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Methods: Using the Climate Change Vulnerability Index
The Climate Change Vulnerability Index (Natureserve, undated) requires inputs that measure Direct
Exposure to climate change and Sensitivity to climate change, which includes both Indirect
Exposure and Species Sensitivity. The Index combines data on exposure to climate change (in this
case changes in moisture and temperature) with information about species sensitivity to climate
change resulting from extrinsic factors caused by indirect exposure to changes related to climate
change (e.g. sea level rise) and species specific factors such as flexibility of habitat and dietary
requirements (Figure 1). The index also allows users to include limited information on a species’
documented response to recent or ongoing climate change as well as the results of modeling studies.
The output of the Index is a score ranging from extremely vulnerable to not vulnerable/ presumed
stable/expansion likely. The index identifies the “critical factors” or the elements that make the
species assessed vulnerable. The scores and identification of critical factors can be used to develop
targeted conservation efforts and further research projects to help manage the species in a climate
change future.

Figure 1: Framework for the NatureServe Climate Change Vulnerability Index. Figure from Glick et
al. 2011

2

The Index divides vulnerability into two components, the exposure to climate change across the
range of the species within the assessment area, and the sensitivity of the species to climate change
(Figure 1). These two components are mathematically combined to produce the final vulnerability
score. In this way exposure is treated as a modifier of sensitivity. A species with traits that make it
highly sensitive to climate change will not have a high vulnerability score if the climate across the
region it occurs in remains stable (CCVI Guidelines 2010), while a species with broad tolerances and
low sensitivity is unlikely to be vulnerable even if the climate changes drastically across its region.
Adaptive capacity of the species is not explicitly addressed in the index, though several sensitivity
factors and indirect climate change factors overlap with factors that might contribute to or detract
from the adaptive capacity of the species. For example, one factor assesses whether or not the
species has been able to respond to ongoing climate change by changing any aspect of its phenology
in a beneficial way. This trait could arguably be considered part of adaptive capacity rather than
species sensitivity. Similarly dispersal ability, genetic variation, and distribution as related to natural
barriers could all be considered as contributing to the adaptive capacity of the species.

Direct Exposure: Climate Change in the Arctic National Wildlife Refuge
The first factor addressed in the Index is exposure to climate change. Exposure information
captured in the index includes the magnitude of projected changes in average annual temperature
and moisture across the species’ range in the assessment area. To incorporate exposure information
the Index guidance suggests using ClimateWizard for developing future climate projections.
ClimateWizard, a project of the Nature Conservancy, University of Washington and the University
of Southern Mississippi provides a source of downscaled temperature and precipitation predictions
from 17 Global Circulation Models (GCMS) that can be downloaded and incorporated into GIS for
analysis (Girvetz et al. 2009). See below for a more detailed discussion of the General Circulation
Models used and the downscaling process.
Change in Temperature
Across the Arctic National Wildlife Refuge temperatures are projected to increase over the next 50
years. These changes range from an increase of 4 degrees F in the most southern portion of the
refuge to greater than 6 degrees F in the north of the refuge (Figure 2). Temperature changes will
lead to a variety of impacts including changes in snowfall and snowcover, changes in vegetation,
alteration of the fire regime, and changes in species phenology and species interactions. These more
specific changes are not part of the outputs from the ClimateWizard tool and therefore cannot be
modeled specifically for our assessment.
Table 1 shows the percent of the assessment area in each of the temperature ranges defined in the
index. The rankings in the severity of change column of the table are assigned scores from
NatureServe based on the relative range of expected changes in temperature by Mid-Century. Each
individual species profile describes the changes projected for that species’ range within the Refuge.
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Figure 2: Departure in average annual temperature across the Alaska by Mid-Century.
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Table 1: Percent of each category of temperature change in the Arctic Refuge based on
ClimateWizard projections. Scope must sum to 100 percent.
Severity of Change

Temperature Range

Scope (percent of range)

High

>5.5° F (3.1° C) warmer

7.79%

Medium High

5.1-5.5° F (2.8-3.1° C) warmer

57.14%

Medium Low

4.5-5.0° F (2.5-2.7° C) warmer

27.27%

Low

3.9-4.4° F (2.2-2.4° C) warmer

7.8%

Insignificant

< 3.9° F (2.2° C) warmer

0%

Total:

100%

Change in Moisture
In the lower 48 states the Index version 2.0 includes a Hamon AET:PET moisture metric, rather
than changes in precipitation. The Index made this change from the use of precipitation data in the
original Index version 1.0 to a more biologically relevant climate variable as species are impacted by
available moisture and not precipitation levels directly. The Hamon AET:PET moisture metric used
in the Index integrates temperature and precipitation through a ratio of actual evapotranspiration
(AET) to potential evapotranspiration (PET), with consideration of total daylight hours and
saturated vapor pressure. However, the Hamon AET-PET index employed in the CCVI for the
lower 48 states is not available in Alaska so we instead used the percent departure in the historical
ratio of Actual Evapotranspiration (AET) to Potential Evapotranspiration to the mid-century
projected ratio to indicate how moisture is changing in Alaska. This ratio is available through the
ClimateWizard Custom Analysis Tool. Potential Evapotranspiration is defined as the amount of
evaporation that would occur if a sufficient water source were available. The actual
evapotranspiration (AET) is considered the net result of atmospheric demand for moisture from a
surface and the ability of the surface to supply moisture, and PET is a measure of the demand side
for moisture. Surface and air temperatures, insolation, and wind all affect this ratio. A loss of
moisture over time is indicated by a negative percent departure in the ratio, while a moisture gain is
indicated by a positive change (See Table 2). Across the Arctic Refuge moisture change will not be
significant as indicated by the AET:PET ratio and may in fact be slightly positive (Figure 3).
Changes in the ratio ranged from an increase of .08827 to an increase of .02040. For some caveats
about the projected moisture change in the Arctic National Wildlife Refuge, see below.
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Table 2: Difference in the ratio of annual AET:PET by mid-century.
Severity
Very High

Moisture range

Scope (percent of range)

< -0.119

0%

High

-0.097 - -0.119

0%

Medium High

-0.074 - -0.096

0%

Medium Low

-0.051 - -0.073

0%

Low

-0.028 - -0.050

0%

>-0.028

100%

Total:

100%

Insignificant

6

Figure 3: Change in the ratio of AET:PET by mid-century. Change across the refuge was slightly
positive, but considered insignificant based on the NatureServe scoring.

Sensitivity to Climate Change
The Index assesses sensitivity by scoring species against 20 factors divided into two categories:
indirect exposure to climate change (extrinsic sensitivity) and species-specific sensitivity
(intrinsic sensitivity). Extrinsic sensitivity is sometimes considered adaptive capacity, but in this case
the Index treats it as a component of sensitivity.
Species receive a score for each factor ranging from greatly increasing to having no effect on, to
decreasing the species’ vulnerability. If information is not available the factor can be skipped; the
Index can calculate an overall score with as few as 13 of 20 factors. The creators of the Index
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recommend estimating scores for as many factors as possible and capturing uncertainty and a lack of
data by selecting multiple scores for each factor. For detailed descriptions of each factor, please
reference the NatureServe Climate Change Vulnerability Index guidance document. Explanations of
how each sensitivity factor was treated in our analysis, including any assumptions made, are provided
below. We also include details on the background materials used to score each species.
Indirect Exposure to Climate Change
Many species will be affected not only by direct changes in temperature and precipitation, but also
by more indirect effects of climate change, such as exposure to sea level rise, and barriers to
dispersal and movement. Below are a list of the factors considered in the “Indirect Exposure to
Climate Change” category and a brief description of how I treated these.
Sea Level Rise
NatureServe suggests using the scenario of 0.5 to 1m of sea level rise for the assessment. Sea level
rise is only an issue for species with ranges that are all or partially within a region that may be subject
to the effects of 0.5 to 1m sea level rise and the influences of storm surges in the next 50 years. For
example, species whose range within the assessment area occurs 90% of the time in areas subject to
sea level rise (e.g. low-lying islands or the coastal zone) will have greatly increased vulnerability due
to sea level rise. For our analysis we used imagery available from the Center for Remote Sensing of
Ice Sheets (www.cresis.ku.edu/data/sea-level-rise-maps), which provides imagery of the impacts of
sea level rise in Alaska and other regions of the world based on different sea level rise scenarios
(Figure 4). Most species in our assessment range were not affected by sea level rise because their
ranges were not coastal. However, a few species, including the polar bear and the arctic fox, do
range in coastal areas and thus they were scored accordingly. Of note: the index does not access
whether or not sea level rise will pose a problem for the species, it simply addresses whether the
species’ current range will be impacted by sea level rise. A species like the polar bear that may be
able to move further inland to den and then hunt on top of ice may not in fact be impacted by sea
level rise, so scoring here is questionable.
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Figure 4: Inundated area of land under a scenario of 1 meter of inundation from sea level rise.
Natural Barriers
The index considers natural barriers to be topographic, geographic or ecological barriers that limit a
species’ ability to move in response to climate change. The index defines barriers as “features or
areas that completely or almost completely prevent movement or dispersal of species” (Young et al.
2010). The inherent assumption is that species will be more vulnerable if they are prevented from
moving in response to climate change. Species in the Arctic National Wildlife Refuge are keenly
impacted by barriers to northward movement in the form of the Beaufort Sea and arctic sea ice.
Most of the species assessed are at the northern edge of their range in our assessment area due to
the simple fact that they run out of land and suitable habitat to the north. While some species may
be able to move east into Canada in order to go further north and respond to shifting tundra habitat
and warming temperatures, the ocean coupled with the mountainous terrain presents many natural
barriers to the species assessed. Species that make their home in the tundra may be particularly
vulnerable because of projected shrub and boreal vegetation encroachment to the south, coupled
with meeting a hard barrier of ice and ocean as well as rising sea levels to the north. For species not
expected to see significant habitat shift in next 50 years (e.g. species who live in boreal habitat), or
species whose range does not extend to the northern edge of the refuge the impact of barrier was
usually scored as neutral.
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Anthropogenic Barriers
Anthropogenic barriers are treated the same as natural barriers except that they result from human
land use such as areas of intensive urban or agricultural development, waters subject to chemical
pollution, or dams that block fish movement. NatureServe suggests assessing the intensity of land
use in the assessment area and in the direction of expected species movements using the WildlandUrban Interface of the Silvis Lab (University of Wisconsin-Madison and the USDA Forest Service).
This dataset is not available in Alaska, so we used the National Land Cover Dataset (NLCD) for
2001 from the Multi-Resolution Land Characteristics Consortium (http://www.mrlc.gov/). NLCD
2001 data maps standardized land cover components in the following categories:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Open water
Perennial snow/ice
Developed, open space
Developed, low intensity
Developed, medium intensity
Developed, high intensity
Barren land
Deciduous forest
Evergreen forest
Mixed forest
Dwarf scrub
Shrub/scrub
Grassland/Herbaceous
Sedge/Herbaceous
Moss
Pasture Hay
Cultivated crops
Woody wetlands
Emergent herbaceous wetlands

