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Abstract
Climate-change impacts to Department of Defense (DoD) installations will challenge military mission and natural resource
stewardship efforts by increasing vulnerability to flooding, drought, altered fire regimes, and invasive species. We developed
biome classifications based on current climate for the coterminous United States using the Holdridge Life Zone system to assess
potential change on DoD lands. We validated classifications using comparisons to existing ecoregional classifications, the
distribution of major forest types, and tree species in eastern North America. We projected future life zones for mid- and late-
century time periods under three greenhouse gas emission scenarios (low—B1, moderate—A1B, and high—A2) using an
ensemble of global climate models. To assess installation vulnerability (n= 529), we analyzed biome shifts using spatial cluster
analysis to characterize interregional variation, and identified representative installations for subsequent landscape-level analyses.
Although mean annual temperatures are expected to increase, installations located in the Northeast, Lake States, and western
Great Plains are likely to experience the largest proportional increases in temperature. Accordingly, forest and grassland
communities at these installations managed to support a wide range of training, and environmental objectives may be adversely
affected by altered disturbance regimes, heat, and moisture stress. However, precipitation is projected to increase in the Northeast
and Lake States mitigating some effects of increased temperatures on biological communities. Given the uncertain response to
climate change in different ecoregions, additional environmental and stewardship attributes are needed within a decision-support
framework to understand vulnerabilities and provide appropriate responses.
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Introduction

Scientific evidence continues to mount that the recent period
of climatic warming is exceptional when compared with
temperature fluctuations over the past 150 years, especially
at higher latitudes (IPCC 2014). Arctic sea ice appears to be
shrinking at an unprecedented rate, and mean global sea
levels continue to rise, trends linked to the continued

increase in carbon dioxide (CO2) and other greenhouse
gases in the Earth’s atmosphere (Hinzman et al. 2005; Notz
and Stroeve 2016). Mean global air and sea temperatures
also continue to rise, and most current general circulation or
global climate models (GCMs) project these trends to
continue over the next century under most emission sce-
narios (IPCC 2014). A wide range of potential impacts on
terrestrial, aquatic, and marine ecosystems throughout the
world have been documented, and many more postulated if
the current rate of warming continues as projected (Walther
et al. 2002; Parmesan and Yohe 2003; Menzel et al. 2006;
Botkin et al. 2007; Post et al. 2009; Balmaseda et al. 2013;
Moritz and Agudo 2013; IPCC 2014). Bergengren et al.
(2011) estimate that as much as 37% of the Earth’s terres-
trial ecosystems could experience biome-level changes
under the most severe warming scenarios.

In the United States (US), numerous studies over the past
decade have also outlined the potential impacts of global
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warming on forest ecosystems, including general declines in
growth and productivity (Potter et al. 2012), increased like-
lihood of damage from insect pests and pathogens (Lovett et al.
2006; Dukes et al. 2009), significant shifts in tree species
abundance and ranges (Iverson et al. 2008; Dale et al. 2010;
Pucko et al. 2011), negative impacts to life cycles and dis-
tributions of fauna (Rodenhouse et al. 2008, 2009) and changes
to biogeochemical and hydrologic cycles (Hayhoe et al. 2007;
Campbell et al. 2009). Many of these potential impacts are of
concern to natural resource managers at Department of Defense
(DoD) installations that are responsible for managing large
areas to support sustainable range management and training
activities while also supporting natural resource stewardship
activities. Similar to other federal land managers in the US,
resource professionals on DoD installations must comply with
requirements of the Clean Water Act, Endangered Species Act,
National Environmental Policy Act, the Sikes Act, and other
federal environmental legislation, as well as state and local
environmental regulations.

Accordingly, DoD land managers could use guidance on
how rapid climate change could affect resources in both the
short- and long term. Although there is agreement among cli-
mate scientists on the general trend in atmospheric warming
during the 20th century and projections for CO2-induced
temperature increases, there remains considerable uncertainty
about how warmer and/or changed climates will impact natural
ecosystems at regional (subcontinental) and larger scales (Clark
et al. 2001; Millar et al. 2007; Herr et al. 2016; Luce et al.
2016). A major driver of uncertainty is disagreement among
GCMs in predictions of future precipitation patterns. As mean
annual temperature (MAT) increases, evapotranspiration is
expected to increase in many areas of the world (Seneviratne
et al. 2006; Bonan 2008; Jung et al. 2010), but if precipitation
also increases, the effects of higher temperatures could be
mitigated to some degree. For eastern North America, most
models predict a 0–10% increase in precipitation by the latter
part of the century (IPCC 2014). However, some models
indicate a 0–10% reduction in precipitation for the southern tier
states in the US, and overall, precipitation predictions from
current GCMs are within the range of natural climatic varia-
bility for much of the eastern half of the country (IPCC 2014).
Further, Deser et al. (2012) showed that significant regional
variations in both temperature and precipitation projections can
occur even within a single GCM when natural climatic varia-
tion is considered. Using 40 simulations based on the National
Center for Atmospheric Research, Community Climate System
Model (CCSM3) with identical climate forcings for North
America, Deser et al. (2012) concluded that consistent pre-
diction of similar climate trends (similar sign and magnitude)
was only achievable for a few years beyond the limits of
observed conditions. Over the next 50+ years, their results
indicated that all of the 40 ensemble projections were “plau-
sible outcomes”, and that natural variation in temperature and

precipitation patterns contributed significantly to model
uncertainty. Fangxing et al. (2013) highlighted that both GCMs
and downscaled climate models exhibit significant biases in
future predictions of temperature and precipitation patterns at a
regional scale, finding no statistically significant trends in
precipitation for the northeastern US for end-of-century pro-
jections under relatively high CO2 emission scenarios. Hall
(2014) suggested that downscaling of GCM outputs might be
appropriate in areas with relatively homogeneous regional cli-
mates (e.g., mid-continent regions with little topographic
relief), but might produce unreliable estimates of future climatic
conditions in regions with complex topography or contrasting
land cover (e.g., strong regional effects on temperature and
precipitation from the Great Lakes).

Responses to rapid global warming are likely to be
highly regionalized, and it is unclear if predicting specific
local impacts (e.g., increase or decrease in wetland areas,
changes in endangered species’ populations/distribution, or
likelihood of tree species becoming regionally extirpated) at
various DoD installations in widely differing bioclimatic
regions is appropriate using current global and regional
climate models (Araujo et al. 2005; Guisan and Thuiller
2005). Pielke et al. (2007) suggested that a vulnerability or
risk-assessment approach might provide a more compre-
hensive framework for examining the many potential
impacts of rapid global warming on ecological systems.
Presently, factors, such as patterns and trends in land use,
human population density, availability of required habitat
components, and even sociopolitical processes, can have far
more pervasive effects on species’ distribution and altera-
tion of ecological processes than climate—especially at
local geographic scales and over relatively short time peri-
ods (Hansen et al. 2001; Bonan 2008; Hof et al. 2011).
Therefore, understanding how potential changes in broad
temperature and moisture patterns might affect major
biomes and their constituent ecosystem services is a critical
starting point for developing a comprehensive vulnerability
index at an ecoregion scale for the DoD (ERDC 2010).
Given the level of uncertainty in projections of future
temperature and precipitation patterns associated with cur-
rent global and regional climate models and the expected
differential response of ecosystems in different biogeo-
graphic settings, we sought to examine the relative vulner-
ability of military installations to potential biome shifts as
opposed to attempting to quantify specific resource impacts.

Methods

Data Acquisition and Processing

Our response study area consisted of 596 DoD installations
located in the coterminous US (see Appendix, Table 3 for
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the list of installations) that, in addition to major installa-
tions where large numbers of troops are housed and trained,
included training ranges, munition-storage sites (arsenals),
historical sites, National Guard training areas and other
miscellaneous locations managed by the DoD. To model
potential biome shifts, we applied the Holdridge life zone
system (Holdridge 1947, 1965) to the coterminous US and
projected over time using climatic outputs from GCMs. The
Holdridge system incorporates MAT, mean annual pre-
cipitation (MAP), and potential evapotranspiration (PEVT)
to define major life zones or biomes. Developed primarily
through research in Central America and the Caribbean, this
model has been applied in many areas of the world,
including North America (Lugo et al. 1999), Australia (Jia
et al. 2012), and globally (Emanuel et al. 1985; Olson et al.
2001; Sisneros et al. 2011). Although not designed to be as
detailed as more recently developed ecological classifica-
tions used in the US (e.g., Cleland et al. 1997; Comer et al.
2003; Omernik and Griffith 2014), the Holdridge system
relies directly on simple climatic variables modeled by all
GCMs, and in many ways, avoids the complex geologic,
edaphic, and floristic components used by other classifica-
tions that are difficult to relate objectively to output from
GCMs (Lugo et al. 1999). Moreover, the coarse resolution
of the Holdridge system is consistent with the spatial,
temporal, and predictive limitations of current climate
models, and provides a more suitable framework for ana-
lyzing small-scale (large-area) phenomena, such as biome
shifts or changes in the geographic range of a species. For
the purposes of our project, the Holdridge system provided
a means to analyze current and projected climate regimes
for military installations in the US that were very climate-
centric and relatable in a natural resource management
context. We graphically represented MAT and precipitation
values within the context of the Holdridge life zone system
to better understand how installations were distributed
across life zone classes, and to begin developing bioclimatic
groupings for subsequent analyses.

