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Climate change is having significant effects 
on organisms and ecosystems worldwide, 
but changes in the western United States 
have been particularly rapid over the last 30 
years. Resource managers in the West are be-
ing asked to manage for ecological responses 
to climate, but they have limited access to re-
gional or local information on the observed 
and projected effects of climate change. In 
this report we synthesize information on the 
observed and projected responses of select-
ed ecosystem properties and processes, or-
ganisms, and communities within the Rocky 
Mountains and Upper Columbia Basin 
(ROCO). As defined by climate and geopo-
litical boundaries, this region encompasses 
the Greater Yellowstone Area, the Crown 
of the Continent ecosystem, the Colorado 
Front Range, the Upper Columbia Basin, and 
12 high-elevation units of the National Park 
System, and most of the US portion of the 
Great Northern Landscape Cooperative.

Our goals are to: (1) highlight common 
themes in response to climate change so that 
resource managers can better identify system 
vulnerabilities, determine resource program 
needs, and develop conservation targets, and 
(2) inform the development of the monitor-
ing systems needed to assess climate change 
impacts and possible management actions.

We focus on physical and ecological proper-
ties and processes, and resources (commu-
nities and species) that are relevant to land 
managers in the ROCO region, including

●● air quality; 

●● ecological processes and properties, 
including biodiversity and productivity; 
phenology, connectivity, wildland fire, 
insect infestations, plant and wildlife dis-
ease, and invasion dynamics;

●● communities of interest, including alpine 
and tree line, forests and woodlands, 
five-needle pines, aspen, sagebrush and 
grasslands, aquatic systems and wetlands;

●● animal species, including grizzly bears, 
fish, amphibians, invertebrates, birds, pika, 
and ungulates. 

We found that some ecosystem properties, 
processes, and resources are being affected 
by warming temperatures and changes in 
precipitation patterns; this is supported by 
published evidence of observed responses 
to climate change within the last century and 
well-developed hypotheses and models that 
project a continued response during the next 
decade. The magnitude and direction of re-
sponse varies, but these sensitive ecosystem 
properties, processes, and resources may 
provide strong indicators of climate change. 
Climate change indicators for the ROCO 
region include freshwater resources such as 
glaciers, wetlands, and fishes; wildlife and 
plant disease; wildland fire; insect infesta-
tions; alpine vegetation; phenology; butter-
flies; elk; and birds. 

For other ecosystem properties, processes, 
and resources, evidence of climate change 
has not been found and in many cases other 
stressors are likely to drive changes over 
the next century. For instance, grasslands 
and sagebrush are extremely vulnerable 
to changes in fire regimes and biological 
invasions. In other cases, we lack published 
evidence that links recent trends to climate 
change, but well-developed hypotheses sug-
gest that the resource may be vulnerable in 
the future. For example, bats and mountain 
ungulates are expected to be sensitive to 
climate change. 

As temperatures and precipitation patterns 
change over the coming decades, a better 
understanding of how climate change affects 
resources will become critical to effective 
mitigation and management. Climate change 
will interact with multiple stressors, such as 
land-use change, atmospheric pollution, and 
invasive species, many of which are more 
proximate than climate change, making it dif-
ficult to predict changes. The only certainty 
is that ecosystem properties, processes, and 
resources will continue to change over the 
next century. Species will be lost, others will 
be gained, and disturbances will increase and 
alter the structure and function of ecosys-
tems. Future management, monitoring, and 
research efforts will need to embrace these 
changing conditions. 

Executive Summary
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 Chapter 1: Introduction

Climate change is having significant effects 
on organisms and ecosystems worldwide. 
Changes in the western United States have 
been particularly noticeable in the last 
century, with increases averaging 0.5–2˚C 
(0.9–3.6˚F) in mean annual temperatures, 
depending on elevation (Diaz and Eischeid 
2007, Pederson et al. 2010). Warmer winters 
and springs have resulted in more precipita-
tion falling as rain instead of snow, reduced 
snowpack, earlier snowmelt, earlier stream-
flow from snowmelt, an 8 to 10 day advance 
in the onset of spring on average across the 
West, more frequent large fires, and possibly 
an increase in insect outbreaks and plant 
mortality (Cayan et al. 2001, Stewart et al. 
2005, Breshears et al. 2005, Mote et al. 2005, 
Knowles et al. 2006, Westerling et al. 2006, 
Raffa et al. 2008, Pederson et al. 2010). The 
preponderance of evidence suggests that 
the magnitude of these changes has been 
influenced by human activity. Barnett et al. 
(2008) used nested climate and hydrological 
models to attribute most of these changes in 
the West to greenhouse gas emissions and 

their impact on global and regional climate. 
Another modeling study suggests that these 
changes are caused by a blend of anthro-
pogenic forcing and Pacific and Atlantic 
decadal variability (Wang et al. 2008). 

Resource managers in the West are being 
asked to manage for ecological responses to 
climate trends, but they have limited access 
to regional or local information about the 
observed and projected effects of climate 
change (Lawler et al. 2010). This report and 
a companion report focused on climate 
(McWethy et al. in press) are meant to fill 
this gap by providing land managers with 
a summary of past, current, and projected 
climate changes and a description of some 
of the ecological consequences of climate 
change in the Rocky Mountains and Upper 
Columbia Basin. Here, we focus on known 
and predicted ecological effects  and the un-
certainties associated with these predictions. 
Our coverage of topics is not comprehensive; 
we chose to focus on ecosystem properties 
and processes, species, and communities 

Figure 1. The 
geographic scope 
of this synthesis 
includes the Upper 
Columbia Basin and 
Northern, Central, 
and Southern Rock-
ies. These regions 
encompass most of 
the Great Northern 
Landscape Conser-
vation Cooperative, 
the Greater Yellow-
stone Area and 12 
high-elevation units 
of the National Park 
System. 
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that are especially relevant to land managers 
in the area as indicated by the NPS Inven-
tory & Monitoring Vital Signs Plans for the 
Greater Yellowstone, Upper Columbia Basin, 
and Rocky Mountain networks (Jean et al. 
2005, Britten et al. 2007, Garrett et al. 2007) 
and discussions with an interagency panel of 
advisors.

Defined by geopolitical and climate bound-
aries, the geographic scope of this report 
includes four regions: the northern US 
Rockies, the central US Rockies and Greater 
Yellowstone Area, and the southern US 
Rockies (fig.1). We refer to this area as the 
Rocky Mountain and Upper Columbia Basin 
region (ROCO). It includes most of the US 
portion of the Great Northern Landscape 
Cooperative and 12 high-elevation units of 
the National Park System that are at par-
ticular risk with climate change. The area 
overlaps the National Ecological Observa-
tory Network’s (NEON) Northern Rock-
ies Domain and includes portions of the 

Southern Rockies–Colorado Plateau and the 
Great Basin domains. The area also includes 
numerous units within the USDA Forest 
Service’s Northern, Rocky Mountain, and 
Intermountain regions. 

We have two goals for this ecological syn-
thesis: (1) to highlight common themes in 
response to climate change so that resource 
managers can better identify system vulner-
abilities, determine resource program needs 
and develop conservation targets, and (2) 
to inform the development of the monitor-
ing systems needed to assess climate change 
impacts and possible management actions. 
Options for managing ecosystems in the face 
of global environmental change are not dis-
cussed in this document and we recommend 
turning to some of the exceptional resources 
for guidance (e.g., Millar et al. 2007, Williams 
et al. 2007, Baron et al. 2008a, Baron et al. 
2008b, Galatowitsch et al. 2009, Joyce et al. 
2009, Mawdsley et al. 2009).
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2.1 Climate 

A review of the currently available infor-
mation on paleoecological, historical, and 
projected climate trends in the ROCO region 
has been produced as a companion docu-
ment by McWethy and colleagues (in press). 
Here, we briefly describe the regional climate 
and observed and projected trends in cli-
mate to provide context for possible ecologi-
cal responses. 

At present, the climate becomes warmer and 
drier when moving south from the north-
ern Rockies and Upper Columbia Basin to 
the southern Rockies (fig. 2). Climate in the 
ROCO region is influenced by the Rocky 
Mountains, which present a barrier to the 
westerly flow of the atmosphere carrying 
moisture from the Pacific Ocean (fig. 1). On 
the east side of the Rockies, winter precipita-
tion is generated from polar continental air 
flows and warmer maritime air from the Gulf 
of Mexico colliding with the mountains. 
In the summer, the northern Rockies may 
continue to receive moist Pacific air, but the 
southern and central Rockies receive dry 
continental air or monsoonal flows from 
the Gulf of Mexico and Gulf of California 
(Kittel et al. 2002). Total annual precipita-
tion and January precipitation are greater in 
the northern Rockies than in the central and 
southern Rockies (fig.2). January tempera-
tures in the northern Rockies and Upper 
Columbia Basin tend to be slightly warmer 
than those of the central Rockies (fig. 2) (Kit-
tel et al. 2002). 

2.1.1  Observed trends 
Since 1900, temperatures have increased 

0.5–2˚C (0.9–3.6˚F) in most areas of the 
western United States (Pederson et al. 2010, 
Mote 2003, Ray et al. 2008) but cooling has 
occurred at some sites (Ray et al. 2008, CIG 
2010). The rate of change varies by location 
and elevation but is typically a 1ºC (2°F) in-
crease since the early 20th century (Hamlet 
et al. 2007). Temperature increases are more 
pronounced during the cool season (Hamlet 
and Lettenmaier 2007). In the northern US 
Rockies, annual rates of increase are roughly 
2–3 times that of the global average (Vose et 
al. 2005, Bonfils et al. 2008, Pederson et al. 
2010, Hall and Fagre 2003), a pattern that is 
evident at northern latitudes and higher el-
evation sites throughout the West (Diaz and 
Eischeid 2007, National Assessment 2001). 
Rises in temperature appear to be accelerat-
ing where mean regional spring and summer 
temperatures for 1987 to 2003 were 0.87˚C 
(1.57°F) higher than those for 1970 to 1986, 
and were the warmest since 1895 (Westerling 
et al. 2006). 

Trends in precipitation in the ROCO region 
are far less clear. Instrumental data from the 
last century show modest increases for much 
of the northwestern United States (Mote et 
al. 1999, Mote 2003, Mote et al. 2005), but no 
directional trends for parts of the southern 
Rockies (Ray et al. 2008). Natural variability 
in precipitation is evident in the instrumen-
tal record for all of the climate regions, and 
long-term drought conditions during the 
last century impacted large areas within the 
region. Although 20th century droughts had 
substantial socioeconomic and ecosystem 
impacts, there is ample evidence that they 
were not as severe, in terms of duration and 
magnitude, as a number of drought events 

Figure 2. Average 
minimum tem-
perature, maximum 
temperature, and 
total annual precipi-
tation during 1980 
to 1997 in the 
northern Rock-
ies (including the 
Upper Columbia 
Basin), the central 
Rockies, and the 
southern Rockies. 
Bars indicate means 
±1 interannual 
standard deviation. 
Data from Kittel et 
al. 2002. 
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that occurred during the last millennium 
(Cook et al. 2007, 2004; Meko et al. 2007). 

2.1.2  Projected trends 
Temperatures in the region are generally 
expected to increase by approximately 1–2°C 
(2–4˚F) during the next 50 years with natural 
variation over years to decades. Precipitation 
is less well understood, but the projection 
for total annual precipitation suggests that 
the dominant pattern in North America will 
be a wetter climate in the northern tier and 
a drier climate in the southwestern United 
States. These and other predicted changes 
for the Rocky Mountains and Upper Colum-
bia Basin are outlined in Table 1. 

2.1.3  Summary
Temperatures in the region have gener-
ally increased since 1900 and this trend is 
predicted to continue. It is estimated that 
temperature will increase by approximately 
1–2°C (2–4˚F) in the next 50 years. Precipita-
tion patterns are less clear, but winters are 
projected to be wetter and summers drier in 
the future. These climate changes will con-
tinue to affect ecological processes, proper-
ties, and resources throughout the ROCO 
region. 

2.2 Air quality and deposition

Air pollution is determined by the amount 

of emissions, atmospheric processes, and 
weather in a region. Through its effects 
on emissions, atmospheric and ecological 
processes, and weather patterns, climate 
change may have large effects on air qual-
ity (Jacob and Winner 2009). The Clean Air 
Act regulates six major classes of air pollut-
ants: ground-level ozone, particulate matter, 
carbon monoxide, sulfur dioxide, nitrogen 
(N) dioxide, and lead (USEPA 2008a). Of 
these, ozone and particulate matter are of 
the greatest concern to human health and 
visibility. Particulate matter includes the very 
fine dust, soot, smoke, and droplets that 
are formed from atmospheric reactions. It 
is produced by dust from roads, aridifica-
tion, and erosion and when fuels such as 
coal, wood, or oil are burned. Ground-level 
ozone is formed when volatile organic com-
pounds react with N oxides in the presence 
of sunlight. Volatile organic compounds are 
released from vegetation, fuels, and indus-
trial processes, while N oxides are emitted 
from any combustion process, including the 
burning of fuels in cars, power plants, and 
industrial boilers. In addition to impairing 
human health, ground-level ozone can cause 
foliar damage and decreased photosynthesis 
and growth in plants.

The major components of acid precipitation 
and deposition are sulfur dioxide, emitted 
primarily from power plants burning coal, 

Table 1. Summary of Projected Climate Changes in the Rocky Mountains and Upper Columbia Basin (based on McWethy et 
al. in press).

