnerability assessment approaches to key elements of project scope (Modified from Pearson
and Dawson 2003)

Table 1 Summary of vulnerability assessment approaches including assumptions, examples of insights, and requirements for application

Approach Critical assumptions Insights to date Information requirements ~ References

Observational impact assessment

Paleoecology Rates and patterns of change over last e Migration rates can be rapid, Pollen or macrofossil Huntley 1991;
1000 to 10,000 years offer insights  allowing species to track climate records and/or proxy data ~ Grayson 2005;
into regional and multi-decadal change (some rich data archives  Guralnick 2007

scale processes o Topographic barriers prevent species ~ €Xist)

movements

e Species respond individualistically

to climate
Twentieth Recent rates and patterns are guide to e Differing controls at upper elevation Systematic historical Merrill and others
century future vs. lower elevation boundaries and collections for part/all of  2008; Rowe and
observations poleward vs. equatorial limits the twentieth century others 2010;
e Provides robust evidence for (some rich data archives =~ Myers and others
detection of current climate impacts ~ €XiSt) 2009

e Response rates can be rapid when
thresholds are crossed

Species distribution models

Bioclimatic ~ Correlation between current ® Projected species range shifts can ~ Robust data on species Lawler and others
envelope distribution and current climate highlight vulnerable species and the  ranges (occurrence) and 2010a, b; Pearson
models offers ability to forecast future role of habitat connectivity, associated climate and Dawson 2003

providing broad scale guidance to conditions
direct conservation efforts

Mechanistic ~ Physiological tolerances and e Projected species ranges include Robust data on Kearney and Porter
species functional traits linked to energy suitable habitat not represented by physiological tolerances 2009; Monahan
distribution balance equations are key factors current distribution, likely expanding  of species to key climatic 2009
models limiting distribution range forecasts into novel climate variables

conditions anticipated for the future

Vulnerability indices

Vulnerability ~ Species factors related to biotic e Relative vulnerability of multiple Detailed data about the Young and others
indices interactions, dispersal and habitat species point to overlapping sources  biology and ecology of 2009; Finch and
needs are important elements of of vulnerability and potential multiple species others 2011; US
vulnerability at local to regional management efficiencies EPA 2009
scales

e Land use/management influence
vulnerability assessment results

The data required for many approaches are available for a limited number of species
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species distribution modeling. We end with a presentation
of three recently developed climate change vulnerability
indices.

Documenting and Forecasting Changes in Species
Geographic Distributions

Observations from the twentieth century and the paleo-
ecological record of past climatic change are two sources
of information for assessing potential future impacts on
species (Willis and Birks 2006). While the rate and mag-
nitude of twenty-first century warming is likely to produce
climate states with no known analogs (Williams and others
2007), some limited understanding of species’ responses
may be gleaned from warmer-than-present climatic periods
during the Holocene, namely the Medieval warm period
(ca. AD 950-1250) and changes from the post-glacial
through the mid-Holocene (ca. 7000-5000 years ago).
Pollen and macrofossils preserved in sediments and packrat
middens yield paleoecological records of vegetation
response. Reconstructions from these data point to key
mechanisms behind vegetation range shifts, such as long-
distance dispersal to initiate colonization, and multi-dec-
adal variability in climatic extremes to facilitate population
expansion and contraction (e.g., Gray and others 2006;
MacDonald and others 2008). In addition, reconstructions
of post-glacial vegetation response provide rough estimates
of migration rates, albeit through landscapes with negligi-
ble anthropogenic modification, which suggests that these
may overestimate twenty-first century rates (e.g., Huntley
1991; Jackson and Booth 2002). Paleoecology has also
demonstrated the important role of climate refugia for
some species during past periods of climate change (e.g.,
Schauffler and Jacoboson 2002; Gray and others 2006). In
addition, fossil-based evidence of range shifts in animal
species exists. In one example, Grayson (2005) recon-
structed the late-Quaternary shifts in the distribution of
American pika (Ochotona princpes) in response to
changing climate conditions. Other studies have examined
the Holocene response of mammals throughout North
America, as well as the effects of topographic heteroge-
neity on migration rates (Graham and others 1996;
Guralnick 2007).

Several reviews have compiled worldwide examples of
twentieth century shifts in the spatial distributions of both
plant and animal species, representing a second source of
observation-based analysis of species distribution dynam-
ics (e.g., Walther and others 2002; Parmesan and Yohe
2003; Root and others 2003; Rosenzweig and others 2008).
Accounts at varying spatial scales continue to appear in the
literature, documenting range contractions and expansions
at distributional limits. For example, some species of
birds in North America are moving their winter ranges
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northward (Niven and others 2009), as well as shifting
breeding distributions to higher elevations (Tingley and
others 2009). Similar trends have been documented for
small mammal species at latitudinal margins (Myers and
others 2009) and along elevational gradients (Beever and
others 2003; Moritz and others 2008). Not limited to ver-
tebrates, recent climate responses have also been observed
in insect species (e.g., Parmesan and others 1999; Chen and
others 2009) and plants (e.g., Kelly and Goulden 2008).
Other instructive studies have documented more compli-
cated responses to climate change, involving differing
controls over upper and lower range limits, and other
factors, namely land use and existing anthropogenic
stressors (Parmesan 2006; Moritz and others 2008; Merrill
and others 2008; Rowe and others 2010). Many observa-
tional studies provide insights into the potentially rapid rate
at which changes in species distributions can occur, and
sometimes identify driving mechanisms or key climate
variables behind these changes.

Species distribution models (SDMs) offer an alternative
approach to observation-based vulnerability assessment,
providing forecasts with an explicit spatial component.
While applications of SDMs to questions about constraints
on species’ distributions are numerous, their use as a tool to
forecast species’ responses to changing climate is increas-
ingly prevalent (e.g., Lawler and others 2006). In creating
SDMs, relationships between species and the environmental
variables that are thought to limit current ranges are mod-
eled to examine potential future ranges with environmental
change (Pearson and Dawson 2003; Guisan and Thuiller
2005; Kearney and Porter 2009). With the advent of geo-
graphic information systems (GIS) and spatially explicit
data sets, the range of climatic conditions that constrain
species’ distributions can be combined with geo-referenced
projections from climate models to generate maps of
potential changes in species’ distributions—alluringly
invaluable products for management applications.