To provide input for Holdrige life zone shifts, we
downloaded climate data (MAT and MAP) in ASCII raster
format covering the coterminous US from the ClimateWi-
zard website (Girvetz et al. 2009; http://www.climatewiza
rd.org) for three time periods (current, mid-21st century,
and late-21st century) and three future emission scenarios.
Current conditions comprised monthly temperature and
precipitation data collected at ~8000 observation points
from 1895 to 1997 (Gibson et al. 2002), and we modeled
them as a 4-km-resolution grid using climatologically aided
interpolation (Parameter-elevation Relationships on Inde-
pendent Slopes Model, PRISM, Daly et al. 1994, 2008).
The PRISM model incorporates geographic and physio-
graphic factors to correct for orographic effects on tem-
perature and precipitation in mountainous and coastal

regions (Daly et al. 2008). The ClimateWizard tool utilizes
PRISM data from 1951 to 2006 as the basis for the “His-
torical 4 km Lower 48” dataset because observational data
from the latter part of the 20th century were more abundant
(larger number of weather stations) and we considered them
more reliable. We modeled MAT and MAP for 2055 and
2085 using average values from an ensemble of 16 GCMs
(Girvetz et al. 2009; see Appendix, Table 3) because
climate-change studies have shown that using averaged
values from multiple models produces more reliable esti-
mates of climatic means than any single GCM (Gleckler
et al. 2008; Pierce et al. 2009). Data available from the
ClimateWizard site are based on downscaled global climate
projections from the World Climate Research Program’s
Coupled Model Intercomparison Project phase 3 (CMIP3)
multimodel dataset (Maurer et al. 2007; Meehl et al. 2007).
The three emission scenarios (Nakicenovic et al. 2000) we
used from the ClimateWizard site were B1 (aggressive
conservation and alternative energy utilization strategies are
adopted early in the century, and CO2 levels decrease by
25% by 2100), A1B (carbon dioxide levels continue to rise
until mid-century when conservation and alternative energy
utilization strategies begin to reduce emissions to ~25%
above current levels by 2100), and A2 (human populations
continue to utilize high levels of fossil fuels over the next
century, and CO2 concentrations continue to rise to triple
the current concentration by 2100). These scenarios are
projected to result in mean annual global surface tempera-
ture increases of 1.7, 2.7, and 3.5° C, respectively, above
the current mean global surface temperature by the end of
the century. Due to the imprecise nature of GCMs, each
scenario has a large variance associated with projected
temperature increases. For example, for the A2 scenario,
projected increases in mean annual global surface tem-
perature by 2100 range from 2.0 to 5.4° C. Because it was
necessary to estimate shifts in boreal life zones across the
northern border of the US and into southern Canada, we
acquired additional climate data based on a single GCM
(the National Center for Atmospheric Research, Parallel
Climate Model 1.4 (PCM) available at http://gdo-dcp.ucllnl.
org/downscaled_cmip_projections/; Washington et al.
2000) directly from the CMIP3 website. However, we only
projected data projected for 2085 under the A2 scenario.

We then imported data into a geographic information
system (GIS; ArcGIS 10.2, ESRI, Redlands CA1) to derive
MAT, MAP, and mean annual PEVT surfaces for 2085
covering the coterminous US and southern Canada. We
recognized that life zones in Canada derived from the single
PCM dataset could be quite different from those derived
from ensemble projections acquired from the

1 Any use of trade, firm, or product names is for descriptive purposes
only and does not imply endorsement by the US Government.
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ClimateWizard site; however, the PCM model has been
shown to approximate median results in comparison with
other widely used GCMs in terms of projecting mean
annual global surface air temperatures at multidecadal
scales (AchutaRao et al. 2004). We resampled historical
climate data from 4 to 12-km spatial resolution to match the
resolution of data for future GCM projections. Our data
were projected and georeferenced to the North American
Lambert Conformal Conic projection to ensure that sub-
sequent calculations of area and distance were more accu-
rate relative to using nonprojected data. We developed a
preliminary cartographic model to guide processing of cli-
mate data into maps of Holdridge life zone classes covering
the coterminous US. We reclassified continuous raster data
downloaded from the ClimateWizard site or derived from
CMIP3 data into categories using class thresholds from the
Holdridge system. We used the COMBINE function in the
ArcGIS Spatial Analyst Toolbox to delineate all unique
combinations of categorical data and create raster maps of
life zone classes for each date and emission scenario. A
majority filter was applied to life zone maps to remove
individual outlier pixels.

Once all processing steps were tested and finalized, our
final cartographic model was developed using ArcGIS
ModelBuilder to automate the classification process (Fig. 1).
We visually compared the final life zone maps with dis-
tributions of major forest formations and ecological units in
the eastern US to assess how well life zones based on his-
torical climate data fit with widely used descriptions of
vegetation and ecological systems. Spatial data depicting an
updated version of forest formations originally described by
Braun (1950) as modified by Dyer (2006) to account for
widespread landscape change in the late 19th and early 20th
centuries were overlaid on Holdridge life zones in ArcGIS.
We acquired province-level data from the National Hier-
archical System of Ecological Units (ECOMAP, Cleland
et al. 1997) for comparison with life zone maps. ECOMAP
incorporates a hierarchical framework for classifying and
mapping ecological units from a continental scale
(1:7,500,000) to landscape units applicable to forest man-
agement (1:24,000), and has been widely used as the basis
for analyzing species distributions, climate change, and other
biogeographic studies. The major climate zones in North
America are captured at the “Division” level in ECOMAP,
but vegetation formations (e.g., boreal forest, prairie, and
steppe–shrub) are described at the province level and pro-
vided a higher level of geographic detail for relating Hol-
dridge Life Zones to broad biological communities.

Assessing Change

For the eastern half of the US, we extracted the latitude and
longitude of centroids derived from ellipses fitted to each

Holdridge life zone from spatial data layers for all emission
scenarios at years 2006, 2055, and 2085 using the Zonal
Geometry Tool in ArcGIS 10.2. We then calculated the
distance between current and projected life zone centroids
and general direction of shifts. We combined life zones with
relatively similar climatic conditions and geographic dis-
tributions to simplify analyses and interpretation of the
results. In addition, life zones in the southern Appalachian
Mountains with very small areas (<1000 km2) were not
included in tabular summaries. Many of these zones com-
prised only 1–2 map pixels, and although interesting from
an ecological perspective, our confidence in their classifi-
cation and positional accuracy was low. Similarly, we
determined using ellipse centroids to quantify that biome
shifts were not useful for much of the western US where the
spatial pattern of life zones was highly irregular and frag-
mented due to topographic variation in mountainous areas.
Accordingly, some analytical results were limited to the
context of the eastern US. We determined that % change in
mean climatic variables was determined for 529 military
installations by comparing climate values from projected
data with historical baselines (projected values− historic
values)/historic values × 100).

Last, we used nonhierarchical, k-means cluster analysis
to analyze change at DoD installations using % change in
mean annual temperature (CHGMAT), mean annual pre-
cipitation (CHGMAP), and mean annual potential evapo-
transpiration ratio (CHGPEVT) as input variables using
cluster groups ranging from 4 to 10 to explore potential
regional variation and assist in identifying representative
installations at a regional level for additional research. K-
means clustering is a widely used tool for visually exploring
multivariate variation in large datasets where hierarchical
relationships are not of interest (Jain 2010). K-means clus-
tering seeks to minimize the variance in groups of similar
observations while maximizing the between-group distance.
We scaled input variables individually because they were
already expressed on a proportional scale. We evaluated
differences in groups using bivariate plots of principal
component scores resulting from k-means analyses, stan-
dard boxplots, and a Kruskall–Wallis nonparametric test for
differences in group medians (Kruskal and Wallis 1952; Zar
2010). We also compared distributions for CHGMAT,
CHGMAP, and CHGPEVT using histograms and evalua-
tion of summary statistics. All statistical analyses were
performed in JMP Professional (JMP®, Version 11. SAS
Institute Inc., Cary, NC, 1989–2007).

Results

We projected that approximately two-thirds of the country
could experience MAT increases in the 12–19% range, but
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the Intermountain West, northern Great Plains, and northern
New England were projected to have increases ranging from
20 to 30% (Fig. 2a). In contrast, MATs in southern tier
states and the West Coast were projected to increase by
10–13% and the immediate Gulf Coast area by less than
10% from current conditions by 2085 under the
A2 scenario. Projected changes in precipitation were more
variable than for temperature with some areas of the country
projected to decrease by more than 10% (southern Cali-
fornia, southern Great Plains, and some portions of the
desert Southwest) and other areas to increase by a similar
amount (northern Great Plains and northeastern US, Fig.
2b). Patterns of projected changes in PEVT were directly
related to projected temperature and precipitation patterns,
but the relatively large increases in MAT projected for the
Rocky Mountain plateau and northern tier states appeared to
offset projected increases in precipitation in these areas,
resulting in very large increases in PEVT relative to other
areas of the country (Fig. 2c).