We downloaded the NLCD data and brought it into a GIS environment to analyze landcover across
the assessment area and in a 60-mile buffer on the east and west of the refuge, which represents the
expected direction of species movement. Significant developed and agricultural lands were not
located within the refuge or in the buffer around it so this factor was scored as NEUTRAL for all
species. If significant oil and gas development were to be allowed in the refuge or to take place in
the buffer area in the future, anthropogenic barriers could become a problem for some species.
Land Use Changes Designed to Mitigate Climate Change Impacts
The index also addresses the effects of actions that are taken by human communities to mitigate or
adapt to climate change on species in the assessment area. For example, a high future wind or solar
power development in an assessment area may negatively impact certain species like bats or desert
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tortoises. The Index suggests that areas with a high likelihood of wind or solar power development
based on maps of resource potential or other knowledge should be scored to reflect this risk to
species that could be impacted The National Renewable Energy Laboratory (NREL.gov) provides
maps of energy potential for different types of renewable energy including wind and solar. Similarly,
actions taken to adapt to rising seas by building fortifications such as sea walls and dykes may be
detrimental to species that use wetlands and beaches. This factor is not intended to capture habitat
loss from on-going human activities, such as oil and gas development, deforestation or high intensity
agriculture. Because we are assessing a National Wildlife Refuge we made the assumption that
activities related to mitigation or adaptation are unlikely to occur on a large enough scale within the
Refuge to impact the species we assessed. Shoreline fortifications in response to sea level rise may
occur in the area of Kaktovik in the 92,000 acres of land owned by the Kaktovik Inupiat
Corporation which falls within refuge boundaries. However, the species assessed are not likely to be
adversely impacted by shoreline fortifications and it is unlikely that these fortifications would occur
across a large enough area to have a significant impact. Another threat in some areas is aforestation
as a mitigation strategy. While aforestation may take place in some southern refuges, we made the
assumption that a large-scale tree planting program in the High Arctic would not be a high priority,
especially given concerns over the loss of tundra habitat.
Species-Specific Sensitivity
To assess species intrinsic sensitivity to climate change the Index asks the user to enter information
about the species dispersal and movement ability, its temperature and moisture regime, dependence
on disturbance events, relationship with ice or snow-cover habitats, physical specificity to geological
features, interactions with other species, and phonological responses to changes in climate. In order
to characterize species sensitivity to climate change based on life history data and species ecology we
completed a literature review for each species. This review involved extensive searching of scientific
databases for peer-reviewed studies as well as the use of species databases such as the NatureServe
Explorer which provides access to summarized species information based on already compiled data
and literature review. Because many of these factors may be unknown for certain species the index
allows the user to only enter data on 13 of the 20 sensitivity factors. The more information
provided, the better the accuracy of the score.
The factors below are described in further detail in the Index guidelines provided by NatureServe.
C1. Dispersal and Movements: This factor assesses the species ability to disperse and move across the
landscape, based on the assumption that species that have high dispersal capacity may be less
vulnerable because they have the capacity to move in response to habitat shifts caused by climate
change. Species were scored here according to the Index guidelines. No assumptions were made
beyond the directed scoring procedure described in the index guidelines (see p. 21 of guidelines
document). Information on dispersal distances was collected from literature review and use of online
databases.
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C2: Predicted Sensitivity to Temperature and Moisture Changes: This factor scores each species based on the
conditions of temperature and moisture that the species can exist under successfully. Species with
more narrow abiotic tolerances or requirements, such as species who live in vernal pools or cold
alpine environments may be more vulnerable to habitat loss from climate change than species with
more widespread distributions” (Young et al. 2010).
a. Temperature: This factor has two components, historical thermal niche and physiological thermal
niche.
Historical thermal niche (exposure to past variations in temperature): The index quantifies
large-scale variation in temperature that a species has experienced in the last 50 years “as
approximated by mean seasonal temperature variation (difference between highest mean
monthly maximum temperature and lowest mean monthly minimum temperature) for
occupied cells within the assessment area. It is a proxy for species' temperature tolerance at a
broad scale” (Young et al. 2010). To assess this factor we used past climate data from the
ClimateWizard (available at the 4km2 scale) to make a map in GIS of the difference between
the highest mean monthly temperature (July) and the lowest mean monthly temperature
(January). We extracted this map of differences using the boundaries of the Arctic Refuge
and completed a calculation using raster calculator that provided the difference in
temperature across every 4km2 grid cell in the park between the average annual high and low.
We compared this range to the range of temperature variation given in the NatureServe
guidelines to score the factor.
It should be noted that scoring for the factor is based on comparisons in temperature
variation to the lower 48 states and may not be relevant in Alaska. Also of concern is the fact
that this variable is only considered across the range of the species within the assessment
area, rather than across the species’ entire distribution. Because the assessment area in this
study was small and is an area of relatively stable seasonal temperature variability, historical
thermal niche was scored as a factor increasing vulnerability for every species considered in
this analysis. For species like the coyote or shrew that have a large range extending into the
southern U.S. looking only at temperature variation within the assessment area would seem
to falsely amplify the importance of this factor in determining the species vulnerability.
However, we believe that inclusion of physiological thermal niche (see below) in the analysis
helps to mitigate this potential problem by allowing separate consideration of the species’
thermal tolerances across the breadth of its range.
Physiological thermal niche: The physiological thermal niche factor is scored based on how
restricted a species is to relatively cool or cold habitats within the assessment area that are likely
to be vulnerable to loss in extent as a result of climate change. This could include species
that occur in the assessment area’s northernmost areas, highest elevation zones, or coldest
waters” (Young et al. 2010). The Index is not asking about the species distribution relative to
other species anywhere in the world, but rather to other species within the assessment area. So it
is really a question of the relative thermal habitat requirements of the species. If it is
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distributed widely across the assessment area and does not appear to require a certain cool,
or colder than average habitat type within the assessment area than it may be less vulnerable
than a species who is limited to alpine pockets with very cold temperatures. For our
assessment species that were limited to arctic tundra, alpine areas, or the northern-most
portions of the refuge were considered the most sensitive to changes in temperature (that is
this factor would Greatly Increase their vulnerability to climate change). Species with wide
ranges throughout Canada and the lower 48 states and species that make their primary
habitat in boreal forests or other forest types were considered less vulnerable or not at all
vulnerable under this factor (Neutral). Species that rely on snow and ice are scored later in
the assessment. The Index guidance notes that temperature and hydrologic regime are often
difficult to separate and suggest that if temperature is the overriding factor it should be
scored here. This is the assumption we worked with.
b. Precipitation: As with temperature, this factor has two components, historical hydrological niche
and physiological hydrological niche.
Historical hydrological niche: The index quantifies large-scale variation in temperature that a
species has experienced in the last 50 years using mean annual variation in precipitation the
species has experienced across the assessment area. The guidance instructs the user to
overlay the species range on the Climate Wizard mean annual precipitation map and subtract
the lowest pixel value from the highest pixel value to assess this factor, using the extremes
within the assessment area. Again, it should be noted that scoring for the factor is based on
comparisons in temperature variation to the lower 48 states and may not be as relevant in
Alaska. Also of concern is the fact that this variable is only considered across the range of
the species within the assessment area, rather than across the species’ entire distribution. For
species like the coyote with large ranges covering a variety of moisture regimes, examining
variation within the assessment area seems to falsely amplify the importance of this factor in
determining the species vulnerability.
Physiological hydrological niche: Scores for this factor are based on species requirements for
a very specific precipitation or hydrologic regime, such as strongly seasonal patterns of
precipitation or specific wetland or aquatic habitats such as seeps or vernal pools that may be
highly vulnerable to loss across the assessment area. The dependence on these habitats can
be permanent or seasonal (Young et al. 2010). In order for this factor to greatly increase or
increase a species’ sensitivity to climate change the species must be dependent on a very
narrowly defined regime. Species that live near wetlands, riparian areas or other “moist
areas” were not considered to be strongly tied to a specific hydrologic regime. Examples of
species that may be quite sensitive to this factor are species dependent on ephemeral pools.
This factor also asks the assessor to consider the direction of expected climate change in
their ranking. Since the Arctic Refuge assessment area is not expected to see significant
changes in moisture based on our ClimateWizard projections this factor was often less
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important. One item of note: Species that are dependent on snow falling as dry snow rather
than heavy wet snow or ice were given a score of increase under this factor. These include
species like muskoxen that depend on snow that is light and dry to allow them access for
grazing in the winter. This appears to be the best place to score a change in the
characteristics of precipitation.
c. Dependence on a specific disturbance regime: This factor was scored using the following guidance
(for specific scoring see guidance doc). “This factor pertains to a species' response to specific
disturbance regimes such as fires, floods, severe winds, pathogen outbreaks, or similar events. It
includes disturbances that impact species directly as well as those that impact species via abiotic
aspects of habitat quality. For example, changes in flood and fire frequency/intensity may cause
changes in water turbidity, silt levels, and chemistry, thus impacting aquatic species sensitive to these
aspects of water quality. The potential impacts of altered disturbance regimes on species that require
specific river features created by peak flows should also be considered here; for example, some fish
require floodplain wetlands for larval/juvenile development or high peak flows to renew suitable
spawning habitat. Use care when estimating the most likely effects of increased fires; in many
ecosystems, while a small increase in fire frequency might be beneficial, a greatly increased fire
frequency could result in complete habitat destruction. Finally, be sure to also consider species that
benefit from a lack of disturbance and may suffer due to disturbance increases when scoring this
factor” (Young et al. 2010).
Fires were one of the main disturbances we considered under this category as studies suggest fire
activity will increase in Alaska often leading to changes in age structure and species dominance in
boreal forest (Rupp 2008). Other disturbances affecting species in our assessment included increased
parasite and pest outbreaks and increased flooding. Some changes in disturbance regime may
actually benefit species and the index is constructed to reflect this.
d. Dependence on ice, ice-edge, or snow cover habitats: This factor assesses a species’ dependence
on habitats associated with ice or snow across its range in the assessment area. A score of “greatly
increase” is for species that are highly dependent (more than 80% of occurrences in range) on snow
or ice habitat, such as the polar bear. Many of our species use the snow for burrowing, hiding from
predators or hunting. These species were scored as “increase” or “somewhat increase”, depending
on how strongly they were tied to snow use for these activities. Similarly, species that molt in the
winter and take on a white coat were considered to fit into the “increase” category as lack of snow
would make them highly visible to predators. Changes in snow condition (i.e. icing over, wetter
snow, etc) were considered under the physiological hydrological niche category.
C3: Restriction to uncommon geological features or derivatives: This factor was scored exactly as according to
the guidance document for the index. Information on restriction to uncommon geologic features
was collected from literature review and use of online databases.
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C4: Reliance on interspecific interactions
a.
Dependence on other species to generate habitat: Scored as described in guidance document.
b.
Dietary versatility: Scored as described in guidance. If species that make up the diet of the
species being assessed were considered vulnerable to climate change we used this information
as well (e.g. lemmings are an important prey item for arctic fox and are considered extremely
vulnerable to climate change).
c.
Pollinator versatility: plants only, not considered in our assessment.
d.
Dependence on other species for propagule dispersal: mainly for plants, insects and species
with immobile progeny; not a factor in our assessment
e.
Forms part of an interspecific interaction not covered by 4a-d: Scored as described in
guidance. Not a major factor for most of our species. It is important to note that competitive
relationships (or other negative interactions) are not considered under this heading. All species
interactions described are positive and changes in competitive interactions are not considered
anywhere in the index.
C5: Genetic factors
a. Measured genetic variation: Scored as described in guidance document.
b. Occurrence of bottlenecks in recent evolutionary history: Scored as described in guidance
document.
C6: Phenological response to changing seasonal temperature and precipitation dynamics: Scored as described in
guidance document. This factor assesses the degree to which a species has been able to respond to
ongoing climate change through phenological changes (such as the timing of breeding or end of
hibernation). This factor was of limited use for our assessment because much of the available data
on phenology was not from studies in the assessment area as required by the index. It also does not
make sense that this factor was considered in this section rather than section D on observed or
modeled responses to climate change. It might be more useful if the index included a sensitivity trait
to account for species with life histories that make them particularly susceptible from a phenology
standpoint (i.e. species that hibernate, species that time their breeding cycles with emergence of
other species, species that molt).