Climate Variable
General Change  

Expected
Range of Change Expected General pattern Confidence

Temperature Increase 1.5–2.1ºC (2.7°–3.4°F)
Increases slightly 

greater in the summer
High

Precipitation No change
2–5% increase in winter, 0–4% 

decrease in summer
Increase in winter, 

decrease in summer

Moderate for 
winter; low for 

summer

Drought
Increase in frequency and 

severity

Varies with magnitude of 
temperature and evaporation 

change

Greatest impact in 
summer

High

Temperature 
Extreme Events

Increase of warm events, 
decrease of cold events

Varies with magnitude of tem-
perature change

Increase in frequency 
and length of hot 

events
High

Precipitation 
Extreme Events

Potential for decreased 
frequency coupled with 

increased intensity
Uncertain

Potential for more 
intense spring and 

summer floods 
Uncertain
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and N dioxide, emitted from cars and power 
plants. Both can cause the acidification of 
soils, streams, and lakes. Since N is a limiting 
resource in many communities, N deposi-
tion can also cause unnatural fertilization, 
with cascading effects on ecosystem health 
(Galloway et al. 2003). Excess N often favors 
invasive plant species, enabling them to out-
compete native species. In Rocky Mountain 
National Park, N from atmospheric deposi-
tion has caused increased nitrate in lakes, 
increased N in vegetation and soils (Baron 
et al. 2000a; Baron et al. 2003), and changes 
in aquatic biota (Baron 2006). Current levels 
of N deposition in the park are sufficient to 
alter alpine plant community composition 
(Bowman et al. 2006). In the Upper Colum-
bia Basin Network, N deposition may be 
contributing to the invasion of cheatgrass, 
which is known to be responsive to elevated 
soil N (Chambers et al. 2007, Lowe et al. 
2003, Monaco et al. 2003).

Toxics such as mercury, which is emitted pri-
marily by coal-burning power plants, can ac-
cumulate in the environment, posing severe 
threats to human and wildlife health. The 
Western Airborne Contaminants Assessment 
Project found elevated levels of mercury in 
fish in some western parks. In Rocky Moun-
tain National Park, mercury concentrations 
in some fish exceeded contaminant health 
thresholds for some piscivorous mammals 
(otter and mink) and birds (kingfishers). 
Concentrations of other airborne toxics, 
including dieldrin, dacthal, and endosulfan, 
were also elevated in fish, and some fish 
showed symptoms of endocrine disruption 
(e.g., poorly developed testes and intersex 
male trout) (Landers et al. 2008). 

2.2.1  Observed trends
From 1970 to 1997, aggregate criteria air 
pollutant emissions decreased 31% across 
the United States while the US population, 
the number of vehicle miles traveled, and the 
gross domestic product increased (USEPA 
1998). Since 1990, air quality has improved 
significantly for all major classes of pollut-
ants; the greatest reductions occurred in 
sulfur dioxide, carbon monoxide, and lead 
(USEPA 2008b). Reductions in emissions are 
primarily a result of increased regulation and 
are independent of climate effects. As with 

the rest of the nation, sulfur dioxide emis-
sions from power plants have generally been 
reduced in the ROCO region, but emissions 
of N oxides and volatile organic compounds 
from oil and gas production have increased. 
Ammonia, which is emitted from agricul-
ture, feedlots, and automobile catalytic 
converters, also appears to be increasing, but 
because it is not a regulated air pollutant, 
emission levels are uncertain. Ground-level 
ozone has increased in areas with high levels 
of energy development due to increased traf-
fic, road development, and diesel use. 

From 1993 to 2004, deposition and snow-
pack records for the ROCO region show 
a marked decrease in sulfate deposition in 
the northern, central, and southern Rockies 
(Ingersoll et al. 2008). However, ammonium 
(from ammonia) and nitrate (from N oxides) 
concentrations in snow increased dur-
ing that period in the southern and central 
Rockies (Ingersoll et al. 2008). Compared to 
the rest of the United States, N deposition 
in the Intermountain West is fairly low, but 
the ecological consequences, particularly 
in alpine areas, are great (Bowman et al. 
2002; Baron et al. 2003, Baron 2006). Alpine 
ecosystems are poorly suited to assimilating 
N because of their short growing season, low 
vegetative cover, low ambient soil nutrients, 
and high rates of snowmelt flushing (Baron 
et al. 2000a, Williams and Tonnessen 2000). 
Nitrogen causes changes in alpine ecosystem 
structure and function and can contribute 
to acidification of alpine streams, lakes, and 
soils (Fenn et al. 2003). 

2.2.2  Projected trends
A warmer climate will make it more difficult 
to meet US air quality standards, particu-
larly for ozone (Field et al. 2007, Karl et al. 
2009). Changes in climate affect air quality 
by changing wind patterns and ventilation 
rates, precipitation, dry deposition, chemical 
production and loss rates, natural emissions, 
and background concentrations (Jacob and 
Winner 2009). For instance, higher tem-
peratures increase the oxidation of sulfur 
and N oxides, and precipitation changes will 
influence the distribution of acids deposited 
across the landscape (Bernard et al. 2001). 

Some of the better understood effects from 
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a warmer climate include increased ground-
level ozone formation and increased particu-
late matter derived from forest fires. Ozone 
formation generally increases at higher 
temperatures due to increased gas-phase 
reaction rates (Aw and Kleeman 2003). The 
rate at which volatile organic compounds 
are produced from natural sources, such 
as trees, will also increase with increasing 
temperatures (Guenther 2002). This may be 
somewhat offset by the inhibitory effect of 
carbon dioxide (CO2) on isoprene produc-
tion (Young et al. 2009), as isoprene is one 
of the more significant ozone precursors 
emitted by vegetation. Most models find that 
even with current emission rates, there will 
be a widespread increase in ground-level 
ozone during the summer over the next 
century (Jacob and Winner 2009). This is 
consistent with historical data that show a 
consistent increase in ozone with tempera-
ture in polluted areas (Jacob and Winner 
2009). In the West, however, decreases in 
background concentrations of ozone (due to 
increased water vapor) may offset increases 
in ozone due to temperature (Jacob and 
Winner 2009).

There is no consensus among models on the 
predicted effect of future climate on particu-
late matter (Jacob and Winner 2009). How-
ever, climate change may indirectly affect the 
concentration of particulate matter in the air 
by increasing natural sources such as wild-
fires and global and regional transport of 
dust (USEPA 2008b), resulting in decreased 
visibility in downwind areas. This may 
be particularly relevant in western North 
America, where 6.7 times more forested area 
burned from 1987 to 2003 than from 1970 to 
1986 (Westerling et al. 2006). 

Increased temperatures may exacerbate the 
effects of N deposition by increasing the 
rate of N cycling in soils, producing more 
available N. Increased temperatures are also 
releasing stored N from rock and ice glaciers. 
In Rocky Mountain National Park, recent 
increases in alpine stream nitrate appear to 
be related to increased melting of glaciers 
(Baron et al. 2009). Results from a modeling 

study by Civerolo and colleagues suggest that 
N deposition in eastern watersheds during 
the summer may increase 3–14% as a re-
sult of increased precipitation, while dry N 
deposition is predicted to increase because 
higher surface temperatures favor gas-phase 
nitric acid to particulate nitrate (Civerolo et 
al. 2008). However, other modeling predicts 
that planned emissions reductions will offset 
temperature-related increases in N and sul-
fur deposition in many parts of the country, 
with some exceptions in the West (Tagaris et 
al. 2008). 

The fate of toxics such as mercury in a 
changing climate is poorly understood, but it 
is expected that increased volatilization will 
transfer mercury between ecosystems via 
atmospheric transport, re-depositing it in a 
more mobile and potentially more toxic form 
(Jacob and Winner 2009). However, if a drier 
climate results in a loss of wetlands, aquatic 
systems may have less mercury methylation. 

Model-based predictions of air pollution in a 
changing climate are fraught with uncertain-
ties (Bernard et al. 2001). Emission invento-
ries vary in accuracy and unregulated pollut-
ants like ammonia are poorly accounted for. 
While national and international emission 
regulations play a major role in regulating air 
pollution, they vary in effectiveness. There 
are additional uncertainties in our under-
standing of atmospheric chemistry process-
es, predictions of precipitation changes, and 
the role of meteorology in air quality (Jacob 
and Winner 2009). 

2.2.3  Summary
Despite uncertainties, air pollution is ex-
pected to increase in a warmer climate. 
Much evidence suggests that the frequency 
and duration of ground-level ozone events 
will increase. Remote areas may be most af-
fected by changes in the global background 
of ground-level ozone and by increases in 
particulate matter due to increases in fire 
frequency and drought. Wet and dry depo-
sition of N and sulfur compounds will be 
sensitive to changing precipitation patterns 
and mercury deposition may increase. 
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Climate change has led to fundamental 
alterations in ecosystem properties and 
processes. In this section we summarize 
observed trends and projected responses 
to climate change for some of those that are 
likely to be affected: biodiversity, productiv-
ity, phenology, connectivity, wildland fire, 
insect infestations, plant and wildlife disease, 
and invasion dynamics. 

3.1 Biodiversity 

The Secretariat for the Convention on 
Biodiversity (2003) defines biological diver-
sity as including all plants, animals, micro-
organisms, the ecosystems of which they 
are part, and the diversity within species, 
between species, and of ecosystems. Un-
derstanding and managing for the response 
of biodiversity to climate change presents 
one of the greatest challenges to land and 
resource managers in the West. The diverse 
and varied topography in the ROCO region, 
particularly in the mountains, contributes 
to high community diversity compared to 
the eastern United States, although any one 
community may have relatively few species 
(Wickham et al. 1995). Diversity is positively 
correlated with area such that larger patches 
of habitat contain more species than do 
smaller patches (MacArthur and Wilson 
1967). Habitat fragmentation and loss causes 
decreases in diversity. Other non-climate 
stressors threatening diversity include inva-
sive species, disturbance, and pollution. On 
the global scale, it is believed that biological 
diversity will decline in response to climate 
changes (Parmesan and Yohe 2003, SCBD 
2003). Below, we describe some of the ob-
served and predicted trends for diversity in 
the ROCO region. 

3.1.1  Observed trends 
Historical and paleoecological data suggest 
that climate can drive alterations in vegeta-
tion productivity, diversity, abundance, and 
composition (e.g., Pederson et al. 2007). 
These changes in plant diversity and commu-
nities are mirrored by concurrent or subse-
quent changes in animal diversity. Yet there 
have been few examples of climate-driven 
extinctions or extirpations of species during 

the last century; instead the primary drivers 
have been disease, invasive species, dams 
and hydrologic alterations, hunting pressure, 
and land-use change (Tomback and Kendall 
2002). One exception is the decline of rare 
alpine plants in Glacier National Park which 
is thought to be due to warmer temperatures 
(Lesica and McCune 2004). 

3.1.2  Projected trends 
With a 1°C (2°F) increase in average global 
temperature, the IPCC estimates that up to 
30% of all species will be at increased risk 
of extinction (Field et al. 2007). While such 
models and estimates include uncertainties, 
there is little or no evidence that climate 
change will slow species loss (SCBD 2003). 
The Secretariat for the Convention on Bio-
diversity (2003) predicted four impacts on 
biodiversity as a result of climate change: (1) 
the climatic range of many species will move 
poleward or upward in elevation; (2) many 
species that are already vulnerable, such as 
rare endemics and threatened and endan-
gered species, are likely to become extinct; 
(3) changes in the frequency, intensity, ex-
tent, and locations of climatically and non-
climatically induced disturbances will affect 
how and at what rate existing ecosystems 
will be replaced by new plant and animal as-
semblages; and (4) some ecosystems, such as 
high mountain ecosystems, arid ecosystems, 
remnant native grasslands, and ecosystems 
underlain by permafrost, will be particularly 
vulnerable to climate change. Diversity will 
decline where habitats are found in small 
discrete patches, such as alpine tundra and 
lakes, and where warming contributes to 
habitat loss. 

3.1.3  Summary 
Most evidence suggests that changes in 
biodiversity will occur, and that they will be 
spatially and temporally variable. Certain 
species, such as rare or threatened species, 
and certain communities, such as alpine wet 
meadows, are at particular risk of extinc-
tion or loss. Rare plants and animals with 
limited capacity to disperse are particularly 
vulnerable to loss. The rate of species loss 
and turnover will vary with the intensity of 
other stressors such as land use changes, the 
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spread of invasive species, and changes in 
disturbance regimes. 

3.2 Productivity

In ecological terms, primary productivity 
refers to the rate of biomass generation by 
plants and other autotrophs and is often 
expressed in terms of growth or carbon gain. 
Experiments and latitudinal patterns suggest 
that productivity is positively correlated with 
diversity (Loreau et al. 2001); however, the 
potential mechanisms behind these patterns, 
such as increased facilitation, statistical 
biases, or niche differentiation, continue to 
be debated (e.g., van Ruijven and Berendse 
2005). Patterns of productivity are similar 
to those of diversity and are driven largely 
by precipitation, temperature, elevational, 
and soil gradients; productivity is greatest 
in warm, wet, and low elevations. Changes 
in precipitation patterns, fertilization by in-
creased atmospheric CO2 levels, and chang-
ing disturbance regimes make forecasting 
productivity changes difficult.