Species distribution models for predicting responses to
climate change may be correlative or mechanistic in
approach (Hijmans and Graham 2006; Kearney and Porter
2009). Both correlative and mechanistic models are based
in niche theory that attributes constraints on species’
occurrence to sets of environmental conditions and inter-
actions with other organisms (Wiens and others 2009).
Also referred to as niche models, mechanistic and correl-
ative SDMs are underpinned by different manifestations of
niche: fundamental and realized niche, respectively
(Guisan and Thuiller 2005; Wiens and others 2009). Fun-
damental niche describes the full set of environmental
conditions in which a species may exist, the entire scope of
which is effectively never known for any species. Mecha-
nistic models represent fundamental niche by using species
functional traits, principally physiological tolerances and
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exchanges of energy and mass related to climatic condi-
tions, to model species distributions (Kearney and Porter
2009). Mechanistic models are developed from theoretical
energy balance equations, as well as experimental and
field-based observations of physiological tolerances (e.g.,
Kearney and others 2008; Monahan 2009). These data are
independent of species known geographic ranges. The
resulting models project all areas of potentially suitable
habitat, less the influence of dispersal limitations, complex
biotic interactions inherent in species occurrence records,
and the influence of disturbance and other ecosystem
processes (Kearney and Porter 2009; Monahan 2009).

The realized niche is a subset of the fundamental niche
of a species and is represented by the observed distribution
of a species as constrained by biotic interactions
(e.g., competition, predation, pollination) and disturbances
(including land use). Correlative SDMs, typically called
bioclimatic envelope models, approximate the realized
niche of a species by deriving statistical relationships
between species’ occurrence records and a set of environ-
mental variables, e.g., climate, associated with the geo-
graphic space defined by those records (Pearson and
Dawson 2003; Guisan and Thuiller 2005). This modeling
approach assumes that species are in at least quasi-equi-
librium with their environment (Guisan and Thuiller 2005;
Wiens and others 2009) and that the species-climate rela-
tionships currently inherent in the species’ distribution will
hold true in the future (Varela and others 2009). The basic
requirement for correlative modeling is presence data or
abundance records for the target species, though combined
presence/absence data potentially improves predictive
accuracy by reducing overprediction error (Guisan and
Thuiller 2005; Pearson and others 2006). Table 2 in Guisan
and Thuiller (2005) lists important considerations in
developing an SDM.

As a method for forecasting distributional changes in
species, some consider mechanistic models more robust
than correlative models and more likely to capture no-
analog future climate conditions (Pearson and Dawson
2003; Kearney and Porter 2009; Rodder and others 2009).
This is, in part, due to their respective representations of
fundamental and realized niche. In addition, the correlative
approach defies the limits of statistical inference by
extrapolating relationships between species distribution
and environmental variables into un-sampled geographic
space to map potential changes in species’ distributions.
Forecasts based on mechanistic models require no such
extrapolation (Kearney and others 2008; Monahan 2009).
However, extensive application of mechanistic SDMs for
species vulnerability assessment is difficult because the
models require detailed data and computational resources
(Kearney and Porter 2009). The physiological tolerances of
most species to climatic conditions are not well known and

are sometimes subject to intra-specific variation within a
geographic range (Pearson and Dawson 2003). Moreover,
the output of mechanistic models does not consider the
indirect effects of climate-induced changes in disturbances
that impact habitats and biotic interactions; thus they reflect
nearly all possible but not necessarily probable areas of a
species’ future range. Mechanistic and correlative models
can generate very different projections, making it necessary
to fully understand underlying assumptions of the modeling
methods and the appropriate applications of the respective
outputs (Text Box 1). See Table 1 in Kearney and Porter
(2009) for a comprehensive comparison of mechanistic and
correlative approaches to species distribution modeling,
including advantages and disadvantages.

Assessing Relative Vulnerability with Evaluative
Frameworks

In response to limits on time, data availability and com-
putational capacity for modeling, conservation organiza-
tions and management agencies have begun designing
evaluative frameworks—question-based non-spatial assess-
ments that provide a relative index of vulnerability of
target organisms to climate change. Like the species dis-
tribution models, the vulnerability indices combine infor-
mation about species sensitivity to and exposure to
anticipated changes in conditions directly and indirectly
related to climate change. While this type of assessment is
a fairly recent addition to the complement of climate
change adaptation planning tools, examples of their
application by organizations and agencies exist (e.g., Glick
and Stein 2011). We discuss three frameworks here:
NatureServe’s Climate Change Vulnerability Index
(CCVI—Young and others 2009); a vulnerability index
developed by the Rocky Mountain Research Station (USFS-
RMRS) of the United States Forest Service (Finch and others
2011) to assess vertebrates; and a framework developed for
the Environmental Protection Agency’s National Center for
Environmental Assessment (EPA-NCEA) to evaluate
threatened and endangered species (US Environmental
Protection Agency (US EPA) 2009). The frameworks of the
index tools are spreadsheet or tabular based, and each
addresses a set of factors relevant to the climate response of a
species through a systematic process. While the tools analyze
many common sensitivity and exposure factors, their struc-
tures, some content, and the guidelines to their respective
scoring systems differ (Table 2).