Overall Scoring
The following excerpt from the creators of the index describes how the scoring for the tool works.
Excerpt from:
Young, B. E., K. R. Hall, E. Byers, K. Gravuer, G. Hammerson, A. Redder, and K. Szabo. 2010. A
natural history approach to rapid assessment of plant and animal vulnerability to climate
change. In Conserving Wildlife Populations in a Changing Climate, edited by J. Brodie, E. Post, and
D. Doak. University of Chicago Press, Chicago, IL.
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To calculate an overall score, the index first combines information on exposure and sensitivity to
produce a numerical sum, calculated by adding subscores for each of the extrinsic and intrinsic
species sensitivity factors. Factors scored to “somewhat increase,” “increase,” and “greatly increase”
sensitivity to climate change receive a values of 1.0, 2.0, and 3.0, respectively. Those scored to
“somewhat decrease” and “decrease” sensitivity receive values of -1.0 and -2.0, respectively. Factors
for which there are no data or that are scored as “neutral” to vulnerability receive a value of zero. If
a factor is scored in multiple levels (e.g., both “somewhat increase” and “increase”), the index uses
an average of the values for these levels.
The value for each factor is weighted by exposure to calculate a subscore for the factor. Climate
influences vulnerability factors in different ways. For most factors, the exposure weighting is a
climate stress value that combines data on projected change in both temperature and precipitation.
In these cases, the weighting factor is the product of weightings for temperature (0.5, 1.0, 1.5, or 2.0
depending on whether the temperature across the range of the species is predicted to increase by
less than zero, one, two, or greater than two standard deviations of the average temperature increase
for the conterminous United States) and precipitation (0.5, 1.0, 1.5, or 2.0 depending on whether the
precipitation across the range of the species is predicted to increase or decrease by less than zero,
one, two, or greater than two standard deviations of the average precipitation change for the
conterminous United States). Other weightings are either fixed at 1.0 in the case of sea level rise
(which occurs independent of local climate), tied solely to temperature for historical and
physiological thermal niche (thus ranging from 0.5-2.0 as described above), or the average of four
times the precipitation and one time the temperature weighting (roughly accounting for how
temperature interacts with precipitation) for historical and physiological hydrological niche.

General Circulation Models and Downscaling
To build a downscaled climate model the ClimateWizard requires the user to select a General
Circulation Model or ensemble models (Table 3) and a future emissions scenario. General
Circulation Models (GCMs) simulate the complex interactions of the atmosphere, oceans, land
surface and ice. The models work by balancing (or nearly balancing) incoming energy in the form of
short wave electromagnetic radiation with outgoing energy in the form of long wave electromagnetic
radiation; any imbalance will result in a change in the average temperature of the earth
(www.climatewizard.org).

16

Table 3: Global Circulation Models available for downscaling through ClimateWizard. Table from
www.climatewizard.org
BCCR-BCM2.0

Norway

Bjerknes Centre for Climate Research

CGCM3.1(T47)

Canada

Canadian Centre for Climate Modelling & Analysis

CNRM-CM3

France

Météo-France / Centre National de Recherches
Météorologiques

CSIRO-Mk3.0

Australia

CSIRO Atmospheric Research

GFDL-CM2.0

USA

US Dept. of Commerce / NOAA / Geophysical Fluid
Dynamics Laboratory

GFDL-CM2.1

USA

US Dept. of Commerce / NOAA / Geophysical Fluid
Dynamics Laboratory

GISS-ER

USA

NASA / Goddard Institute for Space Studies

INM-CM3.0

Russia

Institute for Numerical Mathematics

IPSL-CM4

France

Institut Pierre Simon Laplace

MIROC3.2(medres) Japan

Center for Climate System Research (The University of
Tokyo), National Institute for Environmental Studies, and
Frontier Research Center for Global Change (JAMSTEC)

ECHO-G

Germany /
Korea

Meteorological Institute of the University of Bonn,
Meteorological Research Institute of KMA, and Model and
Data group.

ECHAM5/MPIOM

Germany

Max Planck Institute for Meteorology

MRI-CGCM2.3.2

Japan

Meteorological Research Institute

CCSM3

USA

National Center for Atmospheric Research

PCM

USA

National Center for Atmospheric Research

UKMO-HadCM3 UK

Hadley Centre for Climate Prediction and Research / Met
Office

GCMs are driven by emission scenarios or assumptions about how population, energy use and
technology are likely to change and develop in the future and the resulting emissions of
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greenhouse gases. Emission scenarios are essentially storylines that describe what the future
might look like taking different social, economic, cultural, technological, and other human-based
factors into account. Emission scenarios are used as inputs into these models to simulate
changes in temperature, precipitation and other climate variables.
In order to make meaningful predictions about how temperature and moisture will change
across a particular region, these global models need to be downscaled. ClimateWizard allows
the user to downscale any or all of its GCMs using the method described below:
The following was taken from Maurer, E. P., L. Brekke, T. Pruitt, and P. B. Duffy (2007),
Fine-resolution climate projections enhance regional climate change impact studies, Eos Trans. AGU,
88(47), 504 and describes the data presented in the ClimateWizard:
A statistical technique was used to generate gridded fields of precipitation and surface air
temperature over the conterminous United States and portions of Canada and Mexico.
The method involves (1) a quantile mapping approach that corrects for GCM biases,
based on observations of 1950–1999; and (2) interpolation of monthly bias-corrected
GCM anomalies onto a fine-scale grid of historical climate data, producing a monthly
time series at each 1/8-degree grid cell. The method has been used extensively for
hydrologic impact studies (including many with ensembles of GCMs) and in a variety of
climate change impact studies on systems as diverse as wine grape cultivation, habitat
migration, and air quality.
The downscaled data are freely available for download at the Green Data Oasis, a large
data store at LLNL for sharing scientific data (http://gdodcp.ucllnl.org/downscaled_cmip3_projections/).
Users can specify particular models, emissions scenarios, time periods, geographical areas,
and raw data or summary statistics. All data are archived in a standard netCDF format, a
self-describing machine-independent format for sharing gridded scientific data. The full
text of this article can be found in the electronic supplement to this EOS issue
(http://www.agu.org/eos_elec/).
DEVELOPING A FUTURE CLIMATE CHANGE SCENARIO USING
CLIMATEWIZARD
The user interface on ClimateWizard is shown in Figure 5 below. In order to build a scenario of
future climate change the user must select key inputs into the climate model and then download the
data in a GIS compatible format. The user is asked to select an analysis area or spatial extent of the
data, the time period (mid-century, end of century or past 50 years), type of map, measurement
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(precipitation or temperature) and the key inputs into the future climate model (emission scenario
and general circulation model).

Figure 5: ClimateWizard user interface. The tool asks the user to select the analysis area, the time
period, the type of map, measurement and the future climate model inputs (www.climatewizard.org).

For our analysis in Alaska we used a global climate model that combined an average ensemble model
of all 17 available GCMs and a “High” A2 emissions scenario to produce both temperature and
moisture data (Table 4). Because we used moisture data and not just standard precipitation data we
needed to use the ClimateWizard Custom Analysis Tool (www.climatewizard.org/custom) which
provides access to more types of data analysis and projections. All projections were made for the
middle of the century as directed by the NatureServe CCVI guidance document.
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Table 4: Data inputs used for climate projections in the Arctic Refuge
Temperature

Moisture

General Circulation
Model
Emission Scenario
Time period
Data produced

Ensemble Average

Ensemble Average

High A2
Mid-Century
Average annual change in
temperature as ASCII file for
input in ArcGIS
environment

Spatial resolution

50km2

High A2
Mid-Century
Percent departure from
historical ratio of AET:
PET downloaded as
ASCII map for input into
ArcGIS
50km2
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Data Processing
All data was processed in an ESRI ArcGIS 10.0 environment and a full list of steps is provided in
Table 6 below along with a brief narrative. This information will not be particularly relevant to nonGIS users.
In order to use the climate exposure data produced with the ClimateWizard tool, we downloaded
both temperature and moisture data for the state of Alaska based on the Climate Model described
above. The data is downloaded in ASCII (American Standard Code for Information Exchange)
format. ASCII is a character encoding scheme based on an ordering of the English alphabet. ASCII
files can be imported into a GIS environment and converted into grids or raster data. We brought
both the temperature and moisture ASCII files into a GIS environment by using the ArcGIS
toolbox to convert the ASCII files to grid files. Grid files display the data as pixels containing
different values. We also imported a shapefile of the Alaska National Wildlife Refuge boundaries
into the GIS and standardized the projections of all files to NAD_1983_NSRS2007_Alaska_Albers.
Once we created grids of temperature and moisture change I had to change these grids from grids
with floating point pixels to integer pixels so that their attribute information could be viewed. In
order to preserve the accuracy of the data (integer grids cannot store decimals) we first multiplied
the temperature and moisture data by 100 and then converted each grid to an integer file using the
raster calculator. We used the Extract by Mask tool with the boundaries of the Arctic Refuge set as
the mask to produce maps of change across our assessment area, the Alaska National Wildlife
Refuge. This process extracts only data from areas inside the assessment area so that calculations can
be made only in the area in question.
The Index requires that the user enter the portion of the species range over the assessment area that
falls into the following temperature exposure categories: <3.9 degrees F, 3.9 – 4.4 degrees F, 4.5 –
5.0 degrees F, 5.1 – 5.5. degrees F and > 5.5 degrees F. To calculate the portion of each species
range that falls into the above temperature exposure categories, we needed to assess the change of
temperature across the species range in the Arctic Refuge. This required an additional extraction of
temperature and moisture data using species range data as an additional mask. Species ranges were
downloaded in GIS format (as vector files) from the NatureServe Explorer’s Digital Distribution
Maps of Mammals of the Western Hemisphere
(http://www.natureserve.org/getData/animalData.jsp). Once downloaded, we standardized the
projections of these files to NAD_1983_NSRS2007_Alaska_Albers. These maps are used as a mask
to extract the temperature and moisture data in order to obtain information about the degree of
climate change a species will be exposed to in the assessment area.
We extracted temperature and moisture data for each species and exported the attribute tables as dbf
files. We then opened the exported dbf files in Excel and calculated the percentage of each species’
range that fell into the exposure categories for temperature and moisture, described above. The
calculation is done by using the Counts field in the attribute data to sum the number of pixels that
fall within a certain category. Each sum is divided by the total of all pixels covering the assessment
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area and multiplied by 100 to give a percent of assessment area in each category. Results were
entered into the CCVI Section A.