3.2.1  Observed trends
In recent decades, warmer temperatures 
and changing precipitation regimes have 
increased primary productivity on a global 
scale and particularly in the Northern 
Hemisphere (Field et al. 2007). Global daily 
satellite data indicate that the earlier onset 
of spring by 10–14 days has contributed to 
net primary production in the continental 
United States increasing nearly 10% from 
1982 to 1998 (Boisvenue and Running 2006). 
The most common measure of long-term 
trends in productivity comes from forest 
growth. It appears to be slowly accelerating 
in regions where tree growth has historically 
been limited by low temperatures and short 
growing seasons, such as boreal regions 
and eastern forests, but it is slowing in areas 
subject to drought or other large-scale dis-
turbances such as fire and insect infestations 
(Field et al. 2007). Overall, US forest pro-
ductivity has generally been increasing since 
the middle of the 20th century (Boisvenue 
and Running 2006). Where productivity has 
increased, it is difficult to determine whether 
climate is the sole cause because of the con-
founding effects of increased N deposition, 
increased CO2 concentrations, and succes-

sional changes.

3.2.2  Projected trends 
Although primary productivity is projected 
to increase moderately due to longer grow-
ing seasons and elevated CO2 concentra-
tions, net ecosystem and biome productivity 
may decline due to increased disturbance, 
drought, and changes in community struc-
ture. While models project that a modest 
warming will lead to greater tree growth in 
the United States (Ryan et al. 2008), there 
will be spatial and temporal variations 
depending on other factors that limit pro-
ductivity at a given site (Ryan et al. 2008). 
This may result in a pattern of initial gains in 
productivity followed by declines. The areal 
extent of drought-limited ecosystems is ex-
pected to increase by 11% for each 1ºC (2°F) 
of warming in the continental United States 
(Bachelet et al. 2001). For widespread spe-
cies such as lodgepole pine (Pinus contorta), 
a 3ºC (5°F) temperature increase would 
increase growth in the northern part of its 
range, decrease growth in the middle range, 
and decimate southern forests (Rehfeldt et 
al. 2001). Where climate change leads to con-
versions of vegetation type (e.g., woodland 
to grassland), this will have strong impacts 
on productivity (Izaurralde et al. 2005). 

3.2.3  Summary
Modest increases in productivity and for-
est growth are expected in the West with 
warmer temperatures. However, in areas 
subject to drought and decreased precipita-
tion, productivity will likely decline. 

3.3 Phenology

Phenology is the study of the seasonal timing 
of events in the annual life cycle of plants 
and animals in relation to climate. Leaf-out, 
flowering, senescence, animal migrations, 
hibernation, and insect emergence are 
examples of phenological events. The timing 
of these events is of interest to many bird-
watchers, gardeners, and other citizens, and 
they are critical to many economic activities, 
such as agriculture. The timing is sensitive to 
seasonal and interannual variations in tem-
perature and precipitation. Thus phenology 
is considered the gateway to climatic effects 
on biota and ecosystems and is vital to the 
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public interest. As a consequence, there are 
extensive phenological records from around 
the globe and across many taxa. Most of 
these records show some evidence of recent 
changes due to increasing temperatures (Par-
mesan 2006). At a global scale, they indicate 
that there has been a mean advance of spring 
events of ~2.3 days per decade during the last 
century (Parmesan and Yohe 2003). 

3.3.1  Observed trends 
Although long-term records of phenology 
are scarce in the West compared to other 
regions, here are a few examples. 

●● From 1957 to 1994, flowering of lilacs (Sy-
ringa vulgaris) and honeysuckle (Lonicera 
tatarica and L. korolkowii) have shown an 
advance of 7.5 and 10 days, respectively, 
in the West. This is most likely due to the 
1–3°C (2–5°F) increase in spring tem-
peratures during that period (Cayan et al. 
2001). 

●● In Lake Washington, near Seattle, the tim-
ing of phytoplankton blooms advanced 19 
days from 1962 to 2002 because warmer 
spring temperatures have changed the tim-
ing of stratification (Winder and Schindler 
2004). 

●● At the Rocky Mountain Biological Labo-
ratory in the southern Rockies, yellow-
bellied marmots (Marmota flaviventris) 
emerged from hibernation significantly 
earlier in 1999 than in 1976 (Inouye et al. 
2000). 

●● Earlier emergence of flowers since 1992 
in the southern Rockies has been docu-
mented, exposing some plant species to 
increasing damage from late frosts (Inouye 
2008).

Changes in the timing of migration, hydro-
logical events, and fire seasons are discussed 
in subsequent sections.

3.3.2  Projected trends 
With continued warming, we should expect 
to see a continued advance of spring in the 
ROCO region. Compared to 1950 to 1970, 
streamflow and peak snowmelt are occurring 
1–4 weeks earlier (Stewart et al. 2005). Lack 
of good phenology data make predictions 

difficult, but changes in the timing of spring 
will likely affect the timing of reproduction, 
emergence, and migration of numerous spe-
cies, which may affect community structure 
and function. On the other hand, phenologi-
cal events that are tied to day length, such 
as the emergence of many plants, are not 
expected to change. 

While evolutionary adaptations to climate 
change can be rapid, it is generally thought 
that they are not rapid enough to counter 
the negative effects that climate change will 
have on many species (Parmesan 2006). 
One concern is the development of asyn-
chronies among interacting and dependent 
species. For instance, there is the potential 
for increased stress for marmots in the early 
spring because while marmots are emerg-
ing earlier, there has been no change in the 
emergence of food plants in the area (Inouye 
et al. 2000). Mismatches in the phenology of 
birds and their prey have been documented 
in other parts of the United States and the 
globe and have been linked to population 
declines (Both et al. 2006, Wormsworth and 
Mallon 2008). 

The key uncertainties in understanding the 
response of phenology to climate change lie 
in the rate at which phenological changes 
occur and how fast species will adapt to new 
seasonal regimes. Manipulative experiments 
suggest that other global changes, such as 
changing CO2 concentrations and increased 
nutrient availability, may dampen the pheno-
logical response to warming (Cleland et al. 
2006). As a result, it will be difficult to predict 
the magnitude and direction of response for 
many species. There are also apparent con-
tradictions between individual species and 
ecosystem level responses (Steltzer and Post 
2009). Moreover, it remains unknown how 
often and how many species interactions will 
be affected by the development of asynchro-
nous life histories. Finally, the largest chang-
es to date are related to earlier spring onsets; 
less is known about phenological changes to 
climatic trends in other seasons.

3.3.3  Summary
Phenological observations provide inex-
pensive, useful, and sensitive records on the 
ecological consequences of climate change. 
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Globally, there has been a trend for species 
to advance timing of many life-history events 
in concert with warming temperatures. In 
the West, records suggest that warmer spring 
temperatures have affected first flowering, 
hibernation, and lake productivity and these 
changes are expected to continue. 

3.4 Connectivity and animal and 
plant movement

Connectivity is the measure of the extent to 
which organisms can move between habitat 
patches (Taylor et al. 1993). Animal and plant 
movement is critical for migration, dispersal, 
and acquiring resources throughout a spe-
cies’ home range. Plant migration and dis-
persal most often occur at a local scale, but 
plants can migrate long-distances via wind, 
animal, and water dispersal. The rate of 
plant migration is driven by generation time 
because it is dependent on establishment of 
seedlings and the time it takes for them to 
reach reproductive maturity (Neilson et al. 
2005). Plant migration rate can be roughly 
estimated by functional group; long-lived, 
late successional species with large seeds are 
typically slower to migrate than wind dis-
persed, small-seeded plants (Neilson et al. 
2005).

In the West, some of the best known ani-
mal migrations are those of birds, fish, and 
ungulates. Raptors, waterfowl, and song 
birds move between breeding grounds in the 
north and winter grounds in the south along 
the Pacific and Central Flyways following the 
spine of the Rocky Mountains (Birdnature 
1998). Some species of salmon (Oncorhyn-
chus spp.) in the Northwest travel from the 
Pacific Ocean to the freshwaters of Idaho 
where they spawn and die, and their young 
will spend up to two years in freshwater 
prior to migrating back to the Pacific Ocean 
(Groot and Margolis 1991). Cutthroat trout 
(O. clarki bouvieri) migrate upstream into 
high-elevation lakes when barriers are not 
present (Kruse et al. 1997). Many ungulates 
in the region, such as elk (Cervus canadensis; 
e.g., Brazda 1953) and mule deer (Odocoileus 
hemionus; e.g., Sawyer et al. 2005), migrate 
between summer and winter ranges. The 
pronghorn antelope (Antilocapra americana) 
migrate seasonally throughout the ROCO 

region to access winter forage grounds 
(Hoskinson and Tester 1980, Sawyer et al. 
2005). The pronghorn migration between 
Grand Teton National Park and the Upper 
Green River Basin follows an invariant path 
spanning roughly 150 km (Berger et al. 2006) 
and is believed to be the longest remaining 
mammal migration in the continental United 
States (Berger 2004). Bats undertake signifi-
cant seasonal movements at regional scales 
between winter hibernacula and summer 
pup-rearing areas (Cryan et al. 2000, Dobkin 
et al. 1995). Several bat species migrate from 
the ROCO area to the Southwest and Mexico 
(Cryan 2003, Cryan and Brown 2007).

3.4.1  Observed trends 
The paleoecological and historical record 
suggests that plants can migrate in response 
to changes in climate. Fossil data suggests 
that trees may have migrated from 100 to 
1,000 meters (109–1094 yd) per year in 
response to climate warming, but these rapid 
rates are likely driven by just a few long-dis-
tance dispersal events (Higgins and Rich-
ardson 1999). Over the last century, climate 
change has driven changes in plant distribu-
tion and ranges (Parmesan and Yohe 2003). 
For instance, alpine plants have shifted 
upward in elevation in the Alps (Grabherr 
et al. 1994). In recent times, plant migration 
has been altered most by humans through 
accidental and deliberate plant introductions 
and habitat fragmentation (Pitelka 1997). In 
some cases, habitat has become so fragment-
ed that dispersal is inhibited, driving plant 
extirpations (Fahrig 2002). 

As with other phenological events, warmer 
temperatures have driven a trend toward 
earlier spring migratory arrivals (Parmesan 
and Yohe 2003). For example, American rob-
ins (Turdus migratorius) arrived on average 
14 days earlier in 1999 than in 1981 in south-
ern Colorado (Inouye et al. 2000), and some 
20 species of neotropical migrants arrived 
in the United States 21 days earlier in 1994 
than in 1965 (Price and Root 2005). Migra-
tory routes, while influenced by climate, 
have been more vulnerable than migratory 
timing to widespread land-use change and 
habitat destruction. Berger (2004) estimated 
that about 75% of the migration routes in 
the Greater Yellowstone Area for pronghorn, 
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bison and elk have been lost due to human 
development and agriculture.

Connectivity among habitats is essential to 
not only allow for migration, but also for 
linking and maintaining gene flow among 
disparate populations. Maintaining con-
nectivity has been challenging as human 
populations and development in the West 
have increased. Connections between un-
protected lowland source populations and 
mountain populations may be at particular 
risk. For instance, Hansen and colleagues 
(2009) showed that American robins and 
yellow warblers (Dendroica petechia) are at 
risk from human development in the Greater 
Yellowstone Area because the populations 
are dependent on breeding in lowland, un-
protected areas. 

While connectivity is clearly affected by 
human development, there is less historical 
evidence from the past century that it has 
been directly impacted by climate change. 
Drying of streams and wetlands can reduce 
connectivity of aquatic habitats (Hauer et al. 
1997). Large-scale changes in vegetation pat-
terns seen in the paleoecological record (e.g., 
Whitlock and Bartlein 1993) changed the 
structure and linkages of habitat across the 
West. More recent examples of climate alter-
ing habitat connectivity and affecting meta-
population structure may come from pikas 
(Ochotona princeps) and butterflies. Beever 
et al. (2003) hypothesized that the pattern of 
pika colony extirpation in the Great Basin 
is driven by warming and increased isola-
tion. Alpine butterfly (Parnassius smintheus) 
populations have become more isolated 
from one another in the Canadian Rockies 
due to losses of subalpine meadow habitat 
(Roland and Matter 2007). Connectivity may 
also be affected by climate change through 
changes in animal behavior. For instance, 
milder winters allow pronghorns to stay 
in their customary summer ranges and not 
migrate (e.g., Jacques et al. 2009), which may 
result in the population losing its knowledge 
of migration routes that are necessary in 
average winters.

3.4.2  Projected trends 
While the fossil record suggests that plants 
can migrate rapidly in response to climate, 

it is believed that fragmentation, reduced 
source population size, and a reduction in 
animal vectors coupled with an unprec-
edented rate of climate change will make it 
unlikely that plant species will migrate fast 
enough to escape its consequences (Neilson 
et al. 2005). Variation in the rates and abil-
ity of plant species to migrate in the face of 
change will contribute to the formation of 
communities that have no current analogues. 
For instance, rare plants, particularly those 
with low reproductive rates and large seeds, 
may migrate more slowly than do annual 
plants. The effectiveness of plant dispersal 
and migration will strongly influence not 
only the structure and function of future 
terrestrial communities but also feedbacks 
between climate and the land surface (Hig-
gins and Harte 2006). 