The NatureServe CCVI is programmed in Microsoft©
Excel and is designed to incorporate data generated using
GIS analyses of species’ distributions and future climate
projections; however, a more qualitative assessment may
be conducted. The CCVI has three principal components,
which include: (1) climate exposure based on future
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Text Box 1 Comparing
correlative and mechanistic
models. a Current distribution
of cane toad (Chaunus [Bufo]
marimus) documented in
Australia; b the potential
distribution using bioclimatic
envelope model with climate
data from native range in South
and Central America-from
Kearney and others 2008 based
on Sutherst and others 1995;

¢ the potential distribution using
a bioclimatic envelope model
with climate data from
Australian distribution-from
Urban and others 2007; and

d the potential distribution
projected using a mechanistic
model-from Kearney and others
2008. Note: Maps (a) and

(c) courtesy of Urban and others
2007, Figure 1, p. 1414, Royal
Society Publishing. Maps

(b) and (d) courtesy of Kearney
and others 2008, Figure 1,

p. 424, John Wiley and Sons
Publishing

The cane toad (Chaunus [Bufo] marimus), a native of South and Central America, was introduced
to northeastern Australia in 1935. Due to its rapid and extensive spread both along the coast and into the
arid interior and the resultant decline of native amphibian species, the cane toad is considered invasive,
prompting research into the potential suitable habitat for the species and capacity for additional
deleterious impact. The distribution maps (a-d) below illustrate the differences in predictions of potential
geographic range generated by bioclimatic models (Sutherst et al. 1995, Urban et al. 2007) and a
mechanistic SDM (Kearney et al. 2008), all based on current climatic conditions. The methodological
comparisons also demonstrate the influence of the predictor variable selection and source-climate data
sets on results. The shaded area in panel (a) and the thick black lines in panels (b) and (d) represent the
currently documented range of cane toad in Australia for reference; map (a) shows only the dense core of
existing populations, whereas the line in (b) and (d) captures the expanding edge. One of the first
bioclimatic modeling efforts to predict the expansion capacity of the cane toad in Australia used climate
data (rainfall, humidity, temperature) from the native range of cane toad in South and Central America
(Sutherst et al. 1995). Shown in map (b), the results do not even capture the currently documented range
of the species in Australia. Map (c) displays the results of a bioclimatic model with the same variables as
Sutherst et al. (1995) but using the climate data associated with the current distribution of cane toad in
Australia (Urban et al. 2007). The model underlying map (c) also incorporates the influence of
anthropogenic disturbance (e.g., road cover, land use), to which cane toad is know to respond positively
and suggests an expanded area of suitable habitat and much enhanced potential for range expansion. The
mechanistic model of Kearney et al. (2008) explicitly considers the differing energy and water-balance
constraints on the egg, larval and adult stages of the cane toad life cycle (d). Interestingly, the mechanistic
model prediction excludes the southernmost areas identified by Urban et al. (2007), while expanding the
potential for the cane toad’s spread to the interior of Australia (d). This difference may be caused by the
important role that anthropogenic disturbance plays in controlling the spread of cane toad, which is not
included in the Kearney et al. (2008) model. If so, this underscores the importance of land use
considerations in climate response forecasts.

(C)) A (b)
; Hr’\i%f
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- o H“,‘/:J. f ki .
& B

(c) (d)

projections of temperature and water balance for the
assessment area; (2) indirect climate exposure to factors
such as sea level rise and changes in land use through the
expansion of biofuels or other types of climate mitigation;
and (3) information addressing typical sensitivity factors
(e.g. dispersal, physiological tolerance, biotic interactions,
genetics) (Young and others 2009). Responses are required
in the three main sections in order for a score to be cal-
culated. The user may make multiple selections in response
to the factors in tool components (2) and (3), if there is
minimal information about the influence of a factor on the
species’ vulnerability. The magnitude of exposure is used
to weight sensitivity responses in a way that minimizes
vulnerability, regardless of exposure, if a species shows no
inherent sensitivities. A fourth, optional, section incorpo-
rates observed or modeled species’ responses to climate
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change into the index score, if this information is available.
Except for climate exposure inputs, the factor responses are
selected from an ordinal scale that reflects the potential
influence of the factor on overall vulnerability. Once the
required inputs have been made to the spreadsheet, an
underlying algorithm automatically generates a categorical
vulnerability score or rank for multiple species, descriptive
of expected response to climate change. Specific guidelines
for responding to the factor questions are located on tabs in
the workbook. In another workbook tab, responses for
completed species assessments are saved in a preformatted
table, in which the contributions of the factors toward
increasing or diminishing vulnerability are highlighted.
The NatureServe CCVI does not consider non-climate
stressors in its evaluation of vulnerability, as it is designed
to be complementary to an existing product, the
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Table 2 Factors addressed in

the NatureServe, USFS-RMRS NatureServe* USFS-RMRS EPA-NCEA
fillq EPA climate vulnerability Sensitivity
indices (Young and others 2009, . . .
Finch and others 2011: US EPA Physiology-based climatic thresholds v v v
2009) Dispersal (4 (4 4
Habitat specialization v v 4
Biotic interaction/dependence v v 4
Seasonal migrations/movements (4 (4
Phenology (4 (4 v
Other (e.g., genetic diversity, plasticity) (4 (4
Exposure
Temperature/precipitation change 4 4 v
Habitat loss/gain current range v 4
Habitat available in projected range v
Increase extreme weather v v
Barriers to dispersal (land use/topographic) v ) )
Non-climatic stressors (e.g., land use, pollution) v (4
Climate and other information
Climate projections v v v
*Currently under revision. New Vegetation change projections 4 4
version due April 2010. (V') Modeled species’ response v v

Indirectly considered

NatureServe Conservation Status assessment (http://www.
natureserve.org/explorer/).