Table 6: GIS processing steps and output files created during analysis.
Data Inputs
into GIS
Average
Annual
Temperature
Departure,
Mid-Century

Moisture
Data

Processing Steps and Output Files
1. Download ASCII file for average annual temperature change in Alaska
from ClimateWizard
2. Convert ASCII file to faster grid using ArcToolbox à Conversion
Tools à ASCII to Raster (chose float for output data type)
= GRID1 (Floating Point) Temperature Change in Alaska
3. Define projection of file to WGS 1983 as specified in ClimateWizard
4. Re-project file to NAD_1983_NSRS2007_Alaska_Albers
5. In ArcToolbox à Map Algebra à Raster Calculator multiply the grid
by 100 and convert from a float to an integer using the INT function.
= GRID2 (Integer) Temperature change in Alaska
6. Use the following to extract the grid cell information across the
assessment area: In ArcToolbox à Spatial Analyst à Extraction à
Extract by Mask. Enter the boundary file for Alaska National Wildlife
Refuge as the “input raster or feature mask” and GRID2 as the input
raster.
= GRID3 (Integer) Temperature change in the Arctic Refuge
7. Add species range data for species of interest and ensure file is correctly
projected following procedure below.
8. Use the following to extract the grid cell information across the species
range in assessment area: In ArcToolbox à Spatial Analyst à
Extraction à Extract by Mask. Enter the species range file as the “input
raster or feature mask,” and GRID3 as the input raster.
=GRID4(Integer) Temperature change across species range in the Arctic Refuge
9. Open the attribute table for the new grid created from extraction and
export this attribute table as a .dbf file.
10. Open the .dbf file in Microsoft excel and calculate the sum and
percentage of the area within each category given in Section A:
Temperature Change of the CCVI using the Count field from the grid
file.
1. Download ASCII file for the average difference in AET:PET in Alaska
from ClimateWizard
2. Convert ASCII file to faster grid using ArcToolbox à Conversion
Tools à ASCII to Raster (chose float for output data type)
= GRID1 (Floating Point) Moisture Change in Alaska
3. Define projection of file to WGS 1983 as specified in ClimateWizard
4. Re-project file to NAD_1983_NSRS2007_Alaska_Albers
5. In ArcToolbox à Map Algebra à Raster Calculator multiply the grid
by 100 and convert from a float to an integer using the INT function.
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Alaska
National
Wildlife
Refuge
Boundary
Species Range
Boundaries

= GRID2 (Integer) Moisture change in Alaska
6. Use the following to extract the grid cell information across the
assessment area: In ArcToolbox à Spatial Analyst à Extraction à
Extract by Mask. Enter the boundary file for Alaska National Wildlife
Refuge as the “input raster or feature mask” and GRID2 as the input
raster.
= GRID3 (Integer) Moisture change in the Arctic Refuge
7. Add species range data for species of interest and ensure file is correctly
projected following procedure below.
8. Use the following to extract the grid cell information across the species
range in assessment area: In ArcToolbox à Spatial Analyst à
Extraction à Extract by Mask. Enter the species range file as the “input
raster or feature mask,” and GRID3 as the input raster.
=GRID4(Integer) Moisture change across species range in the Arctic Refuge
9. Open the attribute table for the new grid created from extraction and
export this attribute table as a .dbf file.
1. Open the .dbf file in Microsoft excel and calculate the sum and
percentage of the area within each category given in Section A:
Temperature Change of the CCVI using the Count field from the grid
file.
1. Add shapefile to map
2. Change projection to NAD_1983_NSRS2007_Alaska_Albers
3. Use as analysis mask as described above
1.
2.
3.
4.
5.

Download species range maps from NatureServe
Add shapefiles to map
Define projection to GCS North American 1983
Convert projection to NAD_1983_NSRS2007_Alaska_Albers
Use as analysis mask as described above
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Climate Change Vulnerability Index: Caveats Regarding
Exposure, Sensitivity, and Certainty
The Index is limited in the data it uses to develop a scenario of future climate change the species will
be exposed to. For example, it does not include biologically relevant climate changes such as
changes in snow cover, monthly temperature changes, changes in degree days or changes in
precipitation during certain critical periods. While recognizing that this weakness makes the index
more accessible, it is also important to note that studies with more detailed climate change scenarios
will likely lead to more thoroughly developed vulnerability assessments. In order to assess the
sensitivity factors and include other information about how the climate might change and how these
changes may impact the species we assessed, we relied on published study results and summary
reports. We include a brief description of these results in the development of the climate change
scenario below.
From the Arctic Climate Impacts Assessment (2005):
•
•
•

•
•

•

The duration of the snow-free period at high northern latitudes increased by 5 to 6 days per
decade and the week of the last observed snow cover in spring advanced by 3 to 5 days per
decade between 1972 and 2000.
The treeline is very likely to advance, perhaps rapidly, into tundra areas of northern Eurasia,
Canada, and Alaska, as it did during the early Holocene, reducing the extent of tundra and
contributing to the pressure upon species that makes their extinction possible.
Forests are likely to replace a significant portion of the tundra and this will affect the
composition of species and habitat availability for tundra species. Increasing forest cover will
also lead to a decrease in albedo which will increase positive feedback in climate system.
Forest development is likely to also alter local climate by increasing temperature.
Species that today have more southerly distributions are very likely to extend their ranges
north, displacing Arctic species.
Permafrost is very likely to decay and thermokarst develop, leading to erosion and
degradation of Arctic peatlands. Unlike the early Holocene, when lower relative sea level
allowed a belt of tundra to persist around at least some parts of the Arctic Basin when
treelines advanced to the present coast, sea level is very likely to rise in the future, further
restricting the area of tundra and other treeless Arctic ecosystems.
Taxa most likely to expand into tundra are boreal taxa that currently exist in river valleys and
could spread into the uplands, or animal groups such as wood-boring beetles that are
presently excluded due to a lack of food resources. Some animals are Arctic specialists and
could possibly face extinction. Those plant and animal species that have their centers of
distribution in the high or middle Arctic are most likely to show reduced abundance in their
current locations should projected warming occur.

From the “Preliminary Report on Projected Vegetation and Fire Regime Response to Future
Climate Change in Alaska” (Rupp 2008):
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•
•
•

Model simulations suggest an increase in cumulative area burned through 2099 and a general
increase in fire activity in response to warming temperatures and less available moisture.
Likely shift in boreal vegetation from a spruce dominated landscape to more deciduous
vegetation in the next 50 years.
Increased deciduous dominance on the landscape is likely to result in a change in patch
dynamics and age structure in forests with large regions of mature, unburned spruce being
replaced by a more patchy distribution of deciduous forests and younger spruce.

From “Evaluating observed and projected future climate changes for the Arctic using the KöppenTrewartha climate classification” (Feng et al. 2011)
(http://newsroom.unl.edu/announce/todayatunl/240/1862):
•

•

By the end of the century, the annual average surface temperature in Arctic regions is
projected to increase by 5.6 to 9.5 degrees Fahrenheit, depending on the greenhouse gas
emission scenarios.
The warming, however, is not evenly distributed across the Arctic. The strongest warming
in the winter (by 13 degrees Fahrenheit) will occur along the Arctic coast regions, with
moderate warming (by 4 to 6 degrees Fahrenheit) along the North Atlantic rim.

•

The projected redistributions of climate types differ regionally; in northern Europe and
Alaska, the warming may cause more rapid expansion of temperate climate types than in
other places.

•

Tundra in Alaska and northern Canada would be reduced and replaced by boreal forests and
shrubs by 2059. Within another 40 years, the tundra would be restricted to the northern
coast and islands of the Arctic Ocean.
The melting of snow and ice in Greenland following the warming will reduce the
permanent ice cover, giving its territory up to tundra.

•

“Certainty” within the context of the CCVI refers to whether or not the Monte Carlo simulations
performed by the algorithm fall into the same category most or all of the time. In this analysis, most
of the species ended up in the same vulnerability category in every run of the simulation, thus rating
a “very high” certainty value. Where certainty was “low” due to splits in the model runs between
different vulnerability categories, we have indicated such in the text and provided an assessment of
which factors seemed to cause the variation between simulations.

25

Bibliography
Aars, J. and R. A. Ims. 2002. Intrinsic and climatic determinants of population demography: the
winter dynamics of tundra voles. Ecology 83:3449–3456.
ACIA. 2005. Arctic Climate Impact Assessment. Page 1042p. Cambridge University Press.
Adams, L. G., R. W. Stephenson, B. W. Dale, R. T. Ahgook, and D. J. Demma. 2008. Population
Dynamics and Harvest Characteristics of Wolves in the Central Brooks Range, Alaska.
Wildlife Monographs 170:1-25.
Amstrup, S. C. (undated). The Polar Bear (Ursus maritimus): Biology, Management, and Conservation.
Retrieved from http://www.polarbearsinternational.org/polar-bears/polar-bearcomprehensive.
Amstrup, S. C., B. G. Marcot, and D. C. Douglas. 2007. Forecasting the range-wide status of polar
bears at selected times in the 21st century. Page 133. U.S.Geological Survey, U.S.
Department of the Interior.
Andreassen, H. P., K. Hertzberg, and R. A. Ims. 1998. Space-use responses to habitat fragmentation
and connectivity in the root vole Microtus oeconomus. Ecology 79:1223–1235.
Andreassen, H. P. and R. A. Ims. 2001. Dispersal in patchy vole populations: role of patch
configuration, density dependence, and demography. Ecology 82:2911–2926.
Angerbjörn, A., P. Hersteinsson, K. Lidén, and E. Nelson. 1994. Dietary variation in arctic foxes
(Alopex lagopus)-an analysis of stable carbon isotopes. Oecologia 99:226–232.
Angerbjörn, A., B. Arvidson, E. Norén, and L. Strömgren. 1991. The Effect of Winter Food on
Reproduction in the Arctic Fox, Alopex lagopus: A Field Experiment. Journal of Animal
Ecology 60:705-714. Retrieved March 31, 2011, .
Anthony, R. M. 1997. Home ranges and movements of arctic fox (Alopex lagopus) in western Alaska.
Arctic 50:147-157.
Atwood, T. C. 2006. The influence of habitat patch attributes on coyote group size and interaction
in a fragmented landscape. Canadian Journal of Zoology 84:80–87.
Aubry, K. B., K. S. Mckelvey, and J. P. Copeland. 2007. Distribution and Broadscale Habitat
Relations of the Wolverine in the Contiguous United States. Journal of Wildlife Management
71:2147-2158.
Audet, A. M., C. B. Robbins, and S. Larivière. 2009. Alopex lagopus. Mammalian Species 713:1-10.
Austin, M. 1998. Wolverine winter travel routes and response to transportation corridors in Kicking
Horse Pass between Yoho and Banff National Parks. Faculty of Environmental Design, The
University of Calgary.
Banks, E. M., R. J. Brooks, and J. Schnell. 1975. A radiotracking study of home range and activity of
the brown lemming (Lemmus trimucronatus). Journal of Mammalogy 56:888–901.
Bannikova, A. A., N. E. Dokuchaev, E. V. Yudina, A. V. Bobretzov, B. I. Sheftel, and V. S.
Lebedev. 2010. Holarctic phylogeography of the tundra shrew (Sorex tundrensis) based on
mitochondrial genes. Biological Journal of the Linnean Society 101:721–746.
Barker, O. E. and A. E. Derocher. 2010. Habitat selection by arctic ground squirrels (Spermophilus
parryii). Journal of Mammalogy 91:1251–1260.
Bateman, M. C. 1986. Winter habitat use, food habits and home range size of the marten, Martes
americana, in western Newfoundland. Canadian Field-Naturalist 100:58–62.
Batzli, G. O. and H. Henttonen. 1990. Demography and resource use by microtine rodents near
Toolik Lake, Alaska, USA. Arctic and Alpine Research 22:51–64.
Batzli, G. O. and C. Lesieutre. 1991. The influence of high quality food on habitat use by arctic
microtine rodents. Oikos 60:299–306.
26