Classification of climate surfaces using thresholds from
the Holdridge life zone system resulted in 65 zones being
identified in the coterminous US based on historical climate
data (Fig. 3a), and 71, 71, and 68 classes identified for the
2085 B1, A1B, and A2 scenarios, respectively (Fig. 3b, only
life zones for the 2085-A2 scenario are shown). The 13
largest life zones, which represent 20% of the total number,
comprised 78% of the total area. The three largest life zones
make up over 37.6% of the total area (Table 1). Under the

A2 scenario, boreal life zones are projected to be eliminated
from the eastern US by 2085, excluding very isolated areas
in the highest elevations of the northern Appalachian
Mountains. The centers of boreal zones in the northeastern
US shift 500–600 km northward into Canada, and these
boreal areas were largely replaced by cool temperate humid
and perhumid regimes. Concomitantly, subtropical zones in
the southern US increased substantially in the area (>200%)
and expand from their current positions in southern Florida
and the Gulf Coast as far north as western Kentucky and
southeastern Virginia. By 2085, subhumid and semiarid
tropical zones that do not currently exist in the US covered
most of the Florida Peninsula and eastern Texas (Figs. 2b,
3a, b). The warm-temperate humid life zone that currently
dominates the southeastern US from Texas to Virginia
did not change substantially in areal extent (12% decline
from current conditions to 2085-A2), but shifts northward
~600 km and spans an area from Missouri to southern New
England. Under all emission scenarios, most life zones in the
eastern US shift northward as expected, given the general
zonal nature of MAT in the region. However, a relatively
small warm-temperate, subhumid steppe–woodland class
(life zone 543) currently located in central Oklahoma, is
projected to expand significantly into the Midwest as the
climate warms, increasing its areal coverage by over 1400%.
The average shift for all life zone centroids in the eastern
US by 2085 was 600 km in a north–northeast direction or
~8 km per year (Table 2). An overlay of Holdridge life zones

Fig. 1 Cartographic model illustrating the process of developing
Holdridge life zone maps from projected climate data based on average
values from an ensemble of 16 global climate models (Girvetz et al.

2009). Example shown is for the B1 emission scenario (IPCC 2007)
for years 2055 (T1 submodel) and 2085 (T2 submodel). Model created
in ArcGIS 10.2.1 ModelBuilder (ESRI 2014)
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Fig. 2 Percent change in mean annual temperature (CHGMAT; a),
mean annual precipitation (CHGMAP; b), and mean annual potential
evapotranspiration ratio (CHGEVT; c) from 2006 to 2085 in the

coterminous US based on projections from an ensemble of 16 global
climate models under a relatively high CO2 emission scenario (A2)
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Fig. 3 Maps of Holdridge life zones for the coterminous US based on historical (a) and projected (b) climatic means (all zones are not labeled).
Source data from the ClimateWizard tool, http://www.climatewizard.org/ (Girvetz et al. 2009)
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with widely used maps of eastern forest formations and
ecological provinces showed high congruence in some
regions, but relatively poor correlation in transitional areas
between warm-temperate and boreal zones (Figs. 4, 5).
Dyer’s (2006) eastern hemlock (Tsuga canadensis)–northern
hardwood and northern hardwood–red pine (Pinus resinosa)
formations closely match boreal life zones with perhumid
and humid moisture regimes in the northeast and western
Great Lakes regions, respectively. In the southeastern US,
the southern mixed and subtropical evergreen forest forma-
tions also correspond with warm-temperate humid and
subtropical humid life zones. The American beech (Fagus
grandifolia)–maple (Acer saccharum), oak (Quercus
spp.)–hickory (Carya spp.), and mesophytic formations are
distributed across at least two and as many as four life zones,
which is not unexpected, given the influences of regional
topography (Appalachian and Quachita–Ozark Highlands)
and the very broad geographic distribution of the mesophytic
forest formation as defined by Dyer (2006).

Distributions of oak–chestnut (Castanea dentata) and
mixed mesophytic formations as originally defined by
Braun (1950) closely match cool temperate perhumid and
humid life zones along the Appalachian Mountains (Fig. 5).
However, The Quachita–Ozark Highlands are apparently
not sufficient in elevation for their effects on regional cli-
mate to be seen at this scale of analysis, and the
oak–hickory formation as mapped by Dyer (2006) or Braun
(1950) does not correspond well with the distribution of any
life zone in the Holdridge system. The influence of the
Appalachian Mountains was also evident when comparing
life zones with ECOMAP units in the eastern US Ecological
units with the “M” designation for mountainous regions
(M211 and M221) corresponds well with montane boreal
superhumid and cool temperate perhumid life zones in the
northern and southern Appalachians. Non-montane boreal
life zones correspond with the Laurentian (212) and
Northeastern (211) Mixed Forest Provinces in the ECO-
MAP system, and cool temperate life zones also are rea-
sonably correlated with the Eastern Broadleaf Forest
Province (221) and northern portions of the Central Interior
Broadleaf Forest Province (223). However, the southern
half of the Central Interior Broadleaf Forest Province was
classified as warm-temperate humid forest in the Holdridge
system, suggesting similarities with climate conditions far-
ther south. Two ECOMAP units covered most of the
southeastern US, the subtropical Southern Mixed Forest
(231) and Outer Coastal Plain (232) Mixed Forest pro-
vinces, both of which fell largely into the Holdridge warm-
temperate humid forest life zone. Only the immediate Gulf
Coast and Florida Peninsula were classified as subtropical
under the Holdridge system, whereas ECOMAP suggests
that subtropical conditions will extend northward along the
Atlantic Coast to the Delmarva Peninsula. The Holdridge Ta
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system identifies almost all of Florida as having a distinctly
warmer climate than most of the Atlantic Coastal Plain to
the north and classifies central Florida as a subtropical dry
forest.

Five groups of military installations were identified from
cluster analysis of % change in climate variables from 2006
to 2085 (A2 emission scenario) at 596 locations in the
coterminous US (Fig. 6). Examination of biplot graphs and
eigenvalues for several k-means cluster analyses with the
number of predefined groups (k) ranging from 4 to 10 sug-
gested that including % change in potential evapo-
transpiration ratio (CHGEVT) added little explanatory
value relative to % change in mean annual temperature
(CHGMAT) and mean annual precipitation (CHGMAP).
Specifying larger numbers of groups (k > 5) tended to create
outlier clusters with relatively few observations, and resul-
ted in reassignment of marginal values between groups that
did little to elucidate regional patterns. Smaller numbers of
groups (k < 4) simply grouped large numbers of installations
into “clusters” with large geographic ranges and a high
degree of within-cluster variability. Four groups appeared to
represent overall regional differences with good dis-
crimination, but specifying a fifth group resulted in a cluster
of installations in the Interior West being identified (cluster
number 2 in Fig. 6) where MAT is projected to increase by
almost 16%, and precipitation is projected to decrease by an
average of 6% from 2006 to 2085 under the A2 scenario.
Group medians for all five groups were significantly dif-
ferent (ɑ= 0.05, p < 0.01) for both variables based on the
Kruskal–Wallis multiple-comparison test. However, group
distributions for CHGMAT and CHGMAP were not all the
same, and groups 1 and 5 contained significant outliers for
the change in temperature variable (Fig. 6b).

Discussion

Holdridge Life Zone Changes

The Holdridge life zone system appeared to capture regional
variation in the magnitude and directionality of projected
climate changes reasonably well at the relatively coarse
scale of our analysis. As expected, major life zones con-
formed to general temperature and precipitation gradients in
the coterminous US that are determined by latitude, pre-
vailing wind direction, major mountain ranges, and proxi-
mity to large sources of atmospheric moisture. Lugo et al.
(1999) applied the Holdridge life zone system in the
coterminous US using similar input data with a 4-km
resolution, but only identified 38 life zones, 95% of which
were in the western US. The eastern half of the country
comprised almost entirely of two life zones: warm-
temperate and cool temperate moist forests (Lugo et al.

1999). The smaller number of life zones in that classifica-
tion was the result of identifying far fewer temperature
classes and slightly fewer precipitation or humidity classes
for the majority of the US. The only boreal life zone
identified was a small area in the Cascade Mountains in
Washington State, and the subtropical zone only covered
extreme southern Florida. By comparison, ~20% of the US
was classified as boreal and 7% as subtropical in our ana-
lysis, both orders of magnitude larger in areal coverage. The
number of precipitation classes was similar. However, Lugo
et al. (1999) did not identify any areas in the eastern US
with a superhumid precipitation regime, which reduced the
number of life zones identified in high rainfall areas in the
northern Appalachians. Lugo et al. (1999) relied on an older
version of the PRISM dataset, so perhaps it is not surprising
that the resulting classifications appear quite different.
Much of the difference may also be attributable to the
splitting of some temperate life zones in our work into finer
classes to more closely match the distribution of widely
recognized forest types (e.g., life zone 453, which corre-
sponds roughly to distributions of the central oak–hickory
and mixed mesophytic forest types, is a transition zone
between the warm-temperate southeastern mixed forest and
the cool temperate beech–maple forests that dominate much
of the eastern US). Despite differences between the two
approaches, Lugo et al. (1999) also concluded that the
Holdridge system provided a more objective and climate-
centric means of classifying ecoregions in comparison with
other ecological classification schemes evaluated in their
study. Based on our projections, future distributions of
Holdridge life zones in the eastern US may shift as much as
600 km to the north–northeast by the latter part of the
century, resulting in a drastic reduction in the area of boreal
and cool temperate life zones and a concomitant increase in
the extent of warm-temperate and subtropical zones.