The four sections of the USFS-RMRS vulnerability
assessment tool incorporate the elements of sensitivity and
exposure implicitly through questions addressing species’
traits related to habitat, physiology, phenology and biotic
interactions (Finch and others 2011). Like the NatureServe
CCVI, the USFS-RMRS tool is designed to assess species
within a predefined geographic area. Future climate pro-
jections for the assessment area are required, and informa-
tion about other climate-related impacts offers additional
nuance to responses. Vegetation model output for the
assessment area is important for responding to the habitat
questions. Ordinal scores, which include positive and neg-
ative values depending upon their influence on vulnerability,
are assigned to each question in reference to brief guidelines
embedded in the spreadsheet. The assessor gauges the
uncertainty of the responses to each section’s questions,
based on the availability of information, using categorical
values (i.e., 0, 1, 2). Results are considered relatively certain
if information is available for the given species to answer all
or most of the questions. Results become increasingly
uncertain if the assessor is relying on information from
similar species or broad generalizations to answer the
questions. The uncertainty estimates assigned to the four
sections of the tool are qualitative; do not reflect the uncer-
tainty related to the projections of future climate and vege-
tation used in the analysis; and are currently not incorporated
into the final vulnerability scores of the species. A more
detailed description of the overall scoring system is outlined

in a separate guidance document available from the USFS.
As each species is evaluated, the spreadsheet calculates an
overall total, and presents subtotals with reference to the four
sections of the tool in a table to help identify key sources of
vulnerability. Once all species are evaluated, comparisons
between the overall scores determine their relative vulner-
ability within the assessment unit.

The EPA tool differs from the other two assessment
tools in that it was explicitly developed to evaluate the
relative vulnerability of species identified as threatened and
endangered under the U.S. Endangered Species Act to
determine how their conservation status might be altered
by climate change (U.S. Environmental Protection Agency
(US EPA) 2009). The first two parts of this framework
assess the relative vulnerability of each species to existing
stressors and to climate change separately. The existing
stressor section includes variables related to population
size and trends, while the climate section targets sensitivity
factors to evaluate the potential for increased risk of
extinction. Scoring guidelines for both sections are pre-
sented in a document summarizing the method and a case
study (US EPA 2009). A matrix then integrates the
responses to factors underlying the two types of vulnera-
bility into an overall vulnerability score for the assessed
species. As in the NatureServe tool, multiple responses to
factor questions are allowed and used to evaluate the
overall uncertainty in vulnerability result.

The information required for characterizing a species’
exposure to different climatic factors in all three vulnera-
bility frameworks is generally obtainable from published
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climate and/or vegetation forecasts and web-based tools
(e.g., Climate Wizard—Girvetz and others 2009, Santa
Clara University, Bias Corrected and Downscaled WCRP
CMIP3 Climate Projections Santa Clara University, Bias
Corrected and Downscaled WCRP CMIP3 Climate Pro-
jections. Accessed 14 Jan 2010). To address the sensitivity
factors of species, the user leverages empirically derived,
published literature about species’ tolerances, life history
traits and ecology. If available, the published results of
SDM-based predictions represent another source of
species vulnerability information. However, beginning
with knowledge of species natural history (i.e., the input of
experts) ensures a more rapid assessment (Young and
others 2009), and is the basis for the EPA-NCEA approach
(US EPA 2009). The informational detail and question-
based processes that inform vulnerability indices provide
not only the relative likelihood of species impact; they also
indicate through what means those impacts might occur, as
highlighted in both the USFS-RMRS and NatureServe
output tables. Pinpointing the source of vulnerability
allows managers to identify plausible mechanisms and to
possibly anticipate potential non-linear responses.

While the results of index-based assessments are not
inherently spatial, much of the information incorporated is
GIS-based, including the projections of climate and vege-
tation change, land use data and other aspects of exposure.
Due to the accessibility of geospatial environmental infor-
mation, the results of vulnerability indices can be mapped to
examine the spatial patterns of climate change vulnerability.
For example, Davison and others (Davison J: personal
communication, May 2010) analyzed the spatial patterns
of vulnerability derived from an application of the
USFS_RMRS assessment tool to species of interest in the
Coronado National Forest in southwestern U.S. in relation to
land use and environmental variables. Using a different
approach to risk assessment, Williams and others (2009)
identified specific locations within the range of western
cutthroat trout populations that would be most exposed to
certain conditions driven by climate (e.g., high summer
water temperatures, flooding and wildfire). Population per-
sistence was initially assessed using an index of conservation
status, the results of which were interfaced with a map of
concentrated exposure. Similar approaches have been used
to identify the spatial patterns of climate exposure in mois-
ture-sensitive vegetation types (e.g., Enquist and Gori 2008).

Addressing the Limitations and Uncertainties
of Assessment Approaches
Prospective sources of uncertainty in the impact assess-

ment approaches for developing strategies for climate
change adaptation are numerous (e.g., Beaumont and
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others 2008; Lawler and others 2010a). Impact assessments
represent the foundation of the planning process, and the
tools currently available can help to identify potential
vulnerabilities. However, the uncertainties and limitations
inherent in the various methods need to be acknowledged
and deliberately taken into account in the application of
assessment results, through scenario-based planning,
adaptive management and/or other approaches in follow-up
planning and implementation efforts (e.g., Lawler and
others 2010a; Pearson and others 2006; Marmion and
others 2009; Buisson and others 2010).

Climate Models

While some sources of uncertainty span the methods of
vulnerability assessment and others are method-specific,
layering of uncertainty is inherent to all approaches to
varying degrees. The most universal source of uncertainty
in assessing species vulnerability to future climate change is
associated with the outputs of global climate models, also
called general circulation models (GCMs). The elements of
GCMs that confer uncertainty are their spatial resolution
(the finest-scale grids of which are approximately 80 km
(50 miles) on a side), variation in model algorithms and
parameterization, and scenarios of future greenhouse gas
emissions that underly projections (see Text box 2).
Another factor contributing to uncertainty in climate model
output, particularly in remote and mountainous regions, is
the paucity of instrumentation recording recent climate
(Beale and others 2008; Rodenhuis and others 2009).
Because climate instrumentation density is greater in val-
leys, uncertainty associated with this uneven distribution is
conferred to climate data products (e.g., Daly and others
2008) used in projections and other applications. Addi-
tionally, the change in climate averages and trends calcu-
lated from model forecasts may vary as a result of the
baseline period chosen for comparison (e.g., 1961-1990
versus 1971-2000), due to decadal-scale climate variability
(Swetnam and Betancourt 1998). Moreover, averaged dif-
ferences leave out the temporal variability and extreme
events, to which species are sometimes most responsive,
and they miss the many effects of topographic variation and
land cover important at the local scale (Parmesan and others
2000; Gray and others 2006; Wiens and Bachelet 2010).