Batzli, G. O. and S. T. Sobaski. 1980. Distribution, abundance, and foraging patterns of ground
squirrels near Atkasook, Alaska. Arctic and Alpine Research 12:501–510.
Batzli, G. O., R. G. White, S. F. MacLean Jr., F. A. Pitelka, and B. D. Collier. 1980. The HerbivoreBased Trophic System. Page 571 in: An Arctic Ecosystem: The Coastal Tundra at Barrow,
Alaska. Brown, J, Miller, P.C., Tieszen, L.L., Bunnell, F.L. (eds). Dowden, Hutchinson &
Ross, Inc., Stroudsburg, PA.
Bellocq, M. I. and S. M. Smith. 2003. Population dynamics and foraging of Sorex cinereus (masked
shrew) in the boreal forest of eastern Canada. Annales Zoologici Fennici 40:27-34.
Bellows, A. S., J. F. Pagels, and J. C. Mitchell. 1999. First Record of the Least Weasel, Mustela nivalis
(Carnivora: Mustelidae), from the Coastal Plain of Virginia. Northeastern Naturalist 6:238240. Retrieved April 4, 2011, .
Berger, J. 2004. The last mile: how to sustain long-distance migration in mammals. Conservation
Biology 18:320-331.
Boonstra, R., C. J. Krebs, M. S. Gaines, M. L. Johnson, and I. T. M. Craine. 1987. Natal Philopatry
and Breeding Systems in Voles (Microtus Spp.). Journal of Animal Ecology 56:655-673.
Boonstra, R. and W. M. Hochachka. 1997. Maternal effects and additive genetic inheritance in the
collared lemming Dicrostonyx groenlandicus. Evolutionary Ecology Research 11:169-182.
Boonstra, R. and C. J. Krebs. 2006. Population limitation of the northern red-backed vole in the
boreal forests of northern Canada. Journal of Animal Ecology 75:1269-1284.
Bowyer, R. T. and D. M. Leslie, Jr. 1992. Ovis dalli. Mammalian Species 393:1-7.
Brannon, M. P. 2002. Distribution of Sorex cinereus and S. fumeus on north- and south-facing slopes in
the southern Appalachian Mountains. Southeastern Naturalist 1:299-306.
Brodie, J. F. and E. Post. 2009. Nonlinear responses of wolverine populations to declining winter
snowpack. Population Ecology 52:279-287.
Broquet, T., C. A. Johnson, E. Petit, I. Thompson, F. Burel, and J. M. Fryxell. 2006. Dispersal and
genetic structure in the American marten, Martes americana. Molecular Ecology 15:1689–1697.
Bunch, M. and M. Ford. (n.d.). Shrews: Masked Shrew (Sorex cinereus) and Pygmy Shrew (Sorex hoyi).
South Carolina Department of Natural Resources. Retrieved from
http://www.dnr.sc.gov/cwcs/pdf/shrews.pdf.
Burton, C., C. J. Krebs, and E. B. Taylor. 2002. Population genetic structure of the cyclic snowshoe
hare (Lepus americanus) in southwestern Yukon, Canada. Molecular Ecology 11:1689–1701.
Busher, P. E. 1996. Food caching behavior of beavers (Castor canadensis): selection and use of woody
species. American Midland Naturalist 135:343–348.
Byrom, A. E. and C. J. Krebs. 1999. Natal dispersal of juvenile arctic ground squirrels in the boreal
forest. Canadian Journal of Zoology 77:1048–1059.
Campos, P. F., E. Willerslev, A. Sher, L. Orlando, E. Axelsson, A. Tikhonov, K. Aaris-Sörensen, A.
D. Greenwood, R. D. Kahlke, and P. Kosintsev, others. 2010. Ancient DNA analyses
exclude humans as the driving force behind late Pleistocene musk ox (Ovibos moschatus)
population dynamics. Proceedings of the National Academy of Sciences 107:5675.
Carrier, P. and C. J. Krebs. 2002. Trophic effects of rainfall on Clethrionomys rutilus voles: an
experimental test in a xeric boreal forest in the Yukon Territory. Canadian journal of
Zoology 80:821–829.
Carroll, C. 2007. Interacting Effects of Climate Change, Landscape Conversion, and Harvest on
Carnivore Populations at the Range Margin: Marten and Lynx in the Northern Appalachians.
Conservation Biology 21:1092-1104.
Carroll, C., J. A. Vucetich, M. P. Nelson, D. J. Rohlf, and M. K. Phillips. 2010. Geography and
Recovery under the U.S. Endangered Species Act. Conservation Biology 24:395-403.
Carstensen, M., K. DonCarlos, E. Dunbar, J. Fieberg, M. A. Larson, J. Lightfoot, C. Osmundson,
27

and R. G. Wright. 2008. Climate Change: Preliminary Assessment for the Section of Wildlife
of the Minnesota Department of Natural Resources. Pages 412-468. Division of Fish and
Wildlife, Minnesota Department of Natural Resources.
Casey, T. M. 1981. Nest insulation: energy savings to brown lemmings using a winter nest.
Oecologia 50:199–204.
Churchfield, S. and B. I. Sheftel. 1994. Food niche overlap and ecological separation in a multispecies community of shrews in the Siberian taiga. Journal of Zoology 234:105–124.
Clark, T. W., E. Anderson, C. Douglas, and M. Strickland. 1987. Martes americana. Mammalian
Species 289:1-8.
Clark, W. R. and D. W. Kroeker. 1993. Population dynamics of muskrats in experimental marshes at
Delta, Manitoba. Canadian journal of zoology 71:1620–1628.
Clayton, J. C. 2003. Effects of clearcutting and wildfire on shrews (Soricidae: Sorex) in a Utah
coniferous forest. Western North American Naturalist 63:264–267.
Clough, G. C. 1987. Ecology of island muskrats, Ondatra zibethicus, adapted to upland habitat.
Ontario Field-Naturalist 101:63–69.
Cole, F. R. and D. E. Wilson. 2010. Microtus miurus (Rodentia: Cricetidae). Mammalian Species 42:7589.
Conroy, C. J. and J. A. Cook. 1999. Microtus xanthognathus. Mammalian Species 627:1–5.
Cook, J. A., A. M. Runck, and C. J. Conroy. 2004. Historical biogeography at the crossroads of the
northern continents: molecular phylogenetics of red-backed voles (Rodentia: Arvicolinae).
Molecular Phylogenetics and Evolution 30:767–777.
Copeland, J. P., K. S. McKelvey, K. B. Aubry, A. Landa, J. Persson, R. M. Inman, J. Krebs, E.
Lofroth, H. Golden, J. R. Squires, A. Magoun, M. K. Schwartz, J. Wilmot, C. L. Copeland,
R. E. Yates, I. Kojola, and R. May. 2010. The bioclimatic envelope of the wolverine (Gulo
gulo): do climatic constraints limit its geographic distribution? Canadian Journal of Zoology
88:233–246.
Costello, C. M, and R. W. Sage. 1994. Predicting black bear habitat selection from food abundance
under 3 forest management systems. Bears: Their Biology and Management 9:375–387.
Craig, V. J. 1995. Relationships between shrews (Sorex spp.) and downed wood in the Vancouver
watersheds, B.C. The University of British Columbia.
Creed, J. 2003. Effects of clearcutting and wildfire on shrews (Soricidae: Sorex) in a Utah coniferous
forest. Western North American Naturalist 63:264–267.
Cronin, M. A., S. C. Amstrup, G. W. Garner, and E. R. Vyse. 1991. Interspecific and intraspecific
mitochondrial DNA variation in North American bears (Ursus). Canadian Journal of
Zoology 69:2985–2992.
Cronin, M. A., M. D. MacNeil, and J. C. Patton. 2006. Mitochondrial DNA and microsatellite DNA
variation in domestic reindeer (Rangifer tarandus tarandus) and relationships with wild caribou
(Rangifer tarandus granti, Rangifer tarandus groenlandicus, and Rangifer tarandus caribou). Journal of
Heredity 97:525-530.
Dalén, L., V. Nyström, C. Valdiosera, M. Germonpré, M. Sablin, E. Turner, A. Angerbjörn, J. L.
Arsuaga, and A. Götherström. 2007. Ancient DNA reveals lack of postglacial habitat
tracking in the arctic fox. Proceedings of the National Academy of Sciences 104:6726-6729.
Dalen, L., E. Fuglei, P. Hersteinsson, C. M. O. Kapel, J. D. Roth, G. Samelius, M. Tannerfeldt, and
A. Angerbjörn. 2005. Population history and genetic structure of a circumpolar species: the
arctic fox. Biological Journal of the Linnean Society 84:79–89.
Davies, E. 2011. Bear’s epic nine-day “swimathon”. BBC. Retrieved April 4, 2011, from
http://news.bbc.co.uk/earth/hi/earth_news/newsid_9369000/9369317.stm.
Davis, E. B. 2005. Comparison of climate space and phylogeny of Marmota (Mammalia: Rodentia)
28

indicates a connection between evolutionary history and climate preference. Proceedings of
the Royal Society B: Biological Sciences 272:519 -526. Retrieved April 1, 2011, .
Delach, A. 2007. A Plague Upon Them- Helping wildlife adapt to climate changes and disease. Page
92. Defenders of Wildlife. www.defenders.org
Demboski, J. R. and J. A. Cook. 2001. Phylogeography of the dusky shrew, Sorex monticolus
(Insectivora, Soricidae): insight into deep and shallow history in northwestern North
America. Molecular Ecology 10:1227–1240.
Demboski, J. R. and J. A. Cook. 2003. Phylogenetic diversification within the Sorex cinereus group
(Soricidae). Journal of Mammalogy 84:144-158.
DeVink, J.-M., D. Berezanski, and D. Imrie. 2010. Comments on Brodie and Post: Harvest effort:
the missing covariate in analyses of furbearer harvest data. Population Ecology 53:261-262.
Dokuchaev, N. E. 1989. Population ecology of Sorex shrews in North-East Siberia. Annales
Zoologici Fennici 26:371-379.
Donker, S. A. 2010. Arctic ground squirrels in the Southwest Yukon Territory: evidence for habitat
specific demography and source-sink dynamics. The University of British Columbia.
Dorrepaal, E., R. Aerts, J. H. C. Cornelissen, R. S. P. Van Logtestijn, and T. V. Callaghan. 2006.
Sphagnum modifies climate-change impacts on subarctic vascular bog plants. Functional
Ecology 20:31-41.
Drew, G. S. 1995. Winter habitat selection by American marten (Martes americana) in Newfoundland:
why old growth? Utah State University.
Eddingsaas, A. A., B. K. Jacobsen, E. P. Lessa, and J. A. Cook. 2004. Evolutionary history of the
arctic ground squirrel (Spermophilus parryii) in Nearctic Beringia. Journal of Mammalogy
85:601–610.
Ehrich, D. and P. E. Jorde. 2005. High genetic variability despite high-amplitude population cycles
in lemmings. Journal of Mammalogy 86:380–385.
Ehrich, D., P. E. Jorde, C. J. Krebs, A. J. Kenney, J. E. Stacy, and N. C. Stenseth. 2001. Spatial
structure of lemming populations (Dicrostonyx groenlandicus) fluctuating in density. Molecular
Ecology 10:481-495.
Ehrich, D., C. J. Krebs, A. J. Kenney, and N. C. Stenseth. 2001. Comparing the genetic population
structure of two species of arctic lemmings: more local differentiation in Lemmus trimucronatus
than in Dicrostonyx groenlandicus. Oikos 94:143–150.
Ellsworth, E., and T. D. Reynolds. 2006. Snowshoe Hare (Lepus americanus): A Technical
Conservation Assessment..
Elmhagen, B. and A. Angerbjörn. 2001. The applicability of metapopulation theory to large
mammals. Oikos 94:89–100.
Elmhagen, B., M. Tannerfeldt, P. Verucci, and A. Angerbjorn. 2000. The arctic fox (Alopex lagopus):
an opportunistic specialist. Journal of Zoology 251:139-149. Retrieved March 9, 2011, .
Ergon, T. 2007a. Optimal onset of seasonal reproduction in stochastic environments: When should
overwintering small rodents start breeding? Ecoscience 14:330-346.
Feng, S., C.-H. Ho, Q. Hu, R. J. Oglesby, S.-J. Jeong, and B.-M. Kim. 2011. Evaluating observed and
projected future climate changes for the Arctic using the Köppen-Trewartha climate
classification. Climate Dynamics. Retrieved April 12, 2011, from
http://www.springerlink.com/content/6407132h6137824g/.
Ferguson, J. H. and G. E. Folk, others. 1970. The critical thermal minimum of small rodents in
hypothermia 1. Cryobiology 7:44–46.
Fleming, M. A, and J. A. Cook. 2002. Phylogeography of endemic ermine (Mustela erminea) in
southeast Alaska. Molecular Ecology 11:795-807.
Fleming, M. A., E. A. Ostrander, and J. A. Cook. 1999. Microsatellite markers for American mink
29