Species Shifts

The potential shifts in life zones found in this study, both in
terms of magnitude and rate of change over time, are largely
consistent with the findings of many others for eastern
North America that have modeled changes in species’ dis-
tributions based on projected climate and other environ-
mental data (Overpeck et al. 1991; Iverson et al.
1998, 2008; McKenney et al. 2007, 2011; Woodall et al.
2009, 2010). Iverson et al. (2008) estimated that habitat for
134 tree species in the eastern US would shift from 400 to
800 km northward by the end of the century under a range
of climate-change projections representing “best case” (low
CO2-sensitivity model and B1 emission scenario) and
“worst case” (high CO2-sensitivity model and
A1F1 scenario) scenarios. Their results indicated that
common boreal tree species, such as Balsam fir (Abies
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balsamea), quaking aspen (Populus tremuloides), bigtooth
aspen (Populus grandidentatum), red spruce (Picea rubra),
black spruce (Picea mariana), yellow birch, and paper birch
(Betula papyrifera) would decline in importance relative to
more southern species, such as sweetgum (Liquidambar
styraciflua), loblolly pine (Pinus taeda), southern red oak
(Quercus falcata), winged elm (Ulmus alata), and eastern
cottonwood (Populus deltoides). Using a climatic envelope
approach to predict change in the ranges of 130 North
American tree species, McKenney et al. (2007) also found
that species’ ranges moved northward an average of
~700 km (ranging from 330 to 1100 km) when modeled
using six different GCMs and two emission scenarios (less
severe B2 and more severe A2). Because that research
covered all of North America instead of just the cotermi-
nous US, McKenny et al. (2007) were able to illustrate the
potential shifts of boreal species northward into Canada,
and therefore did not report these species as losing large
expanses of habitat. Instead, they emphasized the potential
loss of habitat for many southern tree species due to tem-
peratures increasing beyond their assumed tolerances and
their inability to expand ranges northward at a rate that

would keep pace with projected environmental changes.
Many “southern” tree species were predicted to increase in
importance in the northeastern US by Prasad et al. (2007)
and Iverson et al. (2008). Canham and Thomas (2010)
reported that the average local frequency of a tree species
(number of plots where a species was present within a
particular climate zone) was more informative in defining
species–climate relationships than relative abundance of the
24 most common trees in the northeastern US. Their results
indicated that several cool temperate species (e.g., red
maple (Acer rubrum), American beech, white ash (Fraxinus
americana), and black cherry (Prunus serotina)), whose
habitats are predicted to decline in other studies, might still
be well within their climatic ranges with MATs 3–4° C
higher than historical averages. Canham and Thomas (2010)
also observed that sugar maple, a species predicted to
decline substantially under high CO2 emission scenarios in
several studies (Iverson and Prasad 1998; Prasad et al. 2007;
McKenney et al. 2007; Mohan et al. 2009), maintained
relatively high frequencies across a broad range of MAT,
suggesting that this widely distributed species may be able
to maintain a significant presence in some parts of the

Fig. 4 Holdridge life zones and representative vegetation types for the
eastern US based on historical climate conditions (1951–2006) and
two future climate projections under different emission scenarios

(low—B1 and high—A2, IPCC 2007). Projections are based on
median values derived from an ensemble of 16 GCMs. Black dots are
locations of US military installations
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eastern US even under more extreme global warming sce-
narios. For example, sugar maple appears to be able to
maintain 20–25% relative frequency in forests with a mean
annual temperature of 11° C (Canham and Thomas 2010),
which is approximately the MAT projected at Fort Drum in
northwestern New York for 2085 under the A2 emission
scenario. Based on a recent forest inventory completed at
this installation, sugar maple is currently present on 25% of
the inventory plots (Odom and Ford 2020). This is not to
suggest that there will be no changes in sugar maple
abundance, regeneration, or growth rates under a warmer
climate or other species with more northern affinities, but
current research based on relatively coarse species dis-
tribution models does not provide conclusive evidence on
exactly how this and other tree species will be affected in
the future by rapid climate change across the broad range of
environmental conditions found in the eastern US.

Most predictive species distribution models are based on
correlations between the current distribution of tree species
as estimated by forest inventory plot data and environ-
mental conditions modeled for the same geographic area

(Odom and Ford 2020). Woodall et al. (2009, 2010) and
Zhu et al. (2012) conducted extensive analyses of tree
regeneration data from inventories (i.e., distribution of
seedlings and saplings) relative to the distribution of adult
trees of the same species to ascertain if there was increasing
regeneration where the environment is becoming more
favorable (northern margin of species ranges in eastern
North America) and decreasing regeneration where condi-
tions are becoming less favorable (southern or western
margins of retreating climate niches). Their results indi-
cated that the ranges of the majority of tree species in the
eastern US (62% of the 92 species studied) have contracted
at both northern and southern margins. Some species (21%)
expanded their ranges to the north and some (16%)
expanded in a southerly direction. This suggests that at a
macroscale, there is little empirical evidence of tree species
responding to current warming trends in the eastern US by
increasing abundance. Still, some tree species have
expanded upslope in montane environments, and that these
shifts are correlated with local and regional increases in
atmospheric temperature (Hamburg and Cogbill 1988;

Fig. 5 Comparison of Holdridge life zones (color-shaded areas)
developed from historical climate data with major forest formations (a)
and ecological provinces (b) for the eastern US Modified Braun

classification (Braun 1950; Dyer 2006) shown as white outlines in (a)
and province-level data from the Hierarchical Framework of Ecolo-
gical Units in the United States (Cleland et al. 1997) shown in (b)
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Beckage et al. 2008; Pucko et al. 2011). However, studies
of past changes in species composition in New England
have also indicated that disturbance and land use history
are strongly associated with the decline of some species
(e.g., red spruce) and increased abundance of pioneer
species, such as red maple and paper birch in the post-
Colonial era (Foster et al. 1998; Vadeboncoeur et al. 2012).
This raises the question of whether the current suite of
disturbance-dependent species common across much of
southern New England is in equilibrium with historic cli-
matic conditions. If not, this may indicate bias into species
distribution models by not accurately representing the full
range of climatic conditions under which more shade-
tolerant and generally mesophytic species thrived prior to
extensive human disturbance (Nowacki and Abrams 2015).
The climate over the next century may result in a reduction
of optimal climatic conditions for boreal tree species, and
create more favorable growing conditions for temperate
species. For example, this could significantly affect DoD
resource management programs throughout the Great
Lakes region that currently manage red pine eastern white
(Pinus strobus), and Jack pine (Pinus banksiana)),
aspen–birch, and mixed hemlock–northern hardwood

forests to provide saw logs, pulpwood, fiber for energy
production, and wildlife habitat.

A key question is the extent to which other species
associated with boreal or cold temperate forests that appear
to be less at risk (e.g., sugar and red maple, northern red
oak, eastern hemlock, and eastern white pine) or species at
the northern edge of their climatic ranges (e.g., white oak
(Quercus alba), black cherry, and yellow poplar (Lir-
iodendron tulipifera)) will fill niches vacated by the pre-
sumed loss of more cold-tolerant species. Our current
understanding of potential tree migration rates (~1 km/year
maximum) based on studies of post-Pleistocene forest
recovery (Overpeck et al. 1991; Davis and Shaw 2001) and
modern seed dispersal studies (Clark 1998) indicates that
tree species in eastern North America will not be able to
keep pace with the rate of projected climate change (average
8 km/year in this study) over the next century (Loarie et al.
2009; Zhu et al. 2012; Snell and Cowling 2015). This
suggests that extant tree species in northern forests with
greater tolerance for heat-related stress are more likely to
capture sites made available by the decline of boreal species
than species with northern-range boundaries hundreds of
kilometers to the south, at least in the near term. These

Fig. 6 Nonspatial cluster analysis (k= 5) of percent change in mean
annual temperature (CHGMAT) and mean annual precipitation
(CHGMAP) projected for 529 military installations in the coterminous
US by 2085 under the A2 emission scenario. Group medians in

boxplots (a) and (b) are all significantly different (p < 0.01, ɑ= 0.05,
Wilcoxon/Kruskal–Wallis nonparametric multiple comparisons). Map
(c) illustrates geographic distribution of installation groups, and prin-
cipal component plot (d) shows distributions in bivariate data space
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resulting shifts will require resource managers to maintain
an adaptive strategy when planning long-term projects such
as bioenergy generation that may rely on fiber from parti-
cular mixes of tree species. For example, if regeneration of
aspen–birch stands at Fort Drum, New York, becomes more
problematic due to a shift in dominance to more temperate
early successional species, such red maple or black cherry,
this could affect plans for bioenergy production at the
installation that are currently based on fast-growing
aspen–birch stands managed as a coppice. It may be that
intensive aspen–birch production could be maintained on
certain soil types and moisture regimes where it may have a
competitive advantage over more temperate species, but
there may also be biological and operational limitations that
preclude this approach.