Climate change is expected to alter animal 
movement patterns through its effects on 
habitat availability and the timing of move-
ment events. One study estimates that 
predicted climate changes will reduce migra-
tions of neotropical birds 32% and 39% to 
the Pacific Northwest and Rocky Moun-
tains, respectively (Price and Root 2005). It 
is expected that the general trend of earlier 
migrations will continue (Parmesan 2006).

Projected changes in vegetation cover (e.g., 
Bachelet et al. 2001), loss of snow cover, 
debris flows, seasonal floods, and declines in 
surface waters will likely impact the degree 
of connectivity among habitats. As species’ 
core habitat areas shift across the landscape, 
shrink in size, or become fragmented, those 
species’ connectivity needs are also likely to 
be altered (Cross et al. in press). Changes in 
hydrology might affect the connectedness of 
aquatic populations and habitats. Extreme 
weather events may increase the frequency 
of large-scale disturbances and these in turn 
may cause increasing fragmentation (Opdam 
and Wascher 2004). 

The more immediate threat and uncertainty 
of habitat destruction and fragmentation 
makes it difficult to predict how connectivity 
will be affected by climate change. We do not 
have a strong understanding of the connec-
tivity needs of many species under current 
conditions in most places. Moreover, since 
the influence of climate change can vary 
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dramatically across a species’ range, particu-
larly for birds with long-distance migrations, 
understanding how climate change will affect 
migration patterns is difficult (Inkley et al. 
2004). In many cases the primary driver of 
plant dispersal and habitat alterations will 
be changes in precipitation and disturbance, 
the direction and magnitude of which is dif-
ficult to predict. Many uncertainties remain 
because different species will be affected by 
climate change at differing rates and magni-
tudes, and phenotypic plasticity and changes 
in behavior in response to changing environ-
mental conditions are highly variable. 

3.4.3  Summary
It is predicted that plant and animal move-
ments and connectivity needs will be altered 
by climate changes. However, responses will 
likely vary across species and ecosystems. 
In the paleorecord plant migration has oc-
curred quickly in response to warming. Due 
to fragmentation and other dispersal barri-
ers, projections estimate that plants will not 
keep pace with the current rate of climate 
change. The timing of migration events such 
as the arrival of birds and movement of un-
gulates between winter and summer ranges 
will likely be driven earlier as springs become 
warmer throughout the region. There remain 

large uncertainties in anticipating future 
patterns of migration due to unpredictable 
changes in habitats and the development 
of mismatches between interacting spe-
cies. Connectivity of animal populations 
and habitats will decrease due to increased 
fragmentation driven by climate-induced 
disturbances or changes in vegetation. 

3.5 Wildland fire

Fire is an essential disturbance in the ROCO 
region (Keane et al. 2002), where it acts to re-
cycle nutrients, regulate succession, maintain 
diversity, reduce biomass, control insect and 
disease populations, and regulate interac-
tions between plants and animals (Crut-
zen and Goldhammer 1993). Variability in 
climate and fire regimes over the last 20,000 
years has strongly influenced forest compo-
sition and structure (Whitlock et al. 2002, 
Whitlock et al. 2003). Although fire plays a 
key role in determining the structure and 
function of most habitats in the region, it has 
less influence in alpine areas, which rarely 
burn, and in high subalpine forests, which 
have fire return frequencies of more than 200 
years (Keane et al. 2002). Long-term varia-
tions in temperature and precipitation pat-
terns have resulted in continuously changing 

Figure 3. Annual 
variations in the 
area burned by 
wildland fires in 
Montana, Idaho, 
Wyoming, and 
Colorado, 2002–
2009. The large 
2002 Hayman fire is 
evident in Colorado 
and the 2007 Mur-
phy complex fire in 
Idaho. Data from 
NICC 2010.
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fire regimes (Whitlock et al. 2008). Historical 
records suggest that an average of 2.4 million 
hectares (5.9 million acres) burned annu-
ally in the northwestern United States prior 
to 1900, two-thirds of which was sagebrush 
and grassland vegetation (Keane et al. 2002). 
Due to fire suppression and changes in land 
cover, annual fires now typically cover less 
than half that area (Keane et al. 2002). Large 
severe fires (>300 acres, 121 ha) account for 
more than 95% of the area burned in the 
West in a given year (Peterson and McKen-
zie 2008). In the ROCO region, the extent 
of wildland fires varies considerably among 
years and across states, with the peak season 
occurring during the summer (Littell et al. 
2009) and the largest areas burned typically 
in Idaho and Montana (fig. 3). 

3.5.1  Observed trends 
The relative influence of climate on fire 
behavior varies regionally and by ecosystem 
type, but generally current-year drought, 
low winter precipitation, wind conditions, 
and high summer temperature are positively 
associated with area burned in the Rockies 
(Westerling et al. 2006, Littell et al. 2009). In 
lower-elevation montane forests of the Colo-
rado Front Range, large fires are commonly 
preceded by wetter than average springs 
two to four years in advance that presum-
ably increase fine fuel loads (Veblen et al. 
2000). Wet antecedent conditions decrease 
as a contributing factor at higher elevations 
in the montane zone (Sherriff and Veblen 
2008) and are considered unimportant in 
the subalpine zone where fuels are abundant 
(Sibold et al. 2006). Other large-scale climate 
patterns such as the Pacific Decadal Oscil-
lation (PDO; Hessl et al. 2004) and El Niño 
Southern Oscillation (ENSO; Schoennagel 
et al. 2005) are also associated with fires, but 
their strength and signal varies across the 
ROCO region, with ENSO more influential 
in the southern Rockies and PDO in the 
northern US Rockies (Morgan et al. 2008). 
Additionally, sea surface temperatures in the 
north Atlantic Ocean (Atlantic Multidecadal 
Oscillation, AMO) interact with ENSO and 
PDO to influence the severity and synchrony 
of drought and fire in the Rockies (Sibold 
and Veblen 2006; Kitzberger et al. 2007). The 
complex interactions of the tropical Pacific 
(ENSO), north Pacific (PDO) and north 

Atlantic (AMO) in shaping spatial patterns of 
drought and fire suggest that projecting the 
influences of climate change on future pat-
terns of fire is extremely difficult.

The increasing frequency of warm spring 
and summer temperatures, reduced win-
ter precipitation, and earlier snowmelt in 
the West during the last 20 years has led to 
an increase in the frequency of very large 
wildfires and total acres burned (Westerling 
et al. 2006). There is insufficient evidence at 
present to conclude that the increase in the 
frequency of large fires and total area burned 
in the northern Rockies since the mid-1980s 
is outside the range of variation experienced 
in the last 20,000 years (Whitlock et al. 2008).

Fire dynamics have been altered by climate 
indirectly through its effects on insect infes-
tations and forest health. By changing the 
forest environment, bark beetles can influ-
ence the probability, extent, and behavior of 
fire events, but despite the widely held belief 
that bark beetle outbreaks set the stage for 
severe wildfires, few scientifically and sta-
tistically sound studies have been published 
on this topic (Negron et al. 2008). That fire 
promotes beetle infestations is clearer; the 
fire-caused injury changes conifers’ volatile 
emissions, increasing their susceptibility to 
bark beetles (Kelsey and Joseph 2003).

3.5.2  Projected trends
Most evidence supports that future cli-
mate changes will cause increases in the 
frequency, intensity, severity, and average 
annual extent of wildland fires (Field et 
al. 2007, Ryan et al. 2008). Models project 
that numerous aspects of fire behavior will 
change, including longer fire seasons, more 
days with high fire danger, increased natural 
ignition frequency and fire severity, more 
frequent large fires, and more episodes of 
extreme fire behavior (Brown et al. 2004, 
Bachelet et al. 2007, Westerling and Bryant 
2008). The best evidence, however, is for 
increases in the average annual area burned 
(McKenzie et al. 2004, Flannigan et al. 2006, 
Bachelet et al. 2007). For instance, McKenzie 
and colleagues (2004) predict that a mean 
temperature increase of 2.2°C (4.0°F) will 
increase the annual area burned by wildfire 
by 1.5 to 5. In another study, it is predicted 
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that the median annual acres burned in the 
Upper Columbia Basin and northern Rock-
ies would increase from about 0.5 million 
acres(0.2 million ha) in 1916 to 2006 to 0.8 
million acres (0.3 million ha) in the 2020s, 
1.1 million acres (0.4 million ha) in the 
2040s, and 2.0 million acres (1 million ha) in 
the 2080s (Littell et al. 2009). 

While there is strong evidence that climate 
change will increase the number of fires, and 
particularly the area burned each year, un-
certainties remain. First, historical patterns 
of precipitation are linked to fire and synop-
tic weather features that drive fire growth, 
such as high pressure ridges and wind pat-
terns, but models differ in their projections 
for these climate variables. Other factors, 
such as increases in non-native, annual grass 
invasions, may alter fire dynamics, making 
predictions based on climate alone difficult. 
Finally, and perhaps most importantly, if fires 
and other stand-replacing disturbances oc-
cur more frequently, the resulting landscape 
pattern may limit the size of future fires and 
total area burned (Collins et al. 2009).

3.5.3  Summary
Wildland fires have been increasing in fre-
quency and size in the region and are ex-
pected to continue to increase with climate 
change. The increase will be seen most in 
the total area burned annually and risks will 
be greatest following dry winters and warm 
springs. 

3.6 Insect infestations

Although abundant in forest ecosystems, 
insect herbivores typically consume less than 
10% of primary productivity. However, the 
populations of some insect species periodi-
cally erupt and consumption increases to 
well over 50% (Perry 1994). When outbreaks 
occur, insect herbivores become important 
disturbance agents in forests, often causing 
widespread tree mortality on a landscape 
scale. Insect outbreaks also change forest 
ecosystem structure and function by regulat-
ing certain aspects of primary production, 
nutrient cycling, ecological succession, and 
the size, distribution, and abundance of trees 
(Romme et al. 1986). In 1997, the USDA es-
timated that insects and pathogens damaged 

20 million ha of US forests, which was more 
than all other disturbance types (e.g., hur-
ricanes, fire, and drought) combined (Dale et 
al. 2001).

A few of the most common outbreak spe-
cies in ROCO forests include western spruce 
budworm (Choristoneura occidentalis), 
Douglas fir tussock moth (Orgyia pseu-
dotsugata), and the mountain pine beetle 
(Dendroctonus ponderosae). The western 
spruce budworm is a widely distributed 
and destructive forest defoliator favoring 
Douglas fir (Pseudotsuga menziesii), white fir 
(Abies concolor), Engelmann spruce (Picea 
engelmannii), blue spruce (Picea pungens), 
and subalpine fir (Abies lasiocarpa) (Leather-
man et al. 2009b). Mountain pine beetles 
attack lodgepole (Pinus contorta), ponderosa 
(P. ponderosa), limber (P. flexilis), pinyon (P. 
edulis), sugar (P. lambertiana), whitebark (P. 
albicaulis), and bristlecone pines (P. aristata) 
(Leatherman et al. 2009a). In some cases and 
areas, outbreaks are cyclic and fairly predict-
able. For instance, an outbreak of Douglas fir 
tussock moths has occurred every 8–10 years 
in Idaho and British Columbia. In other 
cases, fire suppression and lack of sub-zero 
temperatures seem to drive outbreaks and 
dynamics remain unpredictable. 

3.6.1  Observed trends 
Although outbreak dynamics differ among 
species and forests, climate change appears 
to be driving current insect outbreaks. West-
ern spruce budworm outbreaks were more 
widespread and lasted longer in the 20th 
century than in the 19th century primarily 
because of fire suppression and increas-
ing fir populations (Anderson et al. 1987). 
However, patterns of spruce budworm 
outbreaks have been tied to climate in both 
the East (Gray 2008) and the West (Swetnam 
and Lynch 1993). There was no clear change 
in infestation intensity and duration in the 
southern Rockies during the last three cen-
turies until they became more intense in the 
1970s (Swetnam and Lynch 1993). Summer 
and spring precipitation are positively corre-
lated with increased frequency of outbreaks 
over regional scales and long time frames, 
but experimental evidence suggests that 
drought may promote infestations (Swetnam 
and Lynch 1993). 
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Although bark beetle infestations are a force 
of natural change in forested ecosystems, 
several current outbreaks occurring simul-
taneously across western North America 
are the largest and most severe in recorded 
history (Bentz 2008). From 2004 to 2008, 
the area of mountain pine beetle outbreaks 
increased across Wyoming from 1,000 to 
100,000 acres (405–40,469 ha) and the For-
est Service has estimated that most of the 
mature, large-diameter lodgepole forests 
in southern Wyoming will be dead within 
3–5 years (USDA 2008b). In Grand Teton 
and Yellowstone national parks, mountain 
pine beetles and the exotic fungal pathogen 
white pine blister rust (Cronartium ribicola) 
killed more than a half million whitebark 
pines from 2002 to 2008 (USDA 2008b). 
The mountain pine beetle has also infested 
millions of lodgepole and limber pines in 
Colorado during the past decade and is 
currently increasing in northern Colorado 
and the Front Range (USDA 2008a). These 
outbreaks of bark beetles in the West have 
coincided with increased temperatures and 
changes in precipitation patterns, suggesting 
a response to a changing climate (Shaw et al. 
2005). Warming temperatures and the loss of 
extreme cold days reduce winter overkills of 
insects, speed up life cycles, modify damage 
rates, and lead to range expansions, particu-
larly in the north (Logan et al. 2003). 