Species Distribution Models

While species distribution models have the potential to
provide important insights and to aid decision-making
regarding species response to climate change, biological
and model-based sources of uncertainty add to the uncer-
tainties associated with climate projections. Beaumont and
others (2008) provide a thorough review of climate model
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Text Box 2 More about
climate models

Models used for future climate projections are representations of the complex dynamics of the climate
system, including patterns of atmospheric circulation and oceanic processes. Within the models, the
processes that control climate are expressed as mathematical equations derived from scientific laws and
empirical data. Because future concentrations of greenhouse gases in the atmosphere are uncertain,
emission scenarios are employed in the climate projections. Emission scenarios are approximations of
future conditions based on assumptions about technological changes, and social, economic and policy
developments and incorporate feedback mechanisms that lead to the crossing of critical thresholds.

The algorithms and parameters that drive the several models commonly used often generate different
projections of future temperature and precipitation. This variability occurs even when a common emission
scenario drive model output, compounding the uncertainty derived from two sources. To validate models
that estimate future changes in precipitation and temperature, model outputs hindcasting the last century
are compared to the actual climate patterns observed during that time. Assessments like this help identify
which components of the climate system are best captured by which models. Typically, different models
capture different elements of a climate more precisely than others, especially at the regional scale, due to

the effects of processes operating at spatio-temporal scales smaller than the coarse resolution of most
climate models. Global climate projections for temperature, particularly during the early part of the 21*
century, are considered relatively robust by the scientific community because temperature fluctuations
occur across large areas represented by multiple grid cells. Also, within this period the differing emission
scenarios result in consistent projections (Solomon et al. 2007). The climate models typically project a
common direction of change, while the magnitude varies. Precipitation projections are less certain
because precipitation events typically affect areas smaller than that of the grid cells used in models,
particularly in mountainous areas where elevation and topography play important roles in precipitation
patterns. Thus, precipitation output for given region can vary between models, sometimes widely, in both
magnitude and direction of change. Yet given the consistency with the observed response of precipitation
to warming temperatures through the 20" century, the patterns projected for precipitation at the global
scale are also considered robust, particularly shifts in seasonality.

Climate change projections are most reliable at the global scale; however, regional climate models are
under development that more accurately capture the environment heterogeneity, local atmospheric
circulation, and seasonal climate patterns (e.g., rainfall) key to informing management typically enacted
at finer spatio-temporal scales. Downscaling techniques are currently used to integrate global climate
model output into regional climate projections. GCM output is downscaled either by using statistical
equations that relate variations in global climate to local climate (i.e., statistical downscaling) or by using
meteorological models that integrate knowledge of the effects of global patterns on local weather
conditions (i.e., dynamical downscaling). While these techniques provide finer-resolution output, results
from the current methods for downscaling are less reliable in areas of complex topography (Wiens and
Bachelet 2010). Additionally, downscaling in general tends to compound the uncertainty of the GCMs
because patterns are interpolated or extrapolated to provide finer resolutions (Wiens and Bachelet 2010).

General source: Southwest Climate Change Network (SWCCN)
http://www.southwestclimatechange.org/climate

uncertainties (and other relevant uncertainties) in the con-
text of species distribution models.

As with climate models, several model-based factors
contribute to uncertainty in SDMs. The different statistical
techniques underlying species distribution models yield
differences in response results, even when driven by the
same climate projections (Lawler and others 2006; Pearson
and others 2006), and no one technique has been shown to
be most accurate. Forecasts of species distributions also
depend on the selection of predictor variables (Beaumont
and others 2008) and decision thresholds (Pearson and
others 2006), and the assumptions made by algorithms in
correlative models to extrapolate relationships into the
future (Pearson and others 20006).

In addition, there is ambiguity about how much of a
species’ fundamental niche is captured in correlative
models that reflect realized niche (Pearson and Dawson

2003; Guisan and Thuiller 2005). While analyses whose
spatial extents capture the complete environmental range of
a species more accurately represent the full, realized niche
(Thuiller and others 2005), there is also ample evidence for
variability in species-climate relationships within ranges
that potentially complicate responses (Beale and others
2008; Monahan 2009; Lavergne and others 2010). More-
over, the bioclimatic interactions and interacting effects of
other anthropogenic stressors that influence current range
are only captured implicitly in correlative models and may
not remain stable through time or space (e.g., Suttle and
others 2007; Pearman and others 2008; Varela and others
2009; Lavergne and others 2010). Invasive species bioge-
ography provides modern examples, such as fire ants
introduced to North America that have occupied areas
with climate outside the envelope of the species’ native
range in South America (Fitzpatrick and others 2007).

@ Springer
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Consequently, modeled forecasts may overlook areas with
suitable conditions, due to unknown potential interactions
or physiological tolerances. Additionally, understanding
temporal details of a species’ niche is important for
organisms for which the environmental requirements for
regeneration may differ from those for maintenance of
mature populations (Jackson and others 2009a).

The spatial and temporal scale of species and environ-
mental data used in models also introduces uncertainty,
because species’ distributions and the dominant environ-
mental controls over such distributions operate on multiple
interacting spatial extents and resolutions (Pearson and
Dawson 2003). Uncertainty can arise from mismatches
between the scale of data describing species and that
describing environmental information, and between the
scale of environmental heterogeneity in the region of
interest and the resolution of available data (Thuiller and
others 2005; Kearney and Porter 2009; Illan and others
2010; Wiens and Bachelet 2010). Similarly, uncertainty is
increased if the resolution and/or extent of available data
are inappropriate to address the modeling objectives
(Pearson and Dawson 2003; Beaumont and others 2008).
With regard to species occurrence data, if the spatial res-
olution is coarse, especially in the case of sessile organ-
isms, errors of commission may result in overestimation of
suitable habitat for species (Guisan and Thuiller 2005;
Monahan 2009). Errors of omission can occur if the tem-
poral resolution or extent of presence data precludes pre-
cise or relevant documentation of species (Monahan 2009).
Finally, there is some evidence that only a subset of the
climate space that could be utilized by a species currently
exists, thereby limiting the parameterization and future
forecasts of current SDMs (Jackson and Overpeck 2000).