Stewardship Implications

Potential changes in species composition driven by rapid
climate change also represent challenges for endangered
species and game management programs on installations in
the northeastern and upper midwestern US forest types.
Changes projected in northern Michigan by Duveneck et al.
(2014) suggest a potential decline in the area of Jack pine
forests under warmer and wetter future climate conditions,
which could have negative impacts on endangered Kirtland
warbler (Dendroica kirtlandii) populations managed at
Camp Grayling Army National Guard facility. Broader
impacts could be seen at numerous installations for a variety
of neotropical migratory songbirds that rely on boreal forest
habitats for summer breeding and foraging activities
(Rodenhouse et al. 2008). Ralston and Kirchman (2013)
projected significant declines in 15 northeastern songbird
species and complete loss of 12 species from montane
boreal habitats in New York, Vermont, and New Hampshire
by 2080. There are few military installations located wholly
in the boreal forest biome south of Alaska, but several in the
northeastern US are on the southern margins of boreal life
zones, and are likely to experience significant changes in
songbird communities under a rapidly warming climate as
habitat for northern species’ declines and more southern
species increase in importance (Rodenhouse et al. 2008).
Similar impacts are expected for important game species,
such as ruffed grouse (Bonasa umbellus), that depend
heavily on early successional brushy habitats dominated by
birch, aspen, and willow (Salix spp.) species. In contrast,
species such as wild turkey (Meleagris gallopavo) could
increase in abundance, especially on installations in the
upper Midwest if mast-producing oak–hickory and
oak–savanna habitat types displace northern hardwood
communities as implied by projected shifts in Holdridge life
zones and snow cover duration lessens (Fig. 5). Other
wildlife species of concern for military installations in the

northeast region include the endangered Indiana (Myotis
sodalis) and northern long-eared (Myotis septentrionalis)
bats. Populations of these species have declined drastically
over the past decade due to a fungal pathogen (Pseudo-
gymnoascus destructans) that disrupts bat physiology and
behavior while hibernating in caves during the winter
(Silvis et al. 2016). However, global warming would appear
to benefit bat species at the northern margins of their ranges
by reducing exposure-related mortality during the winter by
shortening hibernation duration and increasing the abun-
dance of tree species associated with oak–hickory and
mixed mesophytic forests (e.g., shagbark hickory (Carya
ovata) and white oak) that provide good roosting sites
during the summer (Menzel et al. 2001; Silvis et al. 2016).
Depending on the amount and seasonality of future pre-
cipitation events, insect populations that are the primary
food source for bats may also increase with earlier spring
emergence and warmer temperatures expected for the
region (Hayhoe et al. 2007). Loeb and Winters (2013)
modeled potential changes in the summer distribution of
Indiana bats using three GCMs and two emission scenarios,
and found that increased temperature and decreased pre-
cipitation projected for the western portion of the range may
cause these areas to become unsuitable for summer mater-
nity colonies within 10–20 years. The bulk of the species’
summer roosting range would shift eastward to the Appa-
lachian Mountains and northeastern US, potentially
increasing management concerns for this species on military
installations throughout the region.

The hydrologic and edaphic implications of rapid climate
change in the northeastern US are complex and difficult to
predict due to uncertainties associated with snow and
rainfall projections by different GCMs under different
future emission scenarios. Based on the ensemble of models
used in this analysis, precipitation is expected to increase by
an average of 10% across the region by 2085 under the A2
emission scenario. This concurs with Hayhoe et al. (2007)’s
projected 7–14% increase in MAP based on an ensemble of
nine GCMs and three emission scenarios. Precipitation was
projected to increase during the winter months and remains
unchanged during the summer. Snow cover was projected
to decrease in both extent and duration, but average annual
soil moisture was expected to increase slightly under a low-
emission scenario (B1) or remain unchanged relative to
current conditions under a high-emission scenario (A1F1).
Surface runoff could therefore increase during the winter
months, and low streamflow and soil moisture levels that
typically occur in the late summer are likely to occur earlier
in the season as temperature and evapotranspiration increase
(Huntington et al. 2009). Reduced snow cover and wetter
soil conditions could result in challenging range manage-
ment situations and increased environmental impacts for
installations that operate heavy vehicles during the winter
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months, increasing road maintenance and range rehabilita-
tion costs. Drier soils and fine fuels resulting from higher
summer temperatures are likely to increase the risk of
wildfires from live-fire exercises, but these conditions may
also provide opportunities for the use of prescribed fire on
installations that heretofore have had little opportunity to
use fire as a management tool due to the prevalence of wet-
to-moist soil conditions for most of the year. On well-
drained, coarse-textured soils, prescribed fire could be used
at northern installations to maintain red and Jack pine
stands, pine–savanna, and oak–savanna habitat conditions
that benefit wildlife. Open-forest conditions are also pre-
ferred for many military training exercises.

Relative to the northeastern US, installations in the
Southeast should see somewhat less dramatic changes in
forest species composition and wildlife habitat due to more
modest projected increases in MAT (10.5%) and pre-
cipitation (3.5%) across most of the region by 2085 under
the A2 emission scenario. However, temperature regimes in
much of the region are projected to shift from warm tem-
perate to subtropical, and whereas humid conditions are
likely to persist in much of the region, significantly lower
precipitation is projected for the southern half of the Florida
Peninsula and much of Texas. This could result in severe
seasonal moisture deficits and increased likelihood of
wildfire that may promote the development of subtropical
subhumid oak- and pine-shrub savannas in drier portions of
the southeast (Clark et al. 2014). This may be largely
beneficial to endangered species management on some DoD
lands where humid conditions and wildfire suppression
have promoted the development of dense woody shrub
thickets that are not optimal habitat for some species (e.g.,
the Florida scrub jay, Aphelocoma coerulescens, at Avon
Park Air Force Range in central Florida (Woolfenden and
Fitzpatrick 1984) and the golden-cheeked warbler, Seto-
phaga chrysoparia, at Fort Hood and Camp Bullis in central
Texas). However, intensification of subtropical-to-tropical
subhumid climates in central Texas could also shift the
species composition of some woody shrub communities to
favor species that are more typical of ecosystems in western
and southern portions of the state (e.g., conversion of mixed
oak woodland–grassland habitats comprising live oak (Q.
virginiana), Ashe’s juniper (Juniperus ashei), and mesquite
(Prosopis glandulosa) to semiarid communities dominated
by creosote bush (Larrea tridendata) or subtropical
mesquite–blackbrush (Vachellia rigidula) thorn scrub),
which could be detrimental to species of concern such as the
black-capped vireo (Vireo atricapilla) (Grzybowski et al.
1994; McFarland et al. 2013).

Pine-dominated communities from Virginia to Texas are
in general expected to respond favorably in the coming
decades to warming trends, and many pine species have
been projected to significantly expand their ranges

northward (Iverson and Prasad 1998). However, Clark et al.
(2014) and Klos et al. (2009) found that many pine species,
including loblolly pine (Pinus taeda), are more sensitive to
drought than many southern oak and mesophytic hardwood
species, and may exhibit higher mortality on upland sites
with increasing frequency or intensity of droughts. In
addition, Klos et al. (2009) suggested that forest stands with
higher species richness and lower densities had lower
mortality and better growth responses under various
drought conditions in comparison with monospecific stands.
This suggests that loblolly pine plantations throughout the
south may be more at risk from regional warming and
increased evapotranspiration than mixed species’ forests
comprising more drought-tolerant species such as longleaf
pine (Pinus palustris) and slash pine (P. elliotti), or south-
ern oaks and hickories. Depending on how fire regimes are
affected and local edaphic conditions, installations in the
southeastern Piedmont between the Appalachian Mountains
and Coastal Plain may experience increasing encroachment
by mesophytic hardwoods (e.g., red maple, American
beech, flowering dogwood (Cornus florida), sweetgum,
southern magnolia (Magnolia grandiflora), and holly (Ilex
spp.)) in pine stands due to projected increases in tem-
perature and precipitation. A trend toward increasing
dominance of mesophytic species has been documented in
many eastern forests, although the reason for changes in
species composition has been attributed more to the lack of
disturbance (primarily anthropogenic fire) rather than
increased precipitation related to climate change (Alexander
and Arthur 2014; Hanberry et al. 2012; Nowacki and
Abrams 2008, 2015). Many southeastern pine-dominated
forests are maintained through natural and prescribed fires
that kill fire-intolerant hardwoods and reduce competition
for pine regeneration from woody shrubs, forbs, and
grasses. The higher temperatures and increased evapo-
transpiration expected under projected climate-change sce-
narios would appear to support continued use of prescribed
fire on military installations throughout the southern US.
However, expected increases in precipitation in south-
eastern states, especially during winter months when many
prescribed fires are implemented, may offset temperature
increases making burning more difficult and less effective in
suppressing hardwood growth. It may be that on certain
landscape types (e.g., fine textured soils in pine flatwoods),
higher soil, and fine fuel moistures resulting from increased
precipitation will reduce the effectiveness of prescribed fire
to the point that shade-tolerant woody shrubs and hardwood
tree species become more competitive. Shifts from pine to
hardwood-dominated systems on many southern installa-
tions would have important implications for timber pro-
duction and management of endangered species such as
the red-cockaded woodpecker (Leuconotopicus borealis)
that depend on pine-dominated ecosystems with open
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understories. However, sites characterized by coarse-
textured soils, such as southeastern Sand Hill commu-
nities in the Coastal Plain, may be less affected by increased
precipitation, and maintenance of longleaf pine commu-
nities using prescribed fire may remain a relatively easy task
for land managers at installations, such as Fort Bragg, North
Carolina, Fort Jackson, South Carolina, and Fort Benning,
Georgia. These installations contain significant areas of
Sand Hill communities where local edaphic conditions may
help maintain xerophytic communities despite the increas-
ingly humid climate projected for the region. Clark et al.
(2014) suggested that significant warming in the southeast
under more extreme CO2 emission scenarios could push
southern forests on more xeric sites toward subtropical
savanna-like vegetation, which could potentially reverse the
effects of mesophication and help restore pine and oak
savannas on many upland landscapes throughout the region.
In effect, increasing temperatures and more arid soil
moisture conditions could help restore the physiognomy of
many upland forest ecosystems across much of the south
that existed prior to widespread conversion to cropland and
loblolly pine plantations (i.e., a mosaic of southern hard-
woods on mesic sites, mixed pine–hardwood forests, and
more open oak–hickory and longleaf pine forest–savanna;
Frost 2006).