(Mustela vison) and ermine (Mustela erminea). Molecular Ecology 8:1351-1362.
Forbes, S. H. and D. K. Boyd. 1996. Genetic variation of naturally colonizing wolves in the central
Rocky Mountains. Conservation Biology 10:1082–1090.
Forchhammer, M. C., E. Post, T. B. G. Berg, T. T. Høye, and N. M. Schmidt. 2005. Local-scale and
short-term herbivore-plant spatial dynamics reflect influences of large-scale climate. Ecology
86:2644–2651.
Ford, W. M., J. Laerm, and K. G. Barker. 1997. Soricid response to forest stand age in southern
Appalachian cove hardwood communities. Forest Ecology and Management 91:175–181.
Frafjord, K. and P. Prestrud. 1992. Home range and movements of Arctic foxes Alopex lagopus in
Svalbard. Polar Biology 12:519-526.
Franzmann, A. W. 1981. Alces alces. Mammalian Species 154:1-7.
Füssel, H. M. and R. J. T. Klein. 2006. Climate change vulnerability assessments: an evolution of
conceptual thinking. Climatic Change 75:301–329.
Galbreath, K. E. and J. A. Cook. 2004. Genetic consequences of Pleistocene glaciations for the
tundra vole (Microtus oeconomus) in Beringia. Molecular Ecology 13:135–148.
Galindo, C. 1984. Habitat Use by Small Mammals in the Southwestern Yukon. University of British
Columbia.
Galindo, C. and C. J. Krebs. 1985. Habitat use by singing voles and tundra voles in the southern
Yukon. Oecologia 66:430–436.
Garner, G. W., S. E. Belikov, M. S. Stishov, V. G. Barnes, Jr., and S. M. Arthur. 1994. Dispersal
patterns of maternal polar bears from the denning concentration on Wrangel Island.
International Conference on Bear Research and Management 9:401-410.
Gerell, R. 1970. Home ranges and movements of the mink Mustela vison Shreber in Southern
Sweden. Oikos 21:160–173.
Getz, L. L., M. K. Oli, J. E. Hofmann, and B. McGuire. 2005. Habitat-specific demography of
sympatric vole populations over 25 years. Journal of Mammalogy 86:561–568.
Gilbert, B. S. and C. J. Krebs. 1981. Effects of extra food on Peromyscus and Clethrionomys populations
in the southern Yukon. Oecologia 51:326–331.
Gilg, O., B. Sittler, and I. Hanski. 2009. Climate change and cyclic predator-prey population
dynamics in the high Arctic. Global Change Biology 15:2634-2652.
Gillis, E. A. and C. J. Krebs. 1999. Natal dispersal of snowshoe hares during a cyclic population
increase. Journal of Mammalogy:933–939.
Glick, P., B. A. Stein, and N. A. Edelson. 2011. Scanning the Conservation Horizon: A Guide to
Climate Change Vulnerability Assessment. Page 176. National Wildlife Federation,
Washington, DC. Retrieved from http://www.nwf.org/News-and-Magazines/MediaCenter/Reports/Archive/2011/~/media/PDFs/Global%20Warming/Climate-SmartConservation/ScanningtheConservationHorizon_Jan18.ashx.
Gorman, T. A., J. D. Erb, B. R. McMillan, D. J. Martin, and J. A. Homyack. 2006. Site characteristics
of river otter (Lontra canadensis) natal dens in Minnesota. American Midland Naturalist
156:109–117.
Gower, B. A., T. R. Nagy, and M. H. Stetson. 1992. Role of photoperiod in reproductive maturation
and peripubertal hormone concentrations in male collared lemmings (Dicrostonyx
groenlandicus). Reproduction 96:153.
Gunderson, A. M., B. K. Jacobsen, and L. E. Olson. 2009. Revised distribution of the Alaska
marmot, Marmota broweri, and confirmation of parapatry with hoary marmots. Journal of
Mammalogy 90:859–869.
Gunn, A. and M. C. Forchhammer. 2008. Ovibos moschatus. IUCN Red List of Threatened Species.
IUCN. Retrieved from www.iucnredlist.org.
30

Guralnick, R. 2006. The legacy of past climate and landscape change on species’ current experienced
climate and elevation ranges across latitude: a multispecies study utilizing mammals in
western North America. Global Ecology and Biogeography 15:505–518.
Høye, T. T., E. Post, and H. Meltofte. 2010. Reproductive phenology in terrestial ecosystems
(Indicator #12). Pages 65-67. CAFF.
Hamilton, M. J. and M. L. Kennedy. 1986. Genic variation in the coyote, Canis latrans, in Tennessee,
USA. Genetica 71:167–173.
Hansen, T. F. and R. Boonstra. 2000. The best in all possible worlds? A quantitative genetic study of
geographic variation in the meadow vole, Microtus pennsylvanicus. Oikos 89:81–94.
Hansson, L. 1985. Clethrionomys food: Generic, specific and regional characteristics. Annales
Zoologici Fennici 22: 315-318.
Hansson, L. and H. Henttonen. 1985. Gradients in density variations of small rodents: the
importance of latitude and snow cover. Oecologia 67:394–402.
Harrison, D. J. 1992. Dispersal characteristics of juvenile coyotes in Maine. The Journal of Wildlife
Management 56:128-138.
Hart, J. S. 1962. Temperature regulation and adaptation to cold climates. Comparative Physiology of
Temperature Regulation:203–242.
Hersteinsson, P. and D. W. Macdonald. 1992. Interspecific competition and the geographical
distribution of red and arctic foxes Vulpes vulpes and Alopex lagopus. Oikos 64:505-515.
Hoppe, K. M., P. E. Johns, and M. H. Smith. 1984. Biochemical Variability in a Population of
Beaver. Journal of Mammalogy 65:673-675.
Hoving, C. L., D. J. Harrison, W. B. Krohn, R. A. Joseph, and M. O’Brien. 2005. Broad-scale
Predictors of Canada Lynx Occurence in Eastern North America. Journal of Wildlife
Management 69:739-751.
Ims, R. A. and E. Fuglei. 2005. Trophic interaction cycles in tundra ecosystems and the impact of
climate change. Bioscience 55:311–322.
Inman, R. M., K. H. Inman,, C. R. Groves, and A. J. McCue. 2004. Progress Report-- May
2004,Wildlife Conservation Society Greater Yellowstone Wolverine Study. Carnivores 2004
Conference, Defenders of Wildlife.
IUCN. 2009. Artic Foxes and Climate Change: Out-foxed by Arctic Warming. IUCN.
IUCN Polar Bear Specialist Group. 2009. Polar Bear Specialist Group Meeting Report. Retrieved
from http://www.polarbearsinternational.org/polar-bears/will-polar-bears-survive.
Jȩdrzejewski, W., M. Niedziałkowska, S. Nowak, and B. Jȩdrzejewska. 2004. Habitat variables
associated with wolf (Canis lupus) distribution and abundance in northern Poland. Diversity
and Distributions 10:225–233.
Jenkins, E. J., A. M. Veitch, S. J. Kutz, E. P. Hoberg, and L. Polley. 2006. Climate change and the
epidemiology of protostrongylid nematodes in northern ecosystems: Parelaphostrongylus
odocoilei and Protostrongylus stilesi in Dall’s sheep (Ovis dalli). Parasitology 132:387-401.
Jenkins, S. H. and P. E. Busher. 1979. Castor canadensis. Mammalian Species 120:1-8.
Kausrud, K. L., A. Mysterud, H. Steen, J. O. Vik, E. Östbye, B. Cazelles, E. Framstad, A. M.
Eikeset, I. Mysterud, and T. Solhöy, others. 2008. Linking climate change to lemming cycles.
Nature 456:93–97.
Kemp, G. A. and L. B. Keith. 1970. Dynamics and regulation of red squirrel (Tamiasciurus hudsonicus)
populations. Ecology:763–779.
Kerr, J., and L. Packer. 1998. The impact of climate change on mammal diversity in Canada.
Environmental Monitoring and Assessment 49:263–270.
King, C. M. 1983. Mustela erminea. Mammalian Species 195:1-8.
31

Kinler, Q. J., R. H. Chabreck, N. W. Kinler, and R. G. Linscombe. 1990. Effect of tidal flooding on
mortality of juvenile muskrats. Estuaries and Coasts 13:337–340.
Krebs, C. J. (2010). Of lemmings and snowshoe hares: the ecology of northern Canada. Proceedings
of the Royal Society B: Biological Sciences. Retrieved March 31, 2011, from
http://rspb.royalsocietypublishing.org/content/early/2010/10/27/rspb.2010.1992.abstract.
Krebs, C. J., B. L. Keller, and J. H. Myers. 1971. Microtus Population Densities and Soil Nutrients in
Southern Indiana Grasslands. Ecology 52:660-663. Retrieved April 4, 2011.
Krohn, W. B., K. D. Elowe, and R. B. Boone. 1995. Relations among fishers, snow, and martens:
development and evaluation of two hypotheses. Forestry Chronicle 71:97–105.
Kurose, N., A. V. Abramov, and R. Masuda. 2000. Intrageneric diversity of the Cytochrome b gene
and phylogeny of Eurasian species of the genus Mustela (Mustelidae, Carnivora). Zoological
Science 17:673-679.
Kutz, S. J., E. P. Hoberg, L. Polley, and E. J. Jenkins. 2005. Global warming is changing the
dynamics of Arctic host-parasite systems. Proceedings of the Royal Society B: Biological
Sciences 272:2571-2576.
Kyle, C. J., J. F. Robitaille, and C. Strobeck. 2001. Genetic variation and structure of fisher (Martes
pennanti) populations across North America. Molecular Ecology 10:2341–2347.
Kyle, C. J., and C. Strobeck. 2001. Genetic structure of North American wolverine (Gulo gulo)
populations. Molecular Ecology 10:337-347.
Kyle, C. J., and C. Strobeck. 2003. Genetic homogeneity of Canadian mainland marten populations
underscores the distinctiveness of Newfoundland pine martens (Martes americana atrata).
Canadian Journal of Zoology 81:57-66.
Larivière, S. 1999. Mustela vison. Mammalian Species 608:1-9.
Larivière, S. 2001. Ursus americanus. Mammalian Species 647:1–11.
Larivière, S. and M. Pasitschniak-Arts. 1996. Vulpes vulpes. Mammalian Species 537:1-11.
Larivière, S., and L. R. Walton. 1998. Lontra canadensis. Mammalian Species 587:1-8.
Larsen, K. W. and S. Boutin. 1994. Movements, survival, and settlement of red squirrel (Tamiasciurus
hudsonicus) offspring. Ecology 75:214–223.
Larter, L. C. and J. A. Nagy. 1997. Peary caribou, muskoxen and Banks Island forage: Assessing
seasonal diet similarities. Rangifer 17:9-16.
Lawson, E. J. G., and A. R. Rodgers. 1997. Differences in Home-Range Size Computed in
Commonly Used Software Programs. Wildlife Society Bulletin 25:721-729.
Lee, T. N., B. M. Barnes, and C. L. Buck. 2009. Body temperature patterns during hibernation in a
free-living Alaska marmot (Marmota broweri). Ethology Ecology & Evolution 21:403–413.
Lent, P. C. 1988. Ovibos moschatus. Mammalian Species 302:1-9.
Leonard, J. A., C. Vila, and R. K. Wayne. 2005. Legacy lost: genetic variability and population size of
extirpated US grey wolves (Canis lupus). Molecular Ecology 14:9–17.
LeResche, R. E. 1974. Moose migrations in North America. Naturaliste Canadien 101:393-415.
Lidicker Jr, W. Z. and J. L. Patton. 1987. Patterns of dispersal and genetic structure in populations of
small rodents. Pp. 144-161 in Mammalian Dispersal Patterns: The Effects Of Social
Structure On Population Genetics (Chepko-Sade, B.D. and Z.T. Halpin, eds.). University of
Chicago Press. 342 pages.
Lindroth, R. L. and G. O. Batzli. 1984. Food habits of the meadow vole (Microtus pennsylvanicus) in
bluegrass and prairie habitats. Journal of Mammalogy 65:600–606.
Long, C. A. 1974. Microsorex hoyi and Microsorex thompsoni. Mammalian Species 33:1-4.
Luikart, G., F. W. Allendorf, J. M. Cornuet, and W. B. Sherwin. 1998. Distortion of allele frequency
distributions provides a test for recent population bottlenecks. Journal of Heredity 89:238.
Lukáĉová, L., J. Zima, and V. T. Volobouev. 1996. Karyotypic variation in Sorex tundrensis (Soricidae,
32