Other Sources of Uncertainty

The limited availability of and variability in data describ-
ing species occurrence, physiological tolerances and other
factors that constrain species’ ranges restricts many of the
impact assessment approaches reviewed here (e.g., Lawler
and others 2009). Methods have been developed to address
some data limitation issues, for example, species with
limited occurrence records (Pearson and others 2007).
Additionally, the ecological niche properties associated
with generalist versus specialist species may result in
unexpected patterns of sensitivity to climate. For example,
Merrill and others (2008) found that warming temperatures
along an elevational gradient drove an upward shift of the
lower range margin of a specialist butterfly. However, the
species’ expansion into climatically suitable areas at upper
elevations was apparently forestalled by the distribution
limit of the butterfly’s larval host plant. Moreover, while a
broad climatic niche generally relates to greater tolerance
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to change, the vulnerability of species with marginal or
restricted ranges depends in large part on the geographic
location of their occurrence relative to climatic gradients
(Thuiller and others 2005; Beale and others 2008). Finally,
non-plant species often respond most directly to changes in
their habitats, specifically vegetation structure and com-
position, and this can be a confounding factor in deducing
relationships with climate (Lavergne and others 2010).
Projections of future vegetation distribution, which are
driven by climate projections, may be used to address
potential habitat change in vulnerability assessments.

Because they do not incorporate climate projections, the
primary limitation of empirical observations is that they
have modest predictive value beyond the near future and
are rarely transferable beyond the study extent (Lawler and
others 2010a, b). While results inform potential trends, they
are not readily extrapolated; no-analog communities have
arisen from unique species assemblages in the past and will
likely again in response to the no-analog climates and the
rate of change projected for the coming century (Williams
and others 2007; Colwell and Rangel 2009).

An important drawback of vulnerability indices arises
from the fact that they are applied within management
boundaries rather than species distribution limits and do
not explicitly consider the impact to the species in the
context of their broader distribution. The relative nature of
the results limits their application outside the region of
interest. Additionally, because their output is not spatial,
vulnerability indices themselves do not directly address
where within its management unit a species might be most
vulnerable to climate change.

Dealing with Uncertainties and Limitations

Uncertainties associated with each stage of the assessment
process should be acknowledged, quantified if possible,
and reduced or embraced as much as feasible relative to the
goal of the vulnerability assessment. Limitations on the
application of the assessment itself should be clearly
expressed. While many authors endorse the addition of this
information when reporting results, it is too often over-
looked when results are applied in a management context
(e.g., Buisson and others 2010).

Means for appraising the magnitude of uncertainty
associated with predictions of species’ responses are
becoming increasingly common. All of the vulnerability
indices we examined included some estimate of the
uncertainty associated with each species’ output, based
upon the confidence in the species’ information used to
determine how the multiple sensitivity and exposure fac-
tors influence vulnerability. In the NatureServe tool, users
may select more than one answer to capture response
ranges if information about the species’ sensitivity to a
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factor is limited or unavailable. The tool generates a con-
fidence level for each species by incorporating any multiple
responses to the vulnerability factors into Monte Carlo
simulations that recalculate CCVI the score. Confidence in
the initial results is assigned using the distribution of the
simulated scores (Young and others 2009). In the EPA-
NCEA framework, uncertainty is captured in two ways, in
the multiple responses allowed for each factor and through
a confidence level (i.e., high-medium-low) assigned by the
user to each factor response (US EPA 2009). In the USFS
RMRS tool, only one response is permitted to each factor-
related question, and an evaluation of uncertainty is
assigned by the user to the four sections of the framework
based on the availability of information used for scoring
within each (Finch and others 2011).

To acknowledge and reduce uncertainty with regard to
climate models, Beaumont and others (2008) advise the
following steps, all of which are relevant to any assessment
approach that incorporates climate projections. These rec-
ommendations include: (1) provide information about the
climate models, emission scenarios and downscaling
technique used in projections; (2) select climate model
output based on how well model(s) simulate the compo-
nents of climate relevant to the questions and region of
study; (3) choose model output based on the extreme of
current emission scenario options, given that recent actual
increases exceed the most dire scenarios used in Fourth
IPCC report (Solomon and others 2007); (4) understand
and report model ensemble averages, whether they are
multiple realizations of a single model or a combination of
multiple models; (5) if climate model output is poor or not
relevant to the study region, use idealized climate scenarios
based on observed historical climate trends or relevant
paleoclimatological reconstructions (Beaumont and others
2008). Recommendations 2, 4 and 5 should also be con-
sidered when using SDMs in vulnerability assessments
(Pearson and others 2006).

Even though species distribution modeling may seem
beset by uncertainty, SDMs remain important as a method
for approximating impacts of climate on species’ ranges,
especially in combination with other approaches (Lawler
and others 2010b). A fundamental step toward reducing
uncertainty is to evaluate the precision and predictive
performance of individual bioclimatic modeling techniques
through statistical comparisons between the observed and
modeled modern distributions of species (e.g., Pearson and
others 2006). Such comparisons can highlight consistencies
between predictions and can be used to generate proba-
bility distributions of species responses (Lawler and others
2006; Pearson and others 2006; Beaumont and others 2008;
Wiens and Bachelet 2010). However, it is important to note
that consensus between models under current conditions
does not always lead to agreement in forecasts of future

distributions (e.g., Bachelet and others 2003). Comparing
the results of mechanistic models and bioclimatic
models allows for identification discrepancies between the
responses in fundamental and realized niches to provide
insight into the uncertainty in species’ response (Thuiller
and others 2005; Kearney and Porter 2009). Qualitative
comparisons with the direction and magnitude of past
responses can also help inform accuracy of projected
changes, although, again, past patterns may have limited
relevance for future response (Martinez-Meyer and others
2004; Pearson and others 2006; Lawler and others 2009).