Based on the ensemble GCM projections used in this
analysis, the Northern Plains and western Great Lakes
region may experience some of the largest increases in
MAT (>20 %) and MAP (>10%) of any area in the coter-
minous US outside of the Rocky Mountains by late century
(Fig. 2). This region is characterized by strong north–south
and east–west gradients in temperature and precipitation,
respectively, and as a result encompasses major ecotones
between humid boreal and cool temperate forests in the east
and the drier grassland communities to the west. The
prairie–woodland ecotone in the central US has shifted
spatially with variations in climate and fire frequency
throughout the Holocene (Williams et al. 2009), and large
increases in PEVT expected with strongly warming tem-
peratures would appear to favor expansion of prairie and
warm-temperate woody species over more cold-tolerant
boreal tree species (e.g., aspen, birches, and spruce–fir).
However, natural fire regimes that historically favored
grassland systems by limiting encroachment from woody
vegetation no longer exist in much of the region due to
wildfire suppression and landscape fragmentation by agri-
cultural ecosystems. Over the past several decades, woody
plants have been encroaching on prairie landscapes at the
margins of the prairie–woodland ecotone primarily due to
the absence of frequent wildfires that once maintained
grassland and open-woodland habitats (Radeloff et al. 1999;
Briggs et al. 2005; Rogers and Russel 2014). In addition,
increased precipitation projected for the region over the next

50–70 years may further shift the competitive advantage
toward woody warm-temperate species resulting in expan-
sion of oak (Quercus alba, Q. rubra)–hickory (Carya cor-
diformis, C. ovata) and oak (Q. rubra)–maple (A.
saccharrum)–basswood (Tilia americana) communities
westward into grassland habitats and northward into areas
currently dominated by more boreal tree species. There are
relatively few military installations with large land bases in
the northern plains, but Army National Guard installations
located within prairie-forest ecotones, such as Camp Ripley
in central Minnesota and Fort McCoy in Wisconsin, should
expect increasing encroachment of woody plant species into
grassland habitats with concomitant negative effects on
plant and animal species adapted to open landscapes (e.g.,
the federally endangered Karner blue butterfly (Lycaeides
samuelis) at Fort McCoy; Wood et al. 2011). However, both
installations appear to be successfully maintaining grassland
and open-woodland conditions through a combination of
prescribed fire, mechanical removal of woody plants, and
herbicide applications (Minnesota Department of Natural
Resources and Minnesota Army National Guard 2015;
Wood et al. 2011). Increasing precipitation from climate
change and lack of frequent wildfires in most of the Upper
Midwest will in general promote the establishment and
growth of temperate mesophytic woody species, but pro-
jected increases in regional temperature regimes will also
increase evapotranspiration and likely produce significant
soil moisture deficits during the growing season in some
years. Maintenance of open oak woodland communities on
more xeric sites (e.g., sand plains) should be possible if the
relationships between fire frequency, site conditions, and
competition can be fully understood and appropriate
management prescriptions implemented. Species that
depend on open, grass-dominated communities may be
more at risk under expected future climate conditions, but
increased forest cover and increased woody species diver-
sity resulting from warmer and more humid conditions
should be beneficial to many mammals such as forest bats
and white-tail deer (Odocoileus virginianus), migratory
songbird, and herpetofauna species at these installations.
The southern and western portions of the Great Plains
present a distinctly different scenario with MATs projected
to increase by as much as 15% and MAP projected to
decline by 5–10% in areas from eastern Colorado to central
Texas. Ecosystems in the region are likely to experience
abnormally long and intense periods of drought by mid-
century that exceeds any that has occurred in the past 1000
years (Cook et al. 2015; Williams et al. 2012), which could
shift subhumid, cool temperate shortgrass prairie commu-
nities (blue grama (Bouteloua gracilis)–buffalograss
(Bouteloua dactyloides)–galleta (Hilaria jamesii)) in the
western high plains toward warm-temperate, semiarid
grassland (black grama, Bouteloua eriopoda; tobosagrass,
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Pleuraphis mutica) and shrub–steppe communities (e.g.,
mesquite–creosote bush, pinyon (Pinus edulis)–juniper
(Juniperus monosperma)) more typical of regions to the
south and southwest. Fort Carson, Colorado and Fort Sill,
Oklahoma could see declines in temperate grassland com-
munities and expansion of xeromorphic shrubs and other
plants characteristic of more arid biomes, which may in the
short term increase cover type and species diversity and
potentially improve habitat structure for some species of
concern (e.g., golden-cheeked warbler, black-capped vireo,
and lesser prairie chicken (Tympanuchus pallidicinctus))
at Fort Sill, all of which prefer or require some
woodland–savanna habitat. However, shortgrass prairie
communities in the southern Great Plains have declined
significantly over the past 100 years due to overgrazing by
cattle, conversion to cropland, and urban development.
Further reductions in the areal extent or ecological function
of extant native grassland and woodland–savanna habitats
on these installations are likely to have negative effects on
populations of black-tailed prairie dogs (Cynomys ludovi-
cianus) and other small mammals that are important food
resources for a number of at-risk predator species (e.g.,
black-footed ferret Mustela nigripes, swift fox Vulpes velox
velox, and ferruginous hawk Buteo regalis). Along the
eastern Front Range and foothills of the Rocky Mountains,
expected decreases in soil moisture under warmer and drier
climate conditions are likely to reverse the expansion of
ponderosa pine (Pinus ponderosa) forests into the western
Great Plains that has been occurring over the past several
decades (Kaye et al. 2010).

Based on our analyses, by the end of the century, pine
forests will likely be restricted to sheltered canyons and
higher elevations where more mesic conditions may persist.
This could have significant consequences for Mexican
spotted owl (Strix occidentalis) populations at Fort Carson
if development and expansion of woody shrub habitat (e.g.,
pinyon Pinus-juniper Juniperus spp.) does not occur fast
enough or is an inadequate substitute for pine forests that
provide better cover and nesting sites. The owl is at the
northern limit of its range in southeastern Colorado, and the
climatic conditions expected to develop over the next
50–100 years may remain within the environmental toler-
ances of the species in terms of thermoregulated behaviors
such as fecundity and roost selection (Peery et al. 2012).
However, it seems likely that spotted owls may be forced to
utilize higher elevations as forested habitat becomes less
dense and more fragmented at lower elevations.

Given the topographic complexity of the western US, the
most significant biome shifts in the interior portions of the
region are likely to be driven by changes in temperature and
moisture patterns related to altitude. A number of studies
have identified upslope shifts in species and forest com-
munities in the Rockies (Elliott 2012) and Sierra Nevada

Mountains (Van Mantgem and Stephenson 2007; Kelly and
Goulden 2008) that were attributed to recent warming
trends, but downslope movement of tree species has also
been reported (Crimmins et al. 2011). Projected changes in
montane forest communities due to climate change will
likely be more complex than simple upward movement of
tree species along elevational gradients. Physiographic and
edaphic conditions are highly variable in mountainous
areas, and variation in the amount and distribution of
snowfall will influence how high elevation species respond
to changing climate conditions (Malanson et al. 2007). In
this study, projected changes in MATs for the western US
by 2085 under the high-emission A2 scenario resulted in
almost complete loss of high-elevation life zones (Fig. 7),
which is consistent with estimates from other studies (e.g.,
greater than 97% loss of subalpine and alpine habitats;
Finch 2012). There are relatively few military installations
at high elevations in the western US, but semiarid woodland
and steppe–shrub communities at lower elevations are also
at risk from projected increases in MAT and drought over
the next century. Cool temperate, semiarid biomes char-
acterized by big sagebrush (Artemisia tridentata) commu-
nities are projected to be displaced northward by
200–300 km and contract in area by 40–69% (Rehfeldt et al.
2006; Finch 2012). Military ranges located near the south-
ern limits of sagebrush distribution in Nevada and Utah
could experience encroachment from more drought-tolerant
communities such as desert scrub and pinyon–juniper
woodlands that would be detrimental to several species of
concern, including the greater sage grouse (Centrocercus
urophasianus) and pygmy rabbit (Brachylagus idahoensis)
(Blomberg et al. 2012; Finch 2012). The Yakima Training
Center in Washington and Mountain Home Air Force Base
in Idaho are projected to remain at least marginally in a cool
temperate, steppe–shrub life zone and could become focal
points for conservation of sagebrush communities and their
obligate wildlife species. Extensive drought-induced mor-
tality has been documented in pinyon–juniper systems in
the Southwest, and these communities may be further
impacted by increased intensity and duration of future
droughts (Breshears et al. 2005; Williams et al. 2012). This
vegetation type may expand in the Great Basin and Front
Range of Colorado with warmer temperatures, but will
likely be replaced by more arid desert scrub and grassland
communities in northern Arizona and New Mexico (Finch
2012). This could impact at-risk bird species such as the
pinyon jay (Gymnorhinus cyanocephalus) and gray vireo
(Vireo vicinior) that occur at several DoD installations in
the region (e.g., Kirkland Air Force Base and Army
National Guard Camel Tracks Training Area, New Mexico;
Johnson et al. 2011).