3.6.2  Projected trends 
Climate change, and particularly warming, 
will have a dramatic impact on pest insects, 
and the recent trends of increasing outbreaks 
are expected to worsen (Volney and Flem-
ing 2000, Logan et al. 2003). The greatest 
increase in mountain pine beetle outbreaks 
is expected to occur at high elevations, 
where models predict warmer temperatures 
will increase winter survival (Bentz 2008). 
At low elevations, however, mountain pine 
beetle populations may decrease as warmer 
temperatures disrupt the insects’ seasonal-
ity (Bentz 2008). Climate change will also 
alter host susceptibility to infestation. Over 
the short-term, trees will likely increase in 
susceptibility to pests due to stress from fires, 
drought, and high temperatures (Allen et al. 
2010); over the long-term, these stresses will 
cause tree ranges and distributions to change 
(Bentz 2008). Moreover, climate change 

and changes in CO2 and ozone may alter the 
conifers’ defensive mechanisms and suscep-
tibility to beetles through their effects on the 
production of plant secondary compounds 
(Negron et al. 2008). 

Insect infestations are damaging millions of 
acres of western forests and there is clear 
evidence that damage is increasing. None-
theless, future predictions of the extent 
of infestations remain uncertain because 
our understanding of insect infestations 
in incomplete. Key uncertainties include 
the influence of drought and precipitation 
changes, how altered forest/host composi-
tion will alter outbreaks, the biochemical 
response of trees and evolution of defensive 
mechanisms, regional differences, and the 
interactive effects of fire, plant disease, and 
insect outbreaks. 

3.6.3  Summary
Insect outbreaks are already the largest dis-
turbance agent in ROCO forests and they are 
expected to increase in frequency and sever-
ity with warmer temperatures and increasing 
drought (Logan et al. 2003). Warmer temper-
atures will allow pests to increase their range 
northward and upward in elevation. 

3.7 Plant and wildlife disease

Plant diseases such as white pine blister rust 
and sudden oak death (Phytophthora ramo-
rum) have had devastating impacts on native 
forests with cascading effects on wildlife and 
ecosystems. For instance, blister rust has 
reduced western white pine (Pinus monti-
cola) to less than 5% of its early 20th century 
population in the interior Pacific Northwest 
(Harvey et al. 2008). Aspen (Populus tremu-
loides), considered a keystone species in 
the ROCO region, has suffered substantial 
declines as a result of fire suppression and a 
recently-described phenomenon known as 
sudden aspen decline that may be associated 
with disease and other pathogens (Worrall et 
al. 2008). 

Emerging wildlife diseases have become a 
high-priority concern throughout the world 
because of the potential for their spreading 
to humans, economic losses associated with 
livestock morbidity and mortality, and the 
harmful effects on wildlife populations and 
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ecosystems. The wildlife diseases of great-
est recent concern in the ROCO region are 
(1) chronic wasting disease, which affects 
ungulate populations; (2) brucellosis, which 
affects cattle, elk, and bison; West Nile virus, 
which affects bird populations; and (3) 
whirling disease, caused by a salmon parasite 
(Myxobolus cerebralis). Numerous other dis-
eases, including rabies, hanta virus, plague, 
and giardia, threaten wildlife in the region 
and are of concern because they are zoo-
notic (shared between humans and animal 
hosts). Still others, such as white-nose syn-
drome in bats and avian malaria, are more 
prevalent elsewhere but present a large po-
tential risk in the ROCO region. In contrast 
to plant diseases, which are usually slower 
to appear and spread, wildlife diseases can 
emerge suddenly and devastate populations. 
For instance, a recent outbreak of pneumo-
nia in bighorn sheep (Ovis canadensis) has 
been responsible for hundreds of deaths in 
Nevada and Montana (WSF 2010).

3.7.1  Observed trends 
Climate change has altered the dynamics of 
pathogens and diseases in the past century 
(Harvell et al. 2002). While a detailed ac-
count of climate-induced changes for every 
disease is beyond the scope of this review, 
some general trends have emerged.

●● Numerous factors along with climate have 
contributed to disease emergence and 
increasing transmission risk to humans, 
including habitat fragmentation, land 
management practices, road construction, 
water control systems, and development 
(Patz et al. 2000). 

●● Milder winters have made many wildlife 
and plant species more susceptible to 
disease because of they have increased the 
survival of pathogens and the population 
density of the host organisms (Harvell et 
al. 2002). For instance, as elk population 
and herd size has increased in the Greater 
Yellowstone Area during recent decades, 
in part due to milder winters (Creel and 
Creel 2009), so has brucellosis seropreva-
lence (Cross et al. 2010).

●● Warmer water temperatures have in-
creased the virulence of water-borne 

diseases such as whirling disease (Rahel 
and Olden 2008). Warmer temperatures 
may also be contributing to increased 
mortality of trees in the West (van Man-
tgem and Stephenson 2007). In another 
instance, West Nile virus transmissions 
during the epidemic summers of 2002 to 
2004 in the United States were linked to 
above-average temperatures (Reisen et al. 
2009). Laboratory studies are consistent 
with these trends in which pathogens 
and parasites can reproduce faster and 
are more virulent at higher temperatures 
(Harvell et al. 2002). 

●● Drought, fire, temperature stress, and 
extreme weather events are making many 
host species less resistant to disease and 
increase the probability of continued 
spread. For example, mountain pine bee-
tles are a vector for at least three strains of 
blue-stain fungi (Grosmannia clavigera) 
(e.g., Rice and Langor 2009). Interactions 
between biotic (mostly fungal) and abiotic 
stressors (such as drought) may represent 
the most important effects of climate 
change on forest diseases (Frankel 2008). 

●● Climate change is a suspected but not con-
firmed factor in some disease outbreaks. 
For instance, over one million bats of six 
different species have been killed in four 
years by white-nose syndrome, caused by 
the fungus Geomyces destructans (Blehert 
et al. 2009). As scientists work to under-
stand the direct cause of mortality and 
whether climate change is contributing to 
the spread of the disease, it continues to 
move westward (NWHC 2010).

In summary, there is ample evidence that 
climate change has contributed to the in-
creased prevalence and virulence of wildlife 
and plant disease as well as the increased 
susceptibility of hosts. The most detectable 
effect of climate change has been on patho-
gen range (Harvell et al. 2002). Many vector-
borne diseases of wildlife and humans have 
increased their spread in the last decades 
with a concurrent spread of the insect vector 
(Harvell et al. 2002). For example, the spread 
of avian malaria into higher elevations and 
northern latitudes is linked to increased 
minimum temperatures (Patz et al. 2000). 
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3.7.2  Projected trends 
Climate change will likely increase the range, 
frequency, severity, and impact of plant and 
wildlife disease (Harvell et al. 2002). The 
IPCC states with very high confidence that 
climate change will increase the risk and 
geographic spread of vector-borne infectious 
diseases, including Lyme disease and West 
Nile virus, and changes in precipitation will 
increase water-borne disease (Field et al. 
2007). Diseases will likely move farther north 
and into higher elevations. For example, 
the tick that causes Lyme disease, Ixodes 
scapularis, is limited by cold temperature, 
and models suggest that its range limit could 
shift north by 200 kilometers (124 mi) by the 
2020s and 1,000 kilometers (621 mi) by the 
2080s (Ogden et al. 2006). In some cases, cli-
mate change may adversely affect the disease 
rather than the host. For instance, fungal 
diseases dependent on moist conditions may 
decrease in a warmer, drier future (Harvell et 
al. 2002, Frankel 2008). 

One of the key uncertainties in predicting 
the spread of disease is our lack of knowl-
edge about how climate change will affect 
novel communities that emerge and how 
dynamics will change as species that have 
been previously isolated begin to interact. 
Many wildlife and plants will be exposed to 
new diseases, but how quickly the dynamics 
between novel hosts and diseases will evolve 
remains unknown. Another uncertainty lies 
with precipitation predictions for the region. 
Water availability and the combined effects 
of drought and temperature stress are major 
factors in forest health, susceptibility to pests 
and pathogens, and mortality (Allen et al. 
2010). 

3.7.3  Summary
Climate change will likely continue to in-
crease the prevalence of wildlife and plant 
diseases. A number of factors are believed 
to contribute to this, including (1) the direct 
effect of temperature on the reproduction, 
spread, and virulence of diseases; (2) novel 
species interactions; and (3) increased host 
susceptibility due to temperature, drought, 
and other stressors. Vector-borne diseases 
such as West Nile virus and those that are 
currently limited by low temperatures will 
increase in elevation and move northward. 

Plant communities and wildlife that are faced 
with multiple stressors are the least likely to 
resist the emergence of novel diseases. 

3.8 Invasion dynamics

Invasive species, defined as those that are 
alien (non-native) organisms to the ecosys-
tem under consideration and whose intro-
duction causes or is likely to cause economic 
or environmental harm or harm to human 
health, are widespread throughout the 
United States (NISIC 2010). It is estimated 
that roughly 5% of continental species are 
alien, and the proportion of plants and fresh-
water fish that are alien is closer to 10% (Cox 
1999). An estimated 25% of the fish spe-
cies in streams of the western United States 
are alien (Schade and Bonar 2005). Of the 
170 species of native freshwater fish in the 
western United States, over 100 are listed as 
threatened or endangered or are candidates 
for listing, and exotic fish introductions are 
implicated as a cause in 38% of these listings 
(Cox 1999). 

Approximately 10% of alien species are 
likely to be problematic invaders (William-
son and Fitter 1996), which results in an 
estimate of 600 to 700 invasive species in the 
United States (Cox 1999). The ROCO region 
is less invaded than areas such as California 
and Hawaii, but the impacts and extent of 
invasion can be vast. For instance, the na-
tive bunchgrasses of the Upper Columbia 
Basin and intermountain region have proven 
particularly vulnerable to over-grazing, al-
lowing extensive areas to become invaded 
by cheatgrass (Bromus tectorum). Millions 
of acres are at risk of being converted to 
cheatgrass monocultures with increased 
risk of frequent wildfire (Chambers et al. 
2009). Federal lands and other protected 
areas have not provided a refuge for native 
species; 3,756 non-native plant species have 
become established in 216 US national parks 
(Allen et al. 2009). Currently, however, high 
elevations appear to be less vulnerable to 
invasion, likely as a result of environmental 
constraints and reduced human develop-
ment (Pauchard et al. 2009). 

The invasive species of greatest manage-
ment concern in the West fall into three 
general categories: pests and pathogens, 
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aquatic invaders, and invasive plants. Pests 
and pathogens, such as whirling disease and 
the fungus responsible for white pine blister 
rust, have had devastating impacts on native 
species. Lake trout (Salvelinus namaycush), 
brook trout (S. fontinalis) New Zealand mud 
snails (Potamopyrgus antipodarum), quagga 
(Dreissena bugensis), and zebra mussels (D. 
polymorpha) are some of the most trouble-
some aquatic invaders. Brook trout, for 
instance, have been responsible for the loss 
of many native trout populations (Peterson 
et al. 2008). Invasive bullfrogs (Rana cates-
beiana) have contributed to the decline of 
native frogs in the ROCO region (Hayes et 
al. 1986). Plants of the greatest concern are 
yellow star thistle (Centaurea solsticialis), 
cheatgrass, tamarisk (Tamarix ramosissima), 
leafy spurge (Euphorbia esula) and spotted 
knapweed (Centaurea maculosa). These and 
many other invasive species have contributed 
to loss of biodiversity, localized extinctions, 
and changes in ecosystem processes such as 
fire, hydrologic regimes, and nutrient cycling 
(e.g., Vitousek et al. 1997, Ehrenfeld 2003, 
Gurevitch and Padilla 2004). 

3.8.1  Observed trends
The spread of invasive species in the West 
has accelerated in the last decades. For 
example, from 1986 to 2008, the number of 
exotic plant species documented in Yellow-
stone National Park nearly doubled from 
105 to 208 (NPS 2008). Non-native annual 
grasses and forbs have spread throughout 
grasslands in the West and it is estimated 
that more than 300 rangeland weed species 
are present in the United States (DiTamaso 
2000). Many species such as quagga and ze-
bra mussels have only recently been sighted 
in Colorado and on boat trailers in Montana, 
and are expected to continue to increase in 
numbers (USGS 2010). While there is a cor-
relation between the spread of invasives and 
warming temperatures, it is hard to pinpoint 
climate as the cause because of the many 
other factors such as lag times, deliberate 
introductions, and dispersal vectors (Hell-
mann et al. 2008). Nonetheless, it is suspect-
ed that climate is a major driver of the spread 
of invasive warm-water fishes (Rahel and 
Olden 2008) and some warm-season grasses 
(Sage and Kubien 2003). 

3.8.2  Projected trends 
The spread and impact of invasive species 
is driven mainly by changes in land use, 
increasing urbanization, disturbance, and 
alteration in management practices, but 
climate change may exacerbate the extent 
of invasions. Climate change is generally 
expected to increase the spread of invasive 
species through direct effects on habitat 
suitability and the indirect effects of altered 
nutrient availability and disturbance regimes 
(Dukes and Mooney 1999). The IPCC has 
very high confidence that disturbances such 
as wildfire will continue to increase and this 
will facilitate invasions (Field et al. 2007). In 
general terms, invasive species are expected 
to differ in their response to climate change 
from native species because they possess 
traits such as broad climatic tolerances and 
robust dispersal mechanisms that enable 
them to better adapt to changing conditions. 
Hellman and colleagues (2008) identified five 
consequences of climate change on invasion 
dynamics: altered invasion pathways, chang-
es in environmental constraints, altered dis-
tribution of existing invasive species, altered 
impacts of invasive species, and a change 
in management effectiveness. An example 
of an altered invasion pathway would be an 
increase in recreational boat traffic as a result 
of warmer temperatures in previously snow-
covered areas resulting in an increase in the 
spread of nuisance species. 