In recent years, various additional measures have been
investigated for reducing uncertainty in bioclimatic mod-
els. Comparable to ensemble models in climate projections,
consensus methods of bioclimatic modeling offer one
means to minimize the probability of errors and thus the
variability in projections of range changes (e.g., Marmion
and others 2009; Buisson and others 2010). Predictions
based on ensemble forecasts of species distributions are
created from combining the best-performing single algo-
rithms into a consensus model; however, caution in the
application of output is warranted. While reducing vari-
ability, consensus methods using ensembles do not neces-
sarily offer greater precision and continue to represent
hypotheses of the magnitude and direction of change in
species distributions. Sensitivity analyses are another
means by which to examine differences between results
arising from the variability in model algorithms and inputs
(e.g., Beaumont and others 2008). Incorporating other
factors and processes that affect species distributions is
another measure to address uncertainties. Examples include
the use of hierarchical frameworks to capture cross-scale
temporal and spatial interactions of controls over distri-
bution (Guisan and Thuiller 2005; Luoto and others 2007),
the coupling of bioclimatic and dispersal/population mod-
els to incorporate migration capability (Keith and others
2008; Anderson and others 2009; Lawler and others 2010a,
b; Lavergne and others 2010), and the inclusion of species
and their host plants (Araujo and Luoto 2007) or species
assemblages (Baselga and Araujo 2009) to model biotic
interactions. In general, new modeling approaches continue
to be evaluated and refined to identify and lessen uncer-
tainty in species vulnerability and impact assessments
(e.g., Buisson and others 2010).

Incorporating Vulnerability Assessments
into the Adaptation Planning Process

Impact assessments are often considered a critical first step
toward engaging in the process of climate adaptation
planning and implementation. The results of assessments
help to prioritize targets and define feasible management
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goals, to identify management actions based on the factors
underlying species’ vulnerability, and allocate limited
resources for follow up planning efforts (e.g., Glick and
Stein 2011; Jackson and others 2009b; Text box 3. The
climate change effects forecast in some manner by all
of these approaches are only hypotheses of biological
response. However, with awareness of the uncertainties and
caveats across and among vulnerability assessments, the
selection of an approach or multiple approaches and
informed application of results can begin to guide climate
change adaptation planning. For resource managers, the
overall objective of assessments and the subsequent plan-
ning process is to develop an understanding of whether and
how climate change effects may inhibit the fulfillment of
existing management goals and, therefore, what actions to
take (West and others 2009).

Considering Spatial Scale, Biological Scope,
and Resources

With this in mind, there are several factors to consider
when choosing among assessment methods. From the start,
both geographic and biological scope of the impact
assessment should be clearly defined and based on a spe-
cific objective or outcome (Fig. 2). Within the management
unit or region of interest, should all species be evaluated, or
just threatened and endangered species or other designated

Text Box 3 Scenario planning

species of concern, such as priorities identified in State
Wildlife Action Plans? Particular plant communities or
species functional types represent other options for defining
the biological scope. Also relevant to scope, species may
be more or less suited to a particular vulnerability assess-
ment tool. For example, it may be more appropriate to use
vulnerability indices than bioclimatic modeling for spe-
cialist species with known dependencies on host plants or
other biotic interactions, or, perhaps, model both species in
an important relationship (e.g., Merrill and others 2008).
Hierarchical assessments represent a comprehensive strat-
egy, whereby sets of organisms are evaluated with different
methods, potentially through a step-wise process, based on
the level of concern and on the availability of resources or
necessary data sets (e.g., Case and Lawler 2011). While a
multi-approach process may provide a thorough assess-
ment, the investment of time and resources could be
significant.

At the same time, the spatial extent of the management
unit or region of interest limits the suitability of assessment
methods. For example, in correlative bioclimatic models
accuracy is improved if environmental data representing
the entire species range is included (Thuiller and others
2004). A related consideration is the availability of data at
a resolution that represents the dominant influences con-
trolling species’ distribution patterns (Pearson and Dawson
2003; Guisan and Thuiller 2005). Thuiller and others

Scenario-based management planning is a means to explicitly address the uncontrollable

and adaptive management
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and irreducible uncertainty inherent in climate change projections and impact assessments based
on the response of biological and physical ecosystem components (Peterson et al. 2003, Solomon
et al. 2007, Moss et al. 2010). In brief, scenario planning, in the context of climate change,
harnesses uncertainty by exploring the potential consequences of adaptation strategies and actions
for a range (or the most likely set) of plausible climate change futures (Peterson et al. 2003,
Baron et al. 2009, West et al. 2009). The optimal actions are those that are robust under that range
of future conditions. Even with the potential benefits of scenario planning, the process requires a
means to deal with the uncertainties in the outcomes of management decisions and actions based
on the hypotheses of change generated by climate impact assessments. Adaptive management is
an approach to decision-making and action-implementation long-embraced by resource-
management institutions. The iterative framework of adaptive management includes experimental
implementation, monitoring, and management refinements as additional information becomes
available or unexpected outcomes occur (e.g., Holling 1978, Millar et al. 2007, Lawler et al.
2010a). Scenario planning for developing climate adaptation strategies can be readily integrated
into this established management process (Jackson et al. 2009b, West et al. 2009, Neely et al.
2010).

Another element of the adaptation challenge is the socio-economic context underlying
resource management decisions (Lawler et al. 2010a, Moss et al. 2010). While detailed discussion
is beyond the scope of this paper, this important topic merits brief mention. Most decisions are
made and implemented in landscapes that exhibit varying degrees of human modification inside
and outside a management unit, and where impacts on ecosystems do not adhere to ownership
boundaries (Theobold 2004, Lawler et al. 2010a). Thus, such decisions necessarily involve
multiple stakeholders and require collaboration. Notably, the social networks tied to these
landscapes have the capacity to facilitate or inhibit the adaptation process (Hahn et al. 2008). The
scenario approach to planning offers an opportunity to build understanding and strengthen social
networks among sometimes-disparate interests through the discussion and analysis of multiple
possible outcomes of decisions (e.g., Peterson et al. 2003, Moss et al. 2010).