Warm-temperate and subtropical desert life zones will
also be affected by rising temperatures, although predictions
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of changes in species distributions based on bioclimatic
models remain approximate due to uncertainties associated
with future precipitation patterns (e.g., summer monsoon)
and winter temperature regimes (Abatzoglou and Kolden
2011). However, in general, climate in the southwestern US
is expected to become substantially warmer and drier
(superarid in the Holdridge Life Zone classification) with
periodic drought conditions exceeding those experienced in
the past several hundred years (Seager et al. 2007). Species
whose ranges are currently limited by freezing temperatures
are expected to migrate northward and to higher elevations
in Southwest mountains, eventually displacing more cold-
tolerant species and plant communities. At lower elevations,
desert scrub communities are projected to continue as the
dominant vegetation type and may expand northward and
eastward (Weiss and Overpeck 2005), while isolated mon-
tane forests (e.g., Madrean forest and woodlands) are pro-
jected to completely disappear over time (Rehfeldt et al.
2006). There is concern that milder winters in combination
with more intense summer drought conditions will favor the
establishment of frost-intolerant, exotic annual grasses (e.g.,
Bromus rubens, Pennisetum ciliare, and Eragrostis leh-
manniana) in the Mojave and Sonoran deserts in the
Southwest that would introduce surface fuels and poten-
tially establish fire regimes that most native desert species

are not adapted to. Warmer temperatures could also alter
synchronicity between pollinators and flowering plants
potentially affecting many insect, bird, and bat species
(Memmott et al. 2007). Bagne and Finch (2012, 2013)
identified a number of animal and plant species at the Barry
M. Goldwater Range and Fort Huachuca, Arizona that
illustrate the potentially wide-ranging impacts of climate
change on military installations located in southwest desert
ecosystems, including the endangered Mexican long-nosed
bat (Leptonycteris nivalis), lesser long-nosed bat (Lepto-
nycteris yerbabuenae), and Sonoran pronghorn antelope
(Antilocapra americana sonoriensis).

Conclusions

Based on projections from an ensemble of 16 GCMs,
military installations within humid boreal to cool temperate
forest biomes in the northeastern US and subhumid cool
temperate steppe biomes in the northern Great Plains are
most vulnerable to significant shifts in MAT and/or MAP
over the next 60–70 years. Installations in the northern
Great Plains and Lake States could see increases in MAP on
the order of 10–13%, which may mitigate some aspects of
increasing temperature on biological systems, whereas

Fig. 7 Holdridge temperature classes for the western USA based on mean annual temperature from 1951 to 2006 (a) and projected mean annual
temperature in 2085 under the A2 high emissions scenario (b). Data source: ClimateWizard, www.climatewizard.org (Girvetz et al. 2009)
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installations in the Southwest that are already water-stressed
are projected to receive 5–10% less precipitation by 2085
under the A2 emission scenario. All biomes in North
America are projected to be impacted by increasing MATs
to some degree, but biological systems in relatively colder
climates at higher latitudes and at higher elevations may
experience the largest proportional increases in MAT and
mean annual evapotranspiration in comparison with current
conditions. Significant impacts on biological systems are
likely even under less severe future emission scenarios
(A1B and B1 relative to A2) and over shorter time frames.
Significant northward shifts of major life zones in the
eastern US may occur as early as 2055 under all emission
scenarios. Even under the less severe CO2 emission models,
over half of the boreal life zone is projected to be lost from
the eastern US, and subtropical conditions may expand from
the immediate Gulf Coast to eastern North Carolina and
southeastern Oklahoma by 2055.

Most military installations do not encompass large
elevational gradients, especially those located in the
eastern US, and are therefore not likely to experience
wholesale changes in tree species assemblages in the next
50 years. However, it is likely that the relative frequency
and abundance of some tree species will change and
adversely affect boreal species more than temperate spe-
cies. As a result, installations in boreal and cold temperate
life zones during Sikes Act’s Integrated Natural Manage-
ment Planning tasks and National Environmental Policy
Act analyses for project clearance may find implementing
more frequent biological monitoring programs useful to
determine the extent to which projected changes in species
composition and other ecosystem properties are occurring.
Proactive multicontingency planning for stewardship work
seems prudent based on predicted future trajectories for
installations. Despite the projected rapid changes in
atmospheric temperature, current research indicates that
changes in biological communities will occur more slowly
and may be difficult to observe. However, there is also
evidence that some species may have temperature-related
“tipping points” where various biological processes (e.g.,
root growth and seed production) are disrupted and could
significantly affect growth rates and regeneration over a
short time span as ecological thresholds are approached,
such as species already at the southernmost portion of their
distribution (Odom and Ford 2020). Changes in species
composition should have relatively little impact on mili-
tary training objectives per se as long as basic structural
components of land cover remain manageable, although
installations with currently at-risk or endangered species
may face additional management challenges meeting
Endangered Species Act requirements for species

susceptible to climate-change stressors. Typically, training
does not depend on a particular plant species mix as much
as a particular vegetation physiognomy. However, if pre-
dicted increases in precipitation do not materialize in
ecoregions where future MATs are expected to be rela-
tively high such as the southeastern US, or if species
respond differently than predicted by coarse-scale biocli-
matic models, forest communities may develop in very
different directions and create novel communities with few
current analogs. For example, despite the current humid
climate and potential for increased precipitation projected
by some climate models in the southeastern US, Clark
et al. (2014) and McNulty et al. (2013) observed that
higher evapotranspiration rates, more intense drought
events, and increased frequency of wildfires in the future
could drive southern pine forests toward subtropical
pine–savanna vegetation, which would have profound
impacts on biological communities, economies, and land
use patterns in the region—and in this case perhaps mili-
tary training.
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Table 3 Department of defense installations in the continental United States (Source: Military Installations, Ranges, and Training Areas (point
locations and boundaries), Version 1.0, June 21, 2010, accessed 11/16/2012 from http://www.acq.osd.mil/ie/bei/opengov/installations_ranges.zip)

Code Installation name Latitude (degrees) Longitude (degrees) Mean annual temperature (oC) Mean annual precipitation (mm)