Insectivora). Hereditas 125:233–238.
MacCracken, J. G. and R. M. Hansen. 1987. Coyote feeding strategies in Southeastern Idaho:
optimal foraging by an opportunistic predator? The Journal of Wildlife Management 51:278–
285.
MacCracken, J. G., D. W. Uresk, and R. M. Hansen. 1985. Habitat used by shrews in southeastern
Montana. Northwest Science 59:24-27.
Macdonald, D. W. and J. C. Reynolds. (n.d.). Vulpes vulpes. IUCN Redlist. IUCN. Retrieved from
http://www.iucnredlist.org/apps/redlist/details/23062/0.
Mallach, N. 1972. Translokationsversuche mit bisamratten (Ondatra zibethica L.). Anzeiger für
Schädlingskunde 45:40–44.
Martínez-Meyer, E., A. Townsend Peterson, and W. W. Hargrove. 2004. Ecological niches as stable
distributional constraints on mammal species, with implications for Pleistocene extinctions
and climate change projections for biodiversity. Global Ecology and Biogeography 13:305–
314.
Maser, C., J. M. Trappe, and R. A. Nussbaum. 1978. Fungal-small mammal interrelationships with
emphasis on Oregon coniferous forests. Ecology 59:799–809.
Maurer, E. P., L. Brekke, T. Pruitt, and P. B. Duffy. 2007. Fine-resolution climate projections
enhance regional climate change impact studies. Eos Trans. AGU 88:504.
McCarty, J. P. 2001. Ecological consequences of recent climate change. Conservation Biology
15:320–331.
McKelvey, K. S., J. P. Copeland, M. K. Schwartz, J. S. Littell, K. B. Aubry, J. R. Squires, S. A. Parks,
M. M. Elsner, and G. S. Mauger. 2010. Predicted Effects of Climate Change on Wolverine
Distribution and Movement in Western North America.
Mech, L. D. and H. D. Cluff. 2010. Long daily movements of wolves, Canis lupus, during pup
rearing. The Canadian Field-Naturalist 123:68–69.
Melquist, W. E., and M. G. Hornocker. 1983. Ecology of river otters in west central Idaho. Wildlife
Monographs:3–60.
Moritz, C., J. L. Patton, C. J. Conroy, J. L. Parra, G. C. White, and S. R. Beissinger. 2008. Impact of
a century of climate change on small-mammal communities in Yosemite National Park,
USA. Science 322:261-264.
Morris, D. W., D. L. Davidson, and C. J. Krebs. 2000. Measuring the ghost of competition: insights
from density-dependent habitat selection on the co-existence and dynamics of lemmings.
Evolutionary Ecology Research 2:41–67.
Multi-Resolution Land Characteristics Consortium. (undated). National Land Cover Data Set.
Retrieved from http://www.mrlc.gov/.
Murray, D. L. and S. Boutin. 1991. The influence of snow on lynx and coyote movements: does
morphology affect behavior? Oecologia 88:463–469.
NatureServe. (undated). The NatureServe Climate Change Vulnerability Index. Retrieved April 5,
2011a, from http://www.natureserve.org/prodServices/climatechange/ccvi.jsp.
NatureServe. (undated). NatureServe Explorer: An Online Encyclopedia of Life. Retrieved April 5,
2011b, from http://www.natureserve.org/explorer/.
Nellemann, C. and P. E. Reynolds. 1997. Predicting late winter distribution of muskoxen using an
index of terrain ruggedness. Arctic and Alpine Research 29:334–338.
Northcott, T. H. 1971. Winter predation of Mustela erminea in northern Canada. Arctic 24:141–143.
Nowak, R. M. 1991. Walker’s Mammals of the World, Fifth Edition. The Johns Hopkins University
Press, Baltimore, MD.
Nyström, V., A. Angerbjörn, and L. Dalén. 2006. Genetic consequences of a demographic
bottleneck in the Scandinavian arctic fox. Oikos 114:84–94.
33

Oksanen, L. 1983. Trophic exploitation and Arctic phytomass patterns. The American Naturalist
122:45-52.
Ostfeld, R. S. 1985. Limiting resources and territoriality in microtine rodents. The American
Naturalist 126:1-15.
Ostfeld, R. S. and R. H. Manson. 1996. Long-distance homing in meadow voles, Microtus
pennsylvanicus. Journal of Mammalogy 77:870-873.
Paetkau, D., S. C. Amstrup, E. W. Born, W. Calvert, A. E. Derocher, G. W. Garner, F. Messier, I.
Stirling, M. K. Taylor, and Ö. Wiig, others. 1999. Genetic structure of the world’s polar bear
populations. Molecular Ecology 8:1571–1584.
Paetkau, D., L. P. Waits, P. L. Clarkson, L. Craighead, E. Vyse, R. Ward, and C. Strobeck. 1998.
Variation in genetic diversity across the range of North American brown bears.
Conservation Biology 12:418-429.
Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climatechange impacts across
natural systems. Nature 421:37-42.
Pasitschniak-Arts, M. 1993. Ursus arctos. Mammalian Species 439:1-10.
Pasitschniak-Arts, M., and S. Lariviere. 1995. Gulo gulo. Mammalian Species 499:1-10.
Pernetta, J. 1994. Impacts of climate change on ecosystems and species: Implications for protected
areas. IUCN.
Pfeifer, E., J. Ruhlman, B. Middleton, D. Dye, and A. Acosta. 2010. Initial Results from a Study of
Climatic Changes and the Effect on Wild Sheep Habitat in Selected Study Areas of Alaska.
U.S.Geological Survey.
Post, E. and M. C. Forchhammer. 2008. Climate change reduces reproductive success of an Arctic
herbivore through trophic mismatch. Philosophical Transactions of the Royal Society B:
Biological Sciences 363:2367.
Prestrud, P. 1991. Adaptations by the Arctic Fox (Alopex lagopus) to the Polar Winter. Arctic 44:132138.
Prost, S., N. Smirnov, V. B. Fedorov, R. S. Sommer, M. Stiller, D. Nagel, M. Knapp, and M.
Hofreiter. 2010. Influence of climate warming on arctic mammals? New insights from
ancient DNA studies of the collared lemming Dicrostonyx torquatus. PLoS ONE 5:e10447.
Retrieved April 5, 2011.
Raine, R. M. 1983. Winter habitat use and responses to snow cover of fisher (Martes pennanti) and
marten (Martes americana) in southeastern Manitoba. Canadian Journal of Zoology 61:25–34.
Raine, R. M. 1989. Winter food habits, responses to snow cover and movements of fisher (Martes
pennanti) and marten (Martes americana) in southeastern Manitoba.
Rausch, R. L. and V. R. Rausch. 1971. The somatic chromosomes of some North American
marmots (Sciuridae), with remarks on the relationships of Marmota browerii Hall and Gilmore.
Faculty Publications from the Harold W. Manter Laboratory of Parasitology 35:85-101.
Reichel, J. D. and S. G. Beckstrom. 1993. Northern bog lemming survey. Montana Natural Heritage
Program.
Reichel, J. D. 1995. Northern bog lemming survey. USDI Bureau of Land Management.
Reynolds, P. E., K. J. Wilson, and D. R. Klein. 2002. Section 7: Muskoxen. Pages 54-64. biological
science report, USGS.
Rodgers, A. R. 1990. Summer movement patterns of arctic lemmings (Lemmus sibiricus and
Dicrostonyx groenlandicus). Canadian Journal of Zoology 68:2513–2517.
Rodgers, A. R., and M. C. Lewis. 1985. Diet selection in Arctic lemmings (Lemmus sibericus and
Dicrostonyx groenlandicus): food preferences. Canadian Journal of Zoology 63:1161–1173.
Rodgers, A. R. and M. C. Lewis. 1986. Diet selection in Arctic lemmings (Lemmus sibiricus and
Dicrostonyx groenlandicus): demography, home range, and habitat use. Canadian Journal of
34

Zoology 64:2717–2727.
Rogers, L. L. 1987a. Navigation by adult black bears. Journal of mammalogy 68:185–188.
Rogers, L. L. 1987b. Effects of food supply and kinship on social behavior, movements, and
population growth of black bears in northeastern Minnesota. Wildlife Monographs:3–72.
Rosell, F., O. Bozser, P. Collen, and H. Parker. 2005. Ecological impact of beavers Castor fiber and
Castor canadensis and their ability to modify ecosystems. Mammal Review 35:248–276.
Ruggiero, L. F., K.B Aubry, S.W. Buskirk, G.M. Koehler, C.J. Krebs, K.S. McKelvey, and J.R
.Squires. 1999. Ecology and conservation of lynx in the United States. General Technical
Report RMRS-GTR-30WWW. Fort Collins, CO: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station.
Rupp, S. (undated). Projected Vegetation and Fire Regime Response to Future Climate Change in
Alaska. U.S. Fish and Wildlife Service National Wildlife Refuge System, University of Alaska,
Fairbanks.
Rupp, T. S., M. Olson, L. G. Adams, B. W. Dale, K. Joly, J. Henkelman, W. B. Collins, and A. M.
Starfield. 2006. Simulating the influences of various fire regimes on caribou winter habitat.
Ecological Applications 16:1730–1743.
Rust, C. C. 1962. Temperature as a modifying factor in the spring pelage change of short-tailed
weasels. Journal of Mammalogy 43:323-328.
Ryan, J. M. 1986. Dietary overlap in sympatric populations of pygmy shrews, Sorex hoyi, and masked
shrews, Sorex cinereus, in Michigan. Canadian Field-Naturalist 100:225–228.
Ryman, N., C. Reuterwall, K. Nygrén, and T. Nygrén. 1980. Genetic variation and differentiation in
Scandinavian moose (Alces alces): are large mammals monomorphic? Evolution 34:1037-1049.
Sage, R. D. and J. O. Wolff. 1986. Pleistocene glaciations, fluctuating ranges, and low genetic
variability in a large mammal (Ovis dalli). Evolution 40:1092-1095.
Schwartz, M. K., L. S. Mills, K. S. McKelvey, L. F. Ruggiero, and F. W. Allendorf. 2002. DNA
reveals high dispersal synchronizing the population dynamics of Canada lynx. Nature
415:520-522.
Schwartz, M. K., L. S. Mills, Y. Ortega, L. F. Ruggiero, and F. W. Allendorf. 2003. Landscape
location affects genetic variation of Canada lynx (Lynx canadensis). Molecular Ecology
12:1807–1816.
Schwartz, M. K., J. P. Copeland, N. J. Anderson, J. R. Squires, R. M. Inman, K. S. Mckelvey, K. L.
Pilgrim, L. P. Waits, and S. A. Cushman. 2009. Wolverine gene flow across a narrow climatic
niche. Ecology 90:3222-3232.
Serfass, T. L., R. P. Brooks, J. M. Novak, P. E. Johns, and O. E. Rhodes. 1998. Genetic variation
among populations of river otters in North America: considerations for reintroduction
projects. Journal of Mammalogy 79:736–746.
Sheffield, S. R. and C. M. King. 1994. Mustela nivalis. Mammalian Species 454:1-10.
Sheftel, B. I. 1989. Long-term and seasonal dynamics of shrews in central Siberia. Annales Zoologici
Fennici 26:357-369.
Simonsen, V. 1982. Electrophoretic variation in large mammals II. The red fox, Vulpes vulpes, the
stoat, Mustela erminea, the weasel, Mustela nivalis, the pole cat, Mustela putorius, the pine marten,
Martes martes, the beech marten, Martes foina, and the badger, Meles meles. Hereditas 96:299–
305.
Slough, B. G. and R. Sadleir. 1977. A land capability classification system for beaver (Castor canadensis
Kuhl). Canadian Journal of Zoology 55:1324–1335.
Smith, M. E., and M. C. Belk. 1996. Sorex monticolus. Mammalian Species 528:1-5.
Spong, G., and L. Hellborg. 2002. A near-extinction event in lynx: do microsatellite data tell the tale?
Conservation Ecology 6:15.
35