Here are some examples of how climate 
change is expected to alter invasion dynam-
ics in the ROCO region. 

●● Stream temperatures are expected to 
warm with warmer air temperatures and 
lower flows, increasing the amount of suit-
able habitat for warm-water fishes by an 
estimated 31% nationwide (Mohseni et al. 
2003). 

●● Warmer temperatures may increase the 
impact of invasive species. In the Co-
lumbia River, for example, increasing 
temperatures have caused smallmouth 
bass (Micropterus dolomieu) to consume 
more native salmon (Petersen and Kitchell 
2001), and whirling disease is more viru-
lent in warmer streams (Rahel and Olden 
2008).
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●● Earlier melting of snowpack will alter 
streamflows, may increase disturbance 
and flood events, and favor invasive spe-
cies. It is predicted that such changing 
conditions may increase rainbow trout 
(Oncorhynchus mykiss) invasions in Colo-
rado (Fausch et al. 2001). However, native 
species such as cottonwoods could benefit 
from larger spring flood events that fa-
cilitate establishment and recolonization 
(Scott et al. 1996).

●● Bradley and colleagues (2009) examined 
the current and potential distributions 
of five problematic plant invaders in the 
West (cheatgrass, knapweed, yellow star 
thistle, tamarisk, and leafy spurge) based 
on the current climatically suitable habitat 
and maps of future habitat based on an 
ensemble of global climate models. They 
found that precipitation was the most 
important predictor of plant distribution 
and that warming temperatures alone 
may have little effect on range expansion. 
Most species were expected to expand in 
some areas while contracting in others. 
For example, they predict that the risk of 
cheatgrass invasion will increase in Mon-
tana, Wyoming, Idaho, and Colorado, but 
decrease in parts of Nevada and Utah. 

There are several uncertainties associated 
with predicting the ecological response of 
invasive species to climate change, includ-
ing how land management, dispersal, and 
disturbance may obscure climate signals on 
invasion dynamics. Another challenge in 
modeling the potential spread of a species is 
that the physiological limits of many species 
and their potential to adapt to new condi-
tions is unknown and current habitat suit-

ability may not accurately reflect potential 
suitability. It is also unclear how climate will 
alter biotic interactions and current man-
agement practices, and how these may alter 
invasion dynamics. For instance, biocontrol 
agents may no longer be effective in a chang-
ing climate.

3.8.3  Summary
Climate change is likely to increase biologi-
cal invasions. In the short-term, however, 
other factors may play a much larger role in 
the spread and impact of invasive species, in-
cluding changes in land use and management 
practices and increasing urbanization and 
disturbance. Still, models suggest that the 
following will occur with a warmer climate 
in the ROCO region: 

●● Plant and animal species, both native 
and invasive, will migrate upslope and 
northward.

●● Changes in precipitation will likely drive 
the expansion and contraction of invasive 
plants;

●● Warmer stream temperatures and a reduc-
tion in ice cover will facilitate the spread 
of aquatic invasives and may increase their 
impacts.

●● Changes in the timing of snowmelt and a 
subsequent increase in disturbance caused 
by spring floods may increase the risk of 
aquatic and riparian invasions.

●● Warmer temperatures may change human 
visitation patterns to natural areas and 
increase the pathways of spread for many 
invasives. 
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Warming temperatures and changing pre-
cipitation regimes will likely alter plant and 
animal communities throughout the ROCO 
region. Since the timing and magnitude of 
response to climate change is certain to vary 
by species, future community assemblages 
may not have current analogs. Below, we 
present some concepts that are common 
across all communities and discuss some of 
the more specific observed and projected 
responses to climate change for alpine areas, 
forests and woodlands, and sagebrush and 
grassland ecosystems. We also describe 
how aquatic resources such as glaciers and 
wetlands respond to climate changes. All of 
these community types are present within 
the ROCO region but vary in spatial extent 
and by locality (fig. 4). 

From the paleoecological record it is clear 
that communities in this region are relatively 
dynamic and have only recently become 
established (McWethy et al. in press). To 
manage terrestrial communities, they must 
be regarded as a dynamic rather than static 
assemblage of species. For instance, as many 
native species expand their range and be-

come established in new communities, dis-
tinguishing between native and non-native 
species will become increasingly difficult.

At a landscape scale, one of the most com-
mon ways to understand how terrestrial 
communities may respond to climate change 
is through dynamic vegetation models based 
on current distribution of vegetation and 
future climate scenarios, and they can also 
incorporate management strategies, bioge-
ography, and biogeochemistry (e.g., Bachelet 
et al. 2001). An example of such a model is 
presented in figure 5. It describes the cur-
rent distribution of major community types 
for the United States and two future projec-
tions of varying CO2 emissions and no fire 
suppression (Lenihan et al. 2008). Overall 
confidence in model predictions is low be-
cause accounting for major drivers of forest 
structure such as the spread of disease, insect 
infestations, and land use changes is difficult. 
How ecosystems will respond to climate is 
uncertain in specific details, but models are 
realistic in projecting the kinds and magni-
tude of changes that we can expect and some 
general patterns emerge. 

Figure 4. Major 
community types in 
the Rocky Moun-
tains and Upper 
Columbia Basin 
based on LANDFIRE 
classification. 
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Most simulation models project a wide-
spread reduction in alpine and subalpine for-
ests in the West (fig. 5; Lenihan et al. 2008). 
The distribution of temperate conifer forests 
may expand in the northern Rockies and, 
with limited fire suppression, woodland/sa-
vanna vegetation types could replace shru-
bland areas in the interior West (Bachelet 
et al. 2001, Lenihan et al. 2008). We discuss 
some of the drivers and consequences of 
these changes in the sections below. 

4.1 Alpine

The alpine tundra is defined as the vegeta-
tion communities that exist above tree line. 
The alpine/tree line ecotone is found at 
approximately 3,500 meters (11,483 ft) in 
southern Colorado, 3,000 m (10,000 ft) in 
Wyoming, and 2,139 meters (7,017 ft) in 
northern Montana. The exact location and 
elevation of tree line varies with climate, 
topography, snow and debris avalanches, 
and local competition between tundra and 
trees (Malanson et al. 2007a), but it is highly 
temperature dependent and generally con-
current with the 50°F isotherm (where the 
average July temperature is above 50°, 10°C) 
(Arno and Hammerly 1984). Alpine and 
subalpine communities can be found on the 
highest peaks throughout the region, but the 
largest areas are found in the Crown of the 
Continent Ecosystem, the Greater Yellow-
stone Area, and the Colorado Front Range. 

The alpine environment is characterized by 
high winds, low temperatures, scouring and 
burial by snow and ice, low nutrient avail-
ability, high incident solar radiation, thin at-
mosphere, and a short growing season (Bow-
man 2001). The vegetation community is 
small in stature and dominated by perennial 
herbaceous species with species composition 
varying strongly across environmental gradi-
ents of water availability, which are driven by 
snow pack (Walker et al. 2001). The alpine 
tundra is typically dominated by graminoids 
and forbs, but nonvascular plants and woody 
shrubs are also common. Compared to other 
grassland types, the alpine tundra shows 
high local diversity (Gough et al. 2000), and 
the abundance of invasive/exotic species is 
negligible compared to other ecosystems. 
The alpine environment serves as refugia for 
certain species. For example, many Edith’s 
checkerspot butterfly (Euphydryas editha) 
populations have become extinct in the last 
century, but many fewer have been lost at 
high elevations (2,400–3,500 m) (Parmesan 
1996). Despite its small aerial extent, the 
alpine environment is considered of high 
conservation value because of its recreation 
and aesthetic values. Moreover, it supports 
numerous animals of management concern, 
including bighorn sheep, mountain goats 
(Oreamnos americanus), white-tailed ptar-
migans (Lagopus leucura), and pikas. Most of 
the water resources in the West are derived 
from snowmelt, and the quality and quan-
tity of this water is influenced by ecosystem 

Figure 5. Model of 
simulated veg-
etation changes 
assuming unsup-
pressed fire dur-
ing 1971 to 2000 
(USF-HIST) and two 
scenarios for 2070 
to 2099: a high 
level of CO2 emis-
sions (USF-A) and a 
relatively low level 
(USF-B). Figure from 
Lenihan et al. 2008. 
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processes in the alpine tundra (Williams and 
Caine 2001). Because the alpine tundra is 
globally distributed and particularly sensitive 
to climate change and atmospheric deposi-
tion, it may provide an important indicator 
for global change (Seastedt et al. 2004). 

4.2 Observed trends

At high elevations, warming has positively 
affected the growth rate of some western 
tree species, suggesting that as temperatures 
warm the tree line will continue to move 
upward (e.g., Salzer et al. 2009). However, 
compared with the movement indicated 
by the paleoenvironmental record, direct 
evidence for upward movement of the tree 
line in the Rockies due to warming is scarce. 
In northern Montana, repeat photography 
shows that the tree line has been stable 
since the early 20th century and only the 
density of forest patches at the tree line has 
increased (Butler et al. 1994, Klasner and 
Fagre 2002). The tree line has shifted upward 
in some areas in the Canadian Rockies, but 
remained stable in others, and changes in fire 
frequency seem to have had larger effects on 
forest structure than has climate (Luckman 
and Kavanagh 2000). 

Species that persist in alpine areas have 
adapted to the extreme environment, but 
growth and reproduction are strongly 
limited by environmental conditions and 
nutrient availability. As a result, warming 
temperatures and changes in precipitation 
may strongly influence the persistence of 
alpine communities. A survey of summit 
sites in the Swiss Alps showed that vascu-
lar plants have been establishing at higher 
altitudes than recorded earlier (Grabherr 
et al. 1994). Moreover, the optimum eleva-
tion of alpine plants has increased and the 
shift upward has accelerated during the last 
century (Walther et al. 2005). Global surveys 
suggest that one consequence of warming 
temperatures in the mountains may be an 
increase in the abundance and distribution 
of exotic plants (Pauchard et al. 2009). There 
has been an increase in shrub expansion in 
the Arctic tundra as a consequence of warm-
ing and the altered precipitation of the last 
century (Sturm et al. 2001), but this has not 
been documented in the Rockies. There is 

some evidence for this from Glacier National 
Park, where four of seven indicator species 
have declined in abundance and three have 
shown no change with the increasing aver-
age summer temperatures of the last decade 
(Lesica and McCune 2004). Warming and 
changes in precipitation may have large 
effects on the timing of flowering, which in 
turn can change pollinator dynamics and 
plant community structure. Such changes 
have been seen in montane meadows in the 
Rockies (Inouye 2008) but have not been 
documented in the tundra. 

4.2.1  Projected trends
Models show that increased temperatures 
will decrease the abundance and distribution 
of subalpine trees such as Engelmann spruce 
in the Greater Yellowstone Area because of 
the limited extent of alpine area for these 
species to move into, but predictions are 
difficult because these trees are sensitive to 
concurrent changes in precipitation, insect 
outbreaks, and fire regimes (Schrag et al. 
2008). Evidence from recent and paleoeco-
logical studies suggest that tree line response 
to warming varies substantially with the 
availability of precipitation (Graumlich et al. 
2005), adding greater complexity to predic-
tions. In summary, the tree line may shift 
upward and encroach on alpine tundra in 
the Rockies as temperatures continue to rise, 
but it may not be a clear and dramatic change 
due to variations in local geomorphology, 
plant response, and human disturbance (fig. 
6; Malanson et al. 2007b). 

Warming experiments at numerous tundra 
sites, including one in the Rockies, suggest 
that a temperature increase of 1–2°C (2–4°F) 
can increase the height and cover of decidu-
ous shrubs and graminoids, decrease cover 
of mosses and lichens, and decrease species 
diversity and evenness (Walker et al. 2006). 
For instance, warming led to an increase in 
shrubs and a decrease in forbs in a subalpine 
meadow in the southern Rockies (Harte 
and Shaw 1995). Evidence from such ex-
periments and historical data suggest that 
warming will likely cause changes in alpine 
community structure and communities with 
no current or past analogs may develop. 
Snow is the most important factor driving 
the current structure of vegetation within the 
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alpine environment, and experiments have 
revealed that increases in snow depth and 
duration may enhance the growth of woody 
species and favor some herbaceous species 
over others (Walker et al. 2006). The direc-
tion of precipitation changes in the alpine 
and the vegetation response is one of the 
key uncertainties in describing the alpine 
response to climate change. Invariably, long-
term changes in snowfall and wind deposi-
tion of snow will result in changes in the area 
of wet meadows, fell-field, and dry meadow 
communities. 