29PA Twentynine Palms Marine Corps Base 34.4400 −116.1117 20.1 114.3

ABER Aberdeen Proving Ground 39.3415 −76.2908 13.3 1122.7

ADAI Camp Adair Military Reservation 44.7155 −123.2747 11.5 1110.0

ANNI Anniston Army Depot 33.7120 −85.9575 16.9 1318.3

ARLG Arlington National Cemetery 38.8773 −77.0723 13.2 1036.3

AROT Army Reserve Outdoor Training Area 41.1441 −96.4138 10.4 767.1

ATAN Army Training Area (NE) 41.3082 −98.3110 9.9 657.9

ATTE Camp Atterbury Military Reservation 39.3091 −86.0409 11.7 1066.8

AVON Avon Park Air Force Bombing Range 27.6470 −81.2919 22.2 1247.1

BADG Badger Army Ammunition Plant 43.3594 −89.7360 6.3 858.5

BARS Barstow Marine Corps Logistics Base 34.8655 −116.9427 18.7 109.2

BEAR Bearmouth National Guard TA 46.7021 −113.3125 5.9 320.0

BEAU Beaufort Marine Corps Air Station 32.4734 −80.7157 18.7 1264.9

BELL Belle Mead General Depot 40.4882 −74.6682 11.4 1237.0

BELV Fort Belvoir Military Reservation 38.7153 −77.1665 13.2 1036.3

BENN Fort Benning Military Reservation 32.3967 −84.8273 18.4 1234.4

BLIS Fort Bliss 31.8977 −106.2594 18.2 239.5

BOGU Bogue Field 34.6940 −77.0288 17.6 1478.3

BRAG Fort Bragg Military Reservation 35.1521 −79.1380 16.2 1186.2

BUCK Buckley Air National Guard AF Base 39.7073 −104.7639 10.0 401.3

BULL Camp Bullis 29.6778 −98.5810 20.4 835.7

CAMP Fort Campbell 36.6296 −87.6210 14.4 1318.3

CARS Fort Carson Military Reservation 37.4910 −103.8746 9.4 421.6

CHPT Cherry Point Marine Corps Air Sta 34.9239 −76.8953 16.8 1389.4

CNWS Crane Naval Weapons Support Ctr 38.8348 −86.7953 11.9 1127.8

CORN Cornhusker Army Ammunition Plant 40.9254 −98.3866 9.9 657.9

CUSI Cusick Survival Training Site 48.4917 −117.4233 8.2 556.3

CUST Custer Reserve Forces Training Area 42.3041 −85.3253 8.9 894.1

DARE Dare County Range 35.7167 −75.8846 16.6 1310.6

DETR U.S. Garrison, Fort Detrick 39.4369 −77.4524 13.4 1031.2

DODG Camp Dodge Military Reservation 41.7159 −93.7253 10.0 881.4

DRUM Fort Drum 44.1331 −75.6083 7.4 1082.0

DUGW Dugway Proving Grounds 40.2261 −113.0440 11.2 419.1

EGLN Eglin AFB 30.5822 −86.5494 20.1 1632.7

ELLS Ellsworth AFB 44.1552 −103.0916 7.4 467.4

ETAL Fort Ethan Allen Military Reservation 44.4679 −72.8999 7.3 915.7

EUST Fort Eustis Military Reservation 37.1261 −76.5891 14.8 1247.1

FDIX Fort Dix Military Reservation 39.9942 −74.5360 12.2 1196.8

FLEE Fort Lee Military Reservation 37.2518 −77.3321 13.9 1150.6

FLOR Florence Military Reservation 33.0920 −111.3488 20.9 254.0

FORD Fort Ord Military Reservation 36.6319 −121.7656 14.1 393.7

GILL Fort Gillem 33.6219 −84.3292 16.3 1196.3

GOOD Goodfellow AFB 31.4361 −100.3651 18.0 530.9

GORD Fort Gordon 33.3572 −82.2384 17.3 1130.3

GRAY Camp Grayling Military Reservation 44.6178 −84.8820 5.4 848.4

GRFO Grand Forks AFB 47.9608 −97.2473 4.6 497.8

HAAD Hawthorne Army Ammunition Depot 39.4320 −76.1755 13.3 114.3

HIGH Highlands, NC 35.0545 −83.2021 10.3 2225.0

HILL Fort A.P. Hill Military Reservation 38.1210 −77.2668 13.6 1130.3

HNLG Hunter-Liggett Military Reservation 35.9633 −121.1741 15.6 312.4

HOME Homestead AFB 25.4980 −80.3893 23.8 1486.7

HOOD Fort Hood 31.1762 −97.6910 20.2 854.7

HUAC Fort Huachuca 31.5609 −110.3157 17.4 360.7

IOWA Iowa Army Ammunition Plant 40.7893 −91.2503 10.9 962.7

IRWN Fort Irwin 35.3779 −116.6227 20.1 114.0
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Table 3 (continued)

Code Installation name Latitude (degrees) Longitude (degrees) Mean annual temperature (oC) Mean annual precipitation (mm)

JACK Fort Jackson 34.0394 −80.8341 18.9 1196.3

JOLI Joliet Army Ammunition Plant 41.3859 −88.1238 9.7 937.3

KAAP Kansas Army Ammunition Plant 37.2917 −95.2067 13.4 1069.3

KING Kingsville NAS 27.4983 −97.8258 22.0 736.6

KNOX Fort Knox 37.8980 −85.9023 13.2 1270.0

LAOP Louisiana Ordnance Plant 32.5651 −93.4000 18.7 1303.0

LAUG Laughlin AFB 29.3594 −100.7826 20.9 475.0

LCAP Lake City Army Ammunition Plant 39.0968 −94.2489 11.9 1097.3

LEAV Fort Leavenworth Military Reservation 39.3613 −94.9095 12.2 1038.9

LEJE Camp Lejeune Marine Corps Base 34.6504 −77.3179 16.8 1389.4

LEOW Fort Leonard Wood Military Reservation 37.7014 −92.1549 12.9 1130.3

LETT Letterkenny Army Depot 40.0199 −77.6972 11.3 1011.7

LEWI Fort Lewis Military Reservation 47.0297 −122.5964 11.5 990.6

LONG Longhorn Ordnance Ammo Plant 32.6695 −94.1368 17.6 1300.5

MACD MacDill AFB 27.8433 −82.5012 22.8 1137.9

MACK Camp MacKall Military Reservation 35.0284 −79.4921 16.2 1186.2

MACR Fort MacArthur 33.7133 −118.2979 17.4 334.0

MALA Malabar Transmitter Annex 28.0228 −80.6797 22.3 1226.8

MALM Malmstrom AFB 47.5082 −111.1868 6.5 378.5

MANG Mead Army National Guard Facility 41.1951 −96.4382 10.4 767.1

MCLS Marine Corps Logistics Support Base 31.5528 −84.0509 18.6 1356.4

MCOY Fort McCoy 44.0303 −90.6853 7.0 838.2

MCPH Fort McPherson 33.7072 −84.4353 16.3 1196.3

MEAD Fort George G. Meade 39.1022 −76.7448 13.3 1178.6

MELR Melrose Air Force Range 34.3096 −103.7883 14.3 469.9

MHAB Mountain Home Air Base 43.0568 −115.8701 10.3 269.2

MILA Milan Arsenal 35.8845 −88.7016 13.7 1379.2

MINO Minot AFB 48.4207 −101.3461 5.3 469.9

MONM Fort Monmouth Military Reservation 40.3129 −74.0471 11.6 1237.0

MONR Fort Monroe Military Reservation 37.0171 −76.2985 15.3 1163.3

MTBA Mount Baker Helicopter Training Area 48.9318 −121.9750 10.1 2057.4

NAAP Newport Army Ammunition Plant 39.7955 −87.4000 12.1 1137.9

NAPE Army Helicopter Training Area 46.7356 −122.6127 11.8 1206.5

NATI Natick Laboratories Military Reserv 42.4012 −71.4719 10.1 1245.9

NAVA Navajo Army Depot (Closed) 35.1886 −111.7848 5.7 589.3

NOLA New Orleans Naval Air Station 29.8452 −89.9938 20.9 1612.9

NSTF Naval Survival Training Facility 44.9865 −70.4465 3.4 1031.2

OAAP U.S. Army Ammunition Depot (OK) 34.8176 −95.9302 16.5 1150.6

OTSP Military Ocean Terminal Sunny Point 34.0082 −77.9715 17.7 1450.3

PAIS Parris Island U.S. Marine Corps 32.3357 −80.7096 18.7 1264.9

PARK Camp Parks Military Reservation 37.7215 −121.8974 15.4 375.9

PEND Camp Pendleton Marine Corps Base 33.3546 −117.4211 16.1 281.9

PIBL Pine Bluff Arsenal 34.3230 −92.0789 16.1 1318.3

PICA Picatinny Arsenal 40.9555 −74.5419 9.1 1219.2

PICK Fort Pickett Military Reservation (VNG) 37.0455 −77.9151 13.8 1165.9

POLK Fort Polk Military Reservation 31.0883 −93.0586 19.2 1602.2

POWE Powell Air Force Sta 44.7693 −108.3048 6.9 170.2

PUEB Pueblo Army Depot 38.3139 −104.3301 11.9 330.2

QUAN Quantico Marine Corps Base 38.5616 −77.4265 13.3 1087.1

RAAP Radford Army Ammunition Plant 37.1847 −80.5454 10.6 1082.0

RAVE Ravenna Arsenal 41.1974 −81.0760 8.8 960.1

REDR Red River Army Depot 33.4258 −94.2983 17.1 1300.5

REDS Redstone Arsenal 34.6285 −86.6026 15.9 1460.5

RILE Camp Riley Military Reservation 46.1308 −123.9451 10.6 1704.3

RILY Fort Riley Military Reservation 39.1669 −96.8112 12.7 883.9

RIPL Camp Ripley MNG 46.0889 −94.3590 4.8 674.0
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Table 3 (continued)

Code Installation name Latitude (degrees) Longitude (degrees) Mean annual temperature (oC) Mean annual precipitation (mm)

ROBE Camp Roberts Military Reservation 35.7888 −120.7869 15.6 309.9

ROBI Camp Joseph T. Robinson 34.8885 −92.3095 16.2 1237.0

ROCK Rock Island Arsenal 41.5168 −90.5421 10.6 894.1

RUCK Fort Rucker Military Reservation 31.4119 −85.7408 18.7 1445.3

SAAP Sunflower Army Ammunition Plant 38.9226 −95.0096 13.6 1010.9

SENE Seneca Army Depot 42.7434 −76.8594 8.9 848.4

SHAR Sharpe General Depot (Field Annex) 37.8360 −121.2641 16.1 421.6

SIER Sierra Army Depot 40.2371 −120.2576 9.5 340.4

SILL Fort Sill Military Reservation 34.7024 −98.5176 16.3 802.6

SMOK Smoky Hill ANG Range 38.6986 −97.8128 13.2 817.9

SNOQ Snoqualmie National Forest 47.0468 −121.6122 9.8 1468.1

STEW Fort Stewart 31.9868 −81.5970 19.8 1229.4

STOR Fort Story Military Reservation 36.9212 −76.0192 15.3 1163.3

SWIF Camp Swift N. G. Facility 30.2202 −97.2465 20.2 854.7

TINK Tinker AFB 35.4150 −97.3973 15.6 911.9

TOAD Tooele Army Depot 40.5282 −112.4047 11.0 500.4

UMAT Umatilla Chemical Depot 45.8396 −119.4405 11.7 264.2

VAND Vandenberg AFB 34.7219 −120.5568 15.4 401.3

WIHA Fort William H. Harrison 46.6311 −112.1046 6.7 287.0

WILU Camp Williams, UT 40.4498 −112.0123 11.4 325.1

WILW Camp Williams, WI 43.9384 −90.2521 6.9 845.8

WOLT Fort Wolters 32.8732 −97.9940 19.1 807.7

WSMR White Sands Missile Range 32.9537 −106.4183 16.2 335.3

WSPT West Point U.S. Military Academy 41.3639 −74.0300 10.6 1287.8

YAKI Yakima Firing Center 46.7098 −120.1944 9.4 210.8

YUMA Yuma Proving Ground 33.1587 −114.4203 23.9 78.7

Table 4 General circulation models (GCM) available at Climatewizard.org that were used collectively to generate temperature and precipitation
projections to formulate Holdridge Life Zones (Girvetz et al. 2009)

Model Country Organization

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 U.S. Dept. of Commerce/ NOAA/ Geophysical Fluid Dynamics Laboratory

GFDL-CM2.1 USA U.S. 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 Institute 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/MPI-OM 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
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