Squires, J. R., L. F. Ruggiero, J. A. Kolbe, and N. J. DeCesare. (undated). Lynx Research Program
Update. Retrieved from
http://www.rmrs.nau.edu/wildlife/forest_carnivores/lynx/research/index.php.
Steele, M. A. 1998. Tamiasciurus hudsonicus. Mammalian Species 586:1-9.
Steen, H. 1994. Low survival of long distance dispersers of the root vole (Microtus oeconomus). Annales
Zoologici Fennici 31:271-274.
Steppan, S. J., M. R. Akhverdyan, E. A. Lyapunova, D. G. Fraser, N. N. Vorontsov, R. S.
Hoffmann, and M. J. Braun. 1999. Molecular phylogeny of the marmots (Rodentia:
Sciuridae): tests of evolutionary and biogeographic hypotheses. Systematic Biology 48:715734.
Stocks, B. J., M. A. Fosberg, T. J. Lynham, L. Mearns, B. M. Wotton, Q. Yang, J. Z. Jin, K.
Lawrence, G. R. Hartley, J. A. Mason, and D. W. McKenney. 1998. Climate change and
forest fire potential in Russian and Canadian boreal forests. Climatic Change 38:1–13.
Struzik, E. 2010. A troubling decline in the caribou herds of the Arctic. Retrieved April 4, 2011,
http://e360.yale.edu/feature/a_troubling_decline_in_the_caribou_herds_of_the_arctic_/23
21/.
Sullivan, J. 1995. Lepus americanus. In: Fire Effects Information System. USDA Forest Service, Rocky
Mountain Research Station. Retrieved from
http://www.fs.fed.us/database/feis/animals/mammal/leam/all.html.
Sullivan, T. P., R. A. Lautenschlager, and R. G. Wagner. 1999. Clearcutting and burning of northern
spruce-fir forests: implications for small mammal communities. Journal of Applied Ecology
36:327-344.
Sun, C. 1997. Dispersal of young in red squirrels (Tamiasciurus hudsonicus). American Midland
Naturalist 138:252–259.
Sun, L., D. Müller-Schwarze, and B. A. Schulte. 2000. Dispersal pattern and effective population size
of the beaver. Canadian Journal of Zoology 78:393–398.
Sweitzer, R. A. and J. Berger. 1998. Evidence for female-biased dispersal in North American
porcupines (Erethizon dorsatum). Journal of Zoology 244:159–166.
Swenson, J. E., S. J. Knapp, P. R. Martin, and T. C. Hinz. 1983. Reliability of aerial cache surveys to
monitor beaver population trends on prairie rivers in Montana. The Journal of Wildlife
Management 47:697–703.
Swihart, R. K., T. M. Gehring, M. B. Kolozsvary, and T. E. Nupp. 2003. Responses of
“resistant”vertebrates to habitat loss and fragmentation: the importance of niche breadth
and range boundaries. Diversity and Distributions 9:1–18.
Tesky, J. L. 1994. Mydodes rutilis. In Fire Effects Information System. USDA Forest Service, Rocky
Mountain Research Station. Retrieved from
http://www.fs.fed.us/database/feis/animals/mammal/myru/all.html.
Tesky, J. L. 1995. Vulpes vulpes. In: Fire Effects Information System. USDA Forest Service, Rocky
Mountain Research Station. Retrieved from
http://www.fs.fed.us/database/feis/animals/mammal/vuvu/all.html.
Thomas, D. C., and D. P. Hervieux. 1986. The late winter diets of barren-ground caribou in NorthCentral Canada. Rangifer:305-310.
Tigas, L. A., D. H. Van Vuren, and R. M. Sauvajot. 2002. Behavioral responses of bobcats and
coyotes to habitat fragmentation and corridors in an urban environment. Biological
Conservation 108:299–306.
Timoney, K., G. Peterson, P. Fargey, M. Peterson, S. McCanny, and R. Wein. 1997. Spring ice-jam
flooding of the Peace-Athabasca Delta: Evidence of a climatic oscillation. Climatic change
35:463–483.
36

Toweill, D. E. and R. G. Anthony. 1988. Coyote foods in a coniferous forest in Oregon. The
Journal of Wildlife Management 52:507–512.
U.S. Fish and Wildlife Service. 2008. Endangered and Threatened Wildlifeand Plants; Determination
ofThreatened Status for the Polar Bear (Ursus maritimus) Throughout Its Range. Federal
Register 73:28212-28303.
U.S. Fish and Wildlife Service. 2010. Federal Register. Fish and Wildlife Service 75:78030-78061.
Vangen, K. M., J. Persson, A. Landa, R. Andersen, and P. Segerström. 2001. Characteristics of
dispersal in wolverines. Canadian Journal of Zoology 79:1641–1649.
Viitala, J. 1987. Social organization of Clethrionomys rutilus (Pall.) at Kilpisjärvi, Finnish Lapland.
Annales Zoologici Fennici 24:267-273.
Vinogradov, V. V. 2008. Number and distribution of dominant species of common shrews of Sorex
genus across Kuznetsk Alatau Ridge. Contemporary Problems of Ecology 1:608-610.
Vors, L. S. and M. S. Boyce. 2009. Global declines of caribou and reindeer. Global Change Biology
15:2626-2633.
Walker, C. W., C. Vila, A. Landa, M. Linden, and H. Ellegren. 2001. Genetic variation and
population structure in Scandinavian wolverine (Gulo gulo) populations. Molecular Ecology
10:53–63.
Walther, G., E. Post, P. Convey, A. Menzel, C. Parmesan, T. J. C. Beebee, J. Fromentin, O. HoeghGuldberg, and F. Bairlein. 2002. Ecological responses to recent climate change. Nature
416:389-395.
Wang, G., N. Thompson Hobbs, F. J. Singer, D. S. Ojima, and B. C. Lubow. 2002. Impacts of
climate changes on elk population dynamics in Rocky Mountain National Park, Colorado,
USA. Climatic Change 54:205–223.
Watts, D. E., L. G. Butler, B. W. Dale, and R. D. Cox. 2010. The Ilnik wolf Canis lupus pack: use of
marine mammals and offshore sea ice. Wildlife Biology 16:144–149.
Way, J. G., P. J. Auger, I. M. Ortega, and E. G. Strauss. 2001. Eastern coyote denning behavior in an
anthropogenic environment. Northeast Wildlife 56:18–30.
Wayne, R. K., N. Lehman, M. W. Allard, and R. L. Honeycutt. 1992. Mitochondrial DNA variability
of the gray wolf: genetic consequences of population decline and habitat fragmentation.
Conservation Biology 6:559–569.
Whitaker Jr, J. O. 2004. Sorex cinereus. Mammalian Species 743:1–9.
White, R. G. and J. Trudell. 1980. Habitat Preference and Forage Consumption by Reindeer and
Caribou near Atkasook, Alaska. Arctic and Alpine Research 12:511-529. Retrieved April 4,
2011.
Wilbert, C. J., S. W. Buskirk, and K. G. Gerow. 2000. Effects of weather and snow on habitat
selection by American martens (Martes americana). Canadian Journal of Zoology 78:1691–
1696.
Williams, S. E., L. P. Shoo, J. L. Isaac, A. A. Hoffmann, and G. Langham. 2008. Towards an
integrated framework for assessing the vulnerability of species to climate change. PLoS
Biology 6.
Wilmers, C. C., and W. M. Getz. 2005. Gray Wolves as Climate Change Buffers in Yellowstone.
PLoS Biology 3:e92.
Wilson, D. E. and D. M. Reeder. 1993. Mammal Species of the World: A Taxonomic and
Geographic Reference. Smithsonian Institution Press, Washington, DC.
Wilson, G. M., R. A. Van Den Bussche, P. K. Kennedy, A. Gunn, and K. Poole. 2000. Genetic
variability of wolverines (Gulo gulo) from the Northwest Territories, Canada: conservation
implications. Journal of Mammalogy 81:186–196.
Wolff, J. O. and W. Z. Lidicker Jr. 1980. Population ecology of the taiga vole, Microtus xanthognathus,
37

in interior Alaska. Canadian Journal of Zoology 58:1800–1812.
Wolff, J. O. and W. Z. Lidicker. 1981. Communal winter nesting and food sharing in taiga voles.
Behavioral Ecology and Sociobiology 9:237–240.
Woods, C. A. 1973. Erethizon dorsatum. Mammalian Species 29:1-6.
Yahner, R. H. 1992. Dynamics of s Small Mammal Community in a Fragmented Forest. American
Midland Naturalist 127:381-391.
Yamasaki, M., and A. Karedes. (undated). Northern Bog Lemming Species Profile. Pp. A--312-17 in
New Hampshire Wildlife Action Plan. Retrieved from
http://extension.unh.edu/resources/files/Resource001071_Rep1314.pdf
Yom-Tov, Y., S. Yom-Tov, and G. Jarrell. 2008. Recent increase in body size of the American
marten Martes americana in Alaska. Biological Journal of the Linnean Society 93:701–707.
Yom-Tov, Y. and J. Yom-Tov. 2005. Global warming, Bergmann’s rule and body size in the masked
shrew Sorex cinereus Kerr in Alaska. Journal of Animal Ecology 74:803-808.
Young, B. E., K. R. Hall, E. Byers, K. Gravuer, G. Hammerson, A. Redder, and K. Szabo. 2010. A
natural history approach to rapid assessment of plant and animal vulnerability to climate
change. Page Conserving Wildlife Populations in a Changing Climate. University of Chicago
Press, Chicago, IL.
Young, B., E. Byers, K. Gravuer, K. Hall, G. Hammerson, and A. Redder. (undated). Guidelines for
Using the NatureServe Climate Change Vulnerability Index. NatureServe. Retrieved from
http://www.natureserve.org/prodServices/climatechange/pdfs/Guidelines_NatureServeCli
mateChangeVulnerabilityIndex_r2.0_Apr10.pdf.
Ytrehus, B., T. Bretten, B. Bergsj\o, and K. Isaksen. 2008. Fatal pneumonia epizootic in musk ox
(Ovibos moschatus) in a period of extraordinary weather conditions. EcoHealth 5:213–223.
Zimmerling, T. N. 2001. Influence of Pre-commercial Thinning of Second Growth Coniferous
Forests in Northwestern British Columbia on Porcupine (Erethizon dorsatum) Movements,
Mortality and Foraging. The University of British Columbia.

38