The alpine environment is also threatened by 
other global changes, including the increas-
ing deposition of atmospheric N, ultraviolet 
radiation, dust storms, insect outbreaks, 
and fire regimes that may slow the upward 
migration of the tree line. Perhaps the great-
est threat is from N deposition, which has 
increased in the Rocky Mountains in recent 
decades due to the growth of metropolitan 
areas and agriculture (Fenn et al. 2003). 
Alpine regions in the Rocky Mountains have 
a low capacity to sequester excess N because 
of short growing seasons, shallow soils, and 
steep slopes that encourage rapid run-off 

(Fenn et al. 2003). There is evidence that N 
deposition has altered alpine lake chemistry 
and biota (Baron et al. 1994) and that it can 
alter the structure of alpine communities 
(Bowman 2000). The deposition of dust 
from storms originating in the arid Colorado 
Plateau has increased in the southern Rock-
ies (Neff et al. 2008). The dust covers the 
snow, which changes the albedo and acceler-
ates the timing of snowmelt, which in turn 
alters alpine phenology and community dy-
namics (Steltzer et al. 2009). Dust events are 
also significant inputs of phosphorus and, 
as with N deposition, have the potential to 
alter water chemistry and alpine community 
structure. These multiple stressors on alpine 
systems add to the difficulty and uncertainty 
in anticipating how they will respond to 
climate change. 

4.2.2  Summary
The alpine environment is highly sensitive 
to climate change (fig. 6). From the limited 
research and monitoring efforts in the Rock-
ies relating to tundra and climate change, it 
is known that changes will be hard to predict 
due to local variability and the large influ-
ence of precipitation and other global envi-

Figure 6. Concep-
tual diagram of 
alpine/subalpine 
response to climate 
change.
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ronmental changes. Still, evidence suggests 
that we should expect the following changes 
with a warmer climate in the Rockies:

●● The tree line may increase in elevation 
in some areas but the response will be 
complex and dependent on precipitation 
regimes, fire, and insect outbreaks. 

●● Subalpine tree species may decline in 
abundance.

●● The density of forests at tree line ecotones 
may increase.

●● Tundra may decrease in areal extent. 

●● Plant species may migrate upslope. 

●● Invasive/exotic species may increase in 
abundance in alpine areas.

●● Shrubs and graminoids may increase in 
abundance while mosses, lichens and 
some forbs decrease.

●● Community composition may be altered 
with consequences for species that utilize 
alpine plants, such as pika, mountain 
goats, and ptarmigans.

●● Changes in the alpine tundra will likely be 
driven by other global changes such as N 
deposition and dust events. 

4.3 Forests and woodlands

Forests and woodlands cover approximately 
one-third of the United States. Western 
forests are predominantly coniferous (78%) 
and in public ownership (57%) (Smith et 
al. 2001). Of the four states in the ROCO 
region, Wyoming is the least forested (11 
million acres, 4 million ha) while Colorado, 
Montana, and Idaho each contain roughly 
twice as much forested acreage (Smith et al. 
2001). The dominant forest cover types vary 
with moisture availability and elevation. At 
mid-elevations, ponderosa pine, Douglas 
fir, lodgepole pine, and aspen predominate, 
while at high elevations, forests are typi-
cally comprised of subalpine fir, Engelmann 
spruce, western white pine, and western 
larch (Larix occidentalis) (Smith et al. 2001). 
Three-quarters of US lodgepole forests are 

found in this region and they are usually 
dense, pure stands (Smith et al. 2001).  

Forests provide valuable wildlife habitat, wa-
tershed protection, carbon storage, numer-
ous recreational opportunities, essential gas 
exchange with the atmosphere, and timber. 
Over the last century, forest composition has 
been influenced by management activities, 
introduced species, forest succession, and 
natural disturbances such as fire, drought, 
and insect outbreaks. Fire suppression has 
been routine in the region since 1900 and, 
together with planting, has played a major 
role in determining the current composition 
of western forests (Keane et al. 2002). Insect 
outbreaks affect 20 million hectares (949 
million acres) of US forest annually, approxi-
mately 44 times more area than is affected 
by fire (Dale et al. 2001). Below we describe 
some of the observed and projected trends 
in ROCO forests in response to climate 
change, then focus on aspen and five-needle 
pines, two forest types that are of particular 
management concern.

4.3.1  Observed trends
After the last glaciations ended, warm 
conditions allowed trees and shrubs to 
move northward and upslope in many areas 
(McWethy et al. in press). This suggests that 
forest composition and tree distribution 
can respond to climate alterations, but the 
rate at which these changes will occur in the 
future remains unclear. There is only limited 
evidence since 1900 that climate has directly 
caused compositional changes in forests, but 
this may be due to lag times. Trees are long-
lived organisms and many other factors, such 
as land management and fire, may have acted 
to obscure the climate signal. Whatever the 
cause, forests have changed in composition 
over the last 100 years. For example, in the 
Kootenai and Idaho Panhandle National 
Forests, Douglas fir and other shade tolerant 
species such as Engelmann spruce have be-
come more abundant as the forest canopy in-
creases while species such as ponderosa pine 
and western larch have declined (Morrison 
in prep). An outbreak of white pine blister 
rust has eliminated an estimated 90% of the 
western white pine and whitebark pine in the 
Northern Rockies (Neuenschwander et al. 
1999, Kendall and Keane 2001, Harvey et al. 
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2008). Major range shifts during prehistoric 
times and rapid colonization after agricul-
tural declines in the East suggest that certain 
traits such as high genetic mobility via pollen 
may make some tree species better suited to 
adapting to climate change than many other 
plants (Hamrick 2004). However, late-suc-
cessional conifers are poor dispersers and 
slow to respond to climate change (Neilson 
et al. 2005). 

Forest composition may be slow to change, 
but many other effects of climate can be 
seen on forests around the world, including 
increased growth due to a longer growing 
season, faster growth rates particularly at 
higher elevations, increased water use ef-
ficiency, and increased growth from higher 
concentrations of CO2 in the atmosphere. 
These changes are consistent with evidence 
that US forests have become more produc-
tive in the last 55 years (Boisvenue and Run-
ning 2006). Moreover, several studies have 
documented the upward movement of the 
alpine tree line and infilling of high-elevation 
meadows in western North America during 
the 20th century (e.g., Hessl and Baker 1997, 
Luckman and Kavanagh 2000). Climate 
change may reduce forest productivity due to 
increasing drought, temperature stress, and 
evapotranspiration, and indirect effects such 
as increased insect outbreaks, increasing 
prevalence of invasive species, and increased 
fire. Higher temperatures have likely caused 
recent increases in drought stress and forest 
die-offs through their influence on transpira-
tion, carbon storage, insect populations, and 
host susceptibility (Allen et al. 2010). Global 
patterns suggest that seasonal droughts have 
induced dieback of deciduous trees while 
multi-year droughts are more likely the cause 
of coniferous dieback (Allen et al. 2010). 

4.3.2  Projected trends
The IPCC predicts that overall forest growth 
in North America will likely increase 10–20% 
as a result of extended growing seasons and 
elevated CO2 during the next century (Mor-
gan et al. 2001) but with important spatial 
and temporal variations (Field et al. 2007). 
Forests in the ROCO region are expected 
to have less snow on the ground, a shorter 
snow season, a longer growing season due 
to an earlier spring start, earlier peak snow-

melt, and about two months of additional 
drought (fig. 7; Ray et al. 2008, Running 
2009). Increased drought stress and higher 
temperatures may increase the likelihood of 
widespread die-offs (Breshears et al. 2005, 
Allen et al. 2010). 

Dynamic vegetation models project that 
suitable habitat for western larch, whitebark 
pine, lodgepole pine, and subalpine fir is 
generally expected to decrease (Morrison 
in prep). A 3ºC (5°F) temperature increase 
is expected to increase the growth of lodge-
pole pine in the northern part of its range, 
decrease growth in the middle, and deci-
mate southern forests (Rehfeldt et al. 2001). 
In the coming century, subalpine forests 
are projected to decline in abundance and 
woodlands may become more abundant (fig. 
5; Lenihan et al. 2008).

The key uncertainty regarding the future 
of forests lies in the interaction of multiple 
global change factors and the unpredictable 
nature of large disturbances such as fire and 
insect outbreaks. Researchers currently rely 
on models that link climate scenarios to veg-
etation dynamics and these are wrought with 
uncertainties. Such models are limited by the 
lack of local and accurate vegetation maps 
and appropriately scaled climate data (Allen 
et al. 2010). Moreover, it remains unclear if 
trees will keep pace with the rapidly chang-
ing climate through adaptation or by migrat-
ing to suitable habitat. Predictions are also 
hindered by an incomplete understanding 
of tree physiology, soil dynamics, and insect 
populations. Moreover, complex trophic 
interactions, which are not accounted for in 
these models, can drastically alter vegetation. 
For instance, warming may decrease preda-
tors, increase prey, and decrease the prey’s 
preferred vegetation. Such a cascading effect 
has been documented in Isle Royale with 
wolves (Canis lupus), moose (Alces alces), 
and fir trees (Schmitz et al. 2003). 

4.3.3  Five-needle pines
Five-needle pines such as limber pine and 
whitebark pine are keystone species that pro-
vide food and habitat for wildlife. Whitebark 
pine is found in upper subalpine ecosystems 
throughout the northern Rockies, where it 
often grows in areas with poor soils, high 
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winds, and steep slopes (Arno and Hoff 
1990). The southern limit of its range is in 
the Greater Yellowstone Area (Little 1971). 
It provides food for more than 17 animal 
species, including the Clark’s nutcracker 
(Nucifraga columbiana) and grizzly bear (Ur-
sus arctos horribilis) (Arno and Hoff 1990). 
Limber pine is more widespread and occurs 
in the subalpine areas of the southern, cen-
tral, and northern Rockies and in parts of the 
Upper Columbia Basin (e.g., Craters of the 
Moon National Monument and Preserve). 
Bristlecone pine, another five-needle pine, is 
found at high altitudes in the southern Rock-
ies (Little 1971). 

4.3.3.1 Observed trends 
Whitebark pine has declined dramatically 
in the last century due to attacks by a blister 
rust fungus, epidemics of mountain pine 
beetles, fire suppression, and successional 
replacement, mainly by subalpine fir (Keane 
and Arno 1993, Kendall and Keane 2001). In 
areas where it was once a dominant feature 
of the landscape, it has declined by more 
than 50% and most of the remaining stands 
in the ROCO region are in high-elevation 
sites that have a limited capacity to produce 

cones and regenerate (Kendall and Keane 
2001). Mortality rates of whitebark pine 
populations in western Montana averaged 
42% from the 1970s to the 1990s. With a 
large reduction in cone production and a 
decline in population size, whitebark pine is 
considered functionally extinct in more than 
a third of its range (Kendall 2010). 

The primary cause of mortality has been 
white pine blister rust, a fungus native to 
Asia and now widespread across the West. 
The low natural resistance of North Ameri-
can five-needle pines along with favorable 
climatic conditions enabled the disease to 
spread rapidly. The pathogen became spread 
throughout the western white pine region 
in the early part of the 20th century and to 
higher elevations and a greater number of 
pine species more recently. It is now estab-
lished in limber pine in Wyoming and Colo-
rado, and bristlecone pine in southern Colo-
rado. It was found for the first time in limber 
pine in Craters of the Moon in 2006, trigger-
ing concerns that the unique population on 
the lava flows may be at risk. In northwestern 
Montana and southern Alberta, surveys 
found that more than one-third of the limber 

Figure 7. Concep-
tual diagram of 
projected changes 
for forests and 
woodlands.
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pines were dead (Kendall et al. 1996).

Wind, temperature, and humidity can influ-
ence the dispersal of blister rust as can the 
availability of ribes (Ribes spp.) hosts (Van 
Arsdel et al. 2006). Generally, cool tempera-
tures and high relative humidity favor disease 
spread and intensification. The incidence 
of pine infection may increase substantially 
during years when optimum environmental 
conditions coincide with spore produc-
tion, dissemination, germination and infec-
tion (Koteen 1999). However, it is unclear 
whether climate change has had a role in 
driving blister rust because its impact does 
not seem to be constrained substantially by 
climate conditions across the Rockies. High 
humidity and warm weather provide bet-
ter conditions for blister rust, but cold and 
dry conditions have not limited its spread to 
higher elevations in the Greater Yellowstone 
Area (Kendall and Keane 2001). 

4.3.3.2 Projected trends 
Regardless of climate, five-needle pines 
will likely continue to decline in the Rocky 
Mountains and the prevailing cause of death 
will continue to be blister rust. If five-needle 
pines are maintained in these ecosystems 
over the long term, they are expected to be 
very slow to respond to climate change and 
will alter their range northward or upslope. 
On the other hand, climate change may 
increase fire frequency, thereby reducing firs 
and other species that exclude five-needle 
pines, enabling expanded distributions in 
the future.

4.3.3.3 Summary
Climate is expected to play only a small role 
in the future of five-needle pines. It is likely, 
however, that widespread disease and moun-
tain pine beetles will continue to devastate 
pine populations throughout the ROCO 
region. 

4.3.4  Aspen
Aspen is the most widespread deciduous tree 
in North America (Little 1971). Its geo-
graphic range is limited to areas below 3,700 
meters (12,139’) (Mitton and Grant 1996) 
that receive more than 400 mm (16”) of 
annual precipitation (DeByle and Winokur 
1985). Aspen stands are patchily distributed 
in the ROCO region. It occurs in pure stands 

throughout the southern Rockies, but is less 
abundant in the northern Rockies, where 
it often occurs in smaller discrete patches 
(Stohlgren et al. 2002, Shepperd et al. 2001). 