Examples of management organizations dealing with climate-related uncertainty in
management decisions are described in Lawler et al. (2010a) and Hansen et al. (2010).
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(2005) recommend that the resolution of the data used in
bioclimatic analyses be comparable to the environmental
heterogeneity of the assessment region; however, such data
are rarely available for complex landscapes like mountain
areas (Wiens and Bachelet 2010). Index tools offer an
alternative in landscapes where fine-grained processes and
patterns are important, such as those related to complex
topography and even the gradient of land use experienced
by a species (Theobold 2004; Luoto and others 2007).
NatureServe recommends application of its vulnerability
index to spatial scales from a management unit (such as an
individual protected area) to a multi-state region and
addresses barriers to dispersal, both in the form of natural
topographic features and land uses representing unsuitable
habitat (e.g., Wildland-Urban Interface Maps 2010; Young
and others 2009). The USFS-RMRS tool is applicable in
similar sized management units or even across a species’
range (Finch and others 2011).

Temporal factors such as the decision-making and
management horizons should also guide the choice of
assessment approach. If rapid decisions (<1 year) are
required because immediate management actions are
anticipated, vulnerability index tools may be appropriate,
particularly if conducted by individuals with species-
specific expertise (Young and others 2009). Because spe-
cies’ sensitivity factors and information related to exposure
are noted through the evaluation process, vulnerability
indices could potentially save time by reducing the steps
between assessing the potential impact and identifying
management. Determining the characteristics that increase
or reduce vulnerability at the outset may also serve to
group species with linked vulnerabilities through shared
dependence on an ecosystem feature, such as habitat type
(e.g., Davison, J: personal communication, May 2010).
Species distribution models, especially mechanistic mod-
els, are information-intensive, requiring proficiency in the
compilation of spatial datasets and model development.
SDM-type approaches may be more appropriate for
understanding the broad impacts of climate change at sub-
continental and greater spatial scales and at multi-decadal
or longer time steps (Fig. 2; Lawler and others 2010b). In
contrast, vulnerability indices outline a process through
which managers, especially those who have not yet
explicitly incorporated climate change into their manage-
ment strategies, can take at least a preliminary step toward
understanding the vulnerability of species of concern to
climate change. This step may occur while improved
understanding about how climate may change within their
management units is developed through evolving efforts
toward increasing the certainty in climate projections,
biological response and physical process models.
Embracing the wvariability in climate projections by
employing plausible future scenarios in vulnerability

assessments and planning exercises to gauge differences in
impacts and potential management responses is another
valuable means for dealing with uncertainty (Jackson and
others 2009b; Text Box 3).

Integrating assessment tools may also lead to enhanced
understanding of the mechanisms underlying species’
vulnerability, further aiding the identification of appropri-
ate management actions. The vulnerability indices we
examined explicitly incorporate modeled projections as
part of the evaluation (Young and others 2009; Finch and
others 2011). Additionally, forecasts from species distri-
bution models might be used to identify patterns of vul-
nerability within a species range. A finer-scaled assessment
using an index tool could then quantify this vulnerability
relative to other organisms in the management unit.
Alternatively, as modeling tools are recognized comple-
ments to expert assessments of vulnerability (Thuiller and
others 2005), index-based identification of sensitivities
common to a group of species might lead to a follow-up
modeling effort targeted on that common component, such
as a habitat type or a key element in a set of trophic
interactions (e.g., shared prey species; Case and Lawler
2011). However, expert opinion may indeed provide valid
assessments that are equal to and less time-consuming than
index or modeling tools. Knowledge of species’ sensitivi-
ties alone is an indication of potential vulnerability (West
and others 2009) and, given time or resource constraints,
may be the only avenue for assessing organisms that
exhibit fine-tuned climate sensitivities (e.g., seasonal pre-
cipitation) linked to variables not represented in current
climate projections (Beale and others 2008).

Conclusions

Because climate change is underway, impact assessment
and adaptation planning cannot be put on hold while sci-
ence and management are refining our understanding of
future climate conditions and biological responses. With
readily obtainable geospatial environmental information,
continual refinements in climate projections, and tools to
integrate them available on-line, the capacity to undertake
species vulnerability assessments is accessible to many
engaged in resource management. Each of the assessment
approaches we reviewed—the documentation of past
changes, forecasts of mechanistic and correlative biocli-
matic models and vulnerability indices—has limitations
related to data and resource requirements and to applica-
tion, as well as the sources of uncertainty that constrain its
suitability for different applications. However, thorough
consideration of the objectives, scope, scale, time frame
and available resources for a climate impact assessment
allows for the selection of an appropriate approach to
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develop initial hypotheses about species’ vulnerabilities.
These preliminary assessment results and an informed
awareness of their limitations contribute important infor-
mation to the adaptation planning process, that is, under-
taking the next steps of identifying the management
strategies and targeted actions that will likely become
necessary to sustain functioning ecosystems and their
associated services into the centuries to come.

It is important to remember that, even after linking the
results of impact assessments to adaptation planning out-
comes, other hurdles remain for the implementation of
climate-informed actions in natural resource management.
There are barriers posed by the legal and policy framework
of environmental regulation, which currently fosters the
preservation and restoration of ecological systems to twen-
tieth reference conditions, many of which are likely no
longer supported by rapidly changing climate (Craig 2010).
More significantly, there is limited public acknowledgement
of the ecological and socio-economic issues related to cli-
mate change, and thus, minimal public understanding and
acceptance of adaptation efforts and the devotion of
resources toward them. Federal-level acknowledgement of
the need for climate adaptation strategies, starting with
vulnerability assessments (e.g., U.S. Fish and Wildlife
Service (USFWS) 2010; Salazar 2009), requires further
action to address the constraints on implementation imposed
by current regulations, as well as by public support.
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