4.3.4.1 Observed trends
Aspen communities provide some of the 
most biologically diverse habitats in the in-
termountain West, where they help support 
an array of vascular plants in the under-
story as well as insects, birds, and mammals 
(Stohlgren et al. 2002). In particular, native 
ungulates use aspen as preferred forage and 
for shade and concealment. Aspen spreads 
primarily vegetatively in the West and clones 
can be very large. Individual stems within a 
clone are rarely live more than two centuries, 
and regeneration after fires is typically very 
strong (Sheppard et al. 2001a, b). Where 
aspen occurs in mixed stands, regeneration 
is limited in the shade of conifer species such 
as Douglas fir, subalpine fir, and juniper, and 
the aspen die after 100 to 150 years (Kaye 
et al. 2005). Aspen seedlings are rare but 
not uncommon after fires. One of the best 
known recruitment events was following 
the 1988 fires in Yellowstone National Park 
(Romme et al. 2005). 

Widespread mortality of older aspen stems 
has occurred in the West in recent decades 
(Bartos 2001), but this decline has not been 
consistent across the landscape and regen-
eration of younger stems has been strong ex-
cept where livestock and wildlife browsing is 
intense (Veblen et al. 2000). Declining stands 
in the West are associated with fire sup-
pression, conifer encroachment, increased 
herbivory from elk, fungal infection, and sus-
tained drought (Kashian et al. 2007). Heavy 
browsing by elk has reduced regeneration by 
40–80% in Yellowstone National Park (Hart 
and Hart 2001) and by up to 90% in Rocky 
Mountain National Park (Binkley 2008). As-
pen recruitment has been very limited since 
1975 in areas of Rocky Mountain National 
Park with intensive elk grazing while remain-
ing stable in areas with fewer elk, suggesting 
that herbivory plays a larger role than climate 
change in aspen decline (Binkley 2008). 

While aspen is declining in some areas, 
other stands are persistent and increasing 
in size (e.g., Kashian et al. 2007). There has 
been a general increase in aspen in southern 
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Colorado since 1898, but patterns vary with 
elevation and fire history (Kukalowski et al. 
2006). Aspen has been expanding upslope 
on southern exposures in the last century 
and this is thought to be due to climate 
warming (Elliott and Baker 2004). In Alberta, 
warmer temperatures and disturbance have 
led to seedling regeneration up to 200 meters 
(656’) higher than the existing mature stands 
(Landhausser 2010). 

4.3.4.2 Projected trends
As with other communities, aspen are influ-
enced by many global changes in addition to 
warming temperatures. Experiments suggest 
that the growth of aspen is more accelerated 
by increased CO2 concentrations than are 
other tree species (Lindroth 1993). On the 
other hand, ground-level ozone, which has 
been increasing in the West over the last cen-
tury (Vingarzan 2004), has been shown to 
decrease aspen growth and photosynthetic 
rate and increase susceptibility to pests, but 
these effects are moderated when CO2 is in-
creased (Karnosky 2005). High mortality of 
lodgepole pine from mountain pine beetles 
may favor aspen growth, but this effect will 
likely only be seen in locations with exist-
ing aspen clones; it is unlikely to occur via 
seed recruitment (Romme et al. 2006). The 
future of aspen in national parks will be 
strongly dependent on elk management. 
After the 1988 fires in Yellowstone, seedling 
success was higher where ungulates were 
excluded (Romme et al. 2005). Ripple and 
Beschta (2004) have suggested a complex 
trophic relationship between wolf reintro-
duction, ungulates, and aspen and willow 
recovery that has implications for the long-
term persistence of aspen in ROCO parks. 
Understanding and managing aspen in 
these areas will require consideration of the 
role of fire and elk browsing (Hessl 2002).

A recent paper examining sudden aspen 
decline and the impacts of global warming 
in the West forecasts that aspen will move 
upslope but will be lost from lower and drier 
areas (Rehfeldt 2009). The key uncertainties 
in forecasting the ecological response of as-
pen to climate change lies in our incomplete 
understanding of the causes of sudden die 
off, the long-term impacts of ungulate man-
agement, the potential appearance of non-

native insects or disease, and the interactive 
effects of other global changes.

4.3.4.3 Summary
Aspen forests are small in area but a vital 
resource in the West because of their high di-
versity and aesthetic appeal. While there has 
been some expansion of aspen into higher 
elevations and aspen may be positively affect-
ed by global changes such as increasing fire 
frequency, beetle outbreaks, and rising CO2, 
aspen is expected to continue to decline at 
the landscape scale. In areas without hunting 
and large predators, including some national 
parks, the most important factor determin-
ing the success of aspen is increasing herbi-
vore pressure. Aspen stand are expected to 
recover in parks that develop and implement 
elk management plans. As described by the 
Upper Columbia Basin Network, the desired 
condition for aspen in the parks is stands 
that exhibit adequate regeneration (>1200 
stems/ha, 486/stems/acre), low levels of 
conifer encroachment, and canopy cover of 
>40%, and that do not have risks of die-off 
(Strand et al. 2009). 

4.3.5  Summary
Climate change is expected to increase forest 
growth and many species will move upslope. 
Forest composition will likely change as once 
dominant species are eliminated from the 
community by disease and insect outbreaks 
and replaced by other tree species. Wild-
fires are predicted to increase in severity, 
frequency, and areal extent, which will have 
large impacts on stand age and structure. 
Dynamic vegetation models project a general 
decline in subalpine forests and an increase 
in woodlands at lower elevations. 

4.4 Sagebrush and grasslands

Sagebrush and grasslands in the ROCO re-
gion include sagebrush steppe, represented 
in the western portions of the Great North-
ern LCC that border the Great Basin and 
in the Columbia Basin; shortgrass steppe, 
found in Colorado; Palouse grasslands, lim-
ited to eastern Washington and northwestern 
Idaho; and northern mixed grass prairie 
(Seastedt 2002). Other grasslands, such as 
subalpine meadows and those associated 
with ponderosa pine, are scattered through-
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out the foothills and higher elevations of the 
region. The intermountain sagebrush steppe 
and grasslands are a heterogeneous mixture 
of true grasslands, savannah, woodlands, 
and shrublands, and are strongly controlled 
by topographic moisture gradients (West 
and Young 2000). Presettlement fire intervals 
varied across the landscape from decadal 
in some moist grasslands in Colorado and 
mesic big sagebrush communities to 100 
years or more in xeric sagebrush ecosystems 
(Bunting et al. 2002). Some of the most com-
mon native species in these communities 
are prairie Junegrass (Koeleria macrantha), 
Idaho fescue (Festuca idahoensi), blue-
bunch wheatgrass (Pseudoroegneria spicata), 
rough fescue (Festuca campestris), Sandberg 
bluegrass (Poa secunda), threetip sage-
brush (Artemisia tripartite), big sagebrush 
(A. tridentate), and blue grama (Bouteloua 
gracilis). Sagebrush steppe and grasslands 
in the ROCO region support sensitive 
wildlife species including black-footed 
ferrets, pronghorn antelope, sage grouse, 
and numerous sagebrush/grassland obligate 
songbirds (Knick et al. 2003, Aldridge et al. 
2008). 

4.4.1  Observed trends
Over the past 25 years, more than 25 mil-
lion acres (10 million ha) of shrubland and 
grassland have been eliminated in the United 
States, twice the rate of forest loss (TNC 
2009). Western shrublands and grasslands 
have been extensively modified by settle-
ment, grazing, altered fire regimes, and 
introduced species, causing major, possibly 
irreversible, changes in ecosystem structure 
and function (e.g., Seastedt 2002, Knick et 
al. 2003). Many of the ROCO grasslands 
are currently managed as pasture. Sage-
brush steppe is considered one of the most 
threatened US ecosystems (Noss et al. 1995). 
Cheatgrass is estimated to have invaded 
more than 50% of the sagebrush habitat in 
the Great Basin (Rowland 2006). One of the 
largest threats to western grasslands, par-
ticularly in Wyoming, is rapid energy de-
velopment (e.g., oil, gas, and wind). Oil and 
gas development is expected to impact 3.7 
million hectares (9.1 million acres) of sage-
brush and 1.1 million hectares (2.7 million 
acres)of grasslands and reduce sage-grouse 
(Centrocercus urophasianus) populations 

(Copeland et al. 2009). Biological invasions 
and habitat loss and fragmentation also pose 
major threats, and climate change will likely 
exacerbate their effects (Noss et al. 1995, 
Knick 2000, Knick et al. 2003, Aldridge et al. 
2008). 

There is evidence that warmer temperatures 
may promote the invasion of woodlands into 
grasslands, alter species composition and 
productivity, change herbivore pressure, and 
alter fire regimes. Pinyon-juniper woodland 
has increased an estimated 10-fold since the 
late 1800s (Miller and Tausch 2001), expand-
ing into sagebrush and, to a lesser extent, 
other western grassland ecosystems (Miller 
et al. 2005). Climate change has been im-
plicated in previous fluctuations in pinyon-
juniper woodland extent (Soule et al. 2004). 
There is some evidence that woody species 
have also increased in subalpine grasslands, 
particularly in alpine-ecotones (e.g., Fagre 
2009) and montane meadows (Berlow et al. 
2002, Zier and Baker 2006). 

Experimental work suggests that warming, 
particularly when coupled with drier condi-
tions, can decrease sagebrush and grassland 
productivity and alter species composition 
(Poore et al. 2009). However, productivity 
is influenced by species diversity and graz-
ing intensity (De Valpine and Harte 2001). 
Warming experiments in a montane grass-
land enhanced the growth of sagebrush 
compared to herbaceous species (Perfors 
et al. 2003). However, grasslands do not ap-
pear to be as responsive to warming as other 
community types such as tundra and forests 
(Rustad et al. 2001). Because grasslands 
are primarily limited by water and nutrient 
availability, an alteration in precipitation 
and fertilization may have larger effects 
than does temperature change (Parton et al. 
1994). Changes in the frequency, duration, 
or quantity of precipitation can cause large 
changes in productivity, composition, and 
fire regimes (Knapp et al. 2002). Precipita-
tion increases may favor invasive species. 
For example, increases in snow were shown 
to increase the invasion of forbs into mixed 
grass prairie (Blumenthal et al. 2008). The 
invasion of sagebrush steppe by cheatgrass 
has been shown to be strongly influenced by 
temperature and precipitation (Chambers et 
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al. 2009). Climate variability has been shown 
to promote stability in grasslands by promot-
ing the coexistence of different plant species 
(Adler et al. 2006). Increased atmospheric 
CO2 may promote species compositional 
changes (Smith et al. 2000). There has been 
much work suggesting that rising CO2 con-
centrations may differentially affect C3 and 
C4 grasses. These two pathways that plants 
use to capture CO2 during photosynthesis 
correspond to other traits such as feed qual-
ity, production, and frost tolerance. Enrich-
ment experiments in the shortgrass steppe 
have seen moderate increases in C3 grasses 
(Morgan et al. 2004) and a large increase in 
shrub biomass (Morgan et al. 2007). Weed 
invasion may also be driven by atmospheric 
CO2 in semiarid ecosystems (Smith et al. 
2000). 

Large grazers and insect herbivores play a 
major role in structuring grassland commu-
nities. For instance, grasslands that evolved 
with large grazers, such as those east of the 
Rockies, have proved to be more resistant 
to invasion and degradation from cattle and 
development than have other areas (Mack 
1986). Moreover, productivity is increased 
in grasslands where native grazers are pres-
ent (Frank and McNaughton 1993). During 
a warming period 55.8 million years ago, 
insect damage to plants increased and was 
correlated with rising temperatures (Currano 
et al. 2008). A study in Yellowstone National 
Park found that drought caused a decline in 
belowground productivity and altered the 
effects of grazers (Frank 2007). 

The best demonstrated effect of climate on 
grassland and sagebrush ecosystems is an 
indirect effect of fire. Large grassland fires 
typically follow a normal or wetter than 
usual summer the previous year and are 
more likely where exotic annual grasses are 
present (Knapp 1998). There is a well-estab-
lished feedback loop in which fire promotes 
invasive grasses such as cheatgrass which 
promote more frequent fires (D’Antonio and 
Vitousek 2003). The cheatgrass-fire cycle has 
been a major factor in the loss of ecological 
integrity of sagebrush steppe ecosystems 
and, as previously discussed, climate change 
is likely to exacerbate a shift toward cheat-
grass-dominated rangelands in the northern 

portions of the ROCO region (Chambers et 
al. 2009, Bradley et al. 2009). 

4.5 Projected trends

Over the short-term, the greatest threats to 
grasslands and sagebrush ecosystems come 
from oil and gas development, increasing 
urban and agricultural development, and 
invasive species. However, wildfires are 
increasing and likely to intensify in a warmer 
future with drier soils, longer growing sea-
sons, and more severe droughts (Field et al. 
2007), and these may cause large changes in 
grassland and sagebrush ecosystems (fig. 8). 
Direct impacts on big sagebrush, a keystone 
species throughout its range, may also be 
severe (Smith et al. 1997). The species is not 
fire tolerant and once removed from large 
disturbances, is very slow to recover (Smith 
et al. 1997). Weed invasion typically follows 
removal of sagebrush (Prevey et al. 2010), 
and this disturbance will likely be exacerbat-
ed by drought-induced stress on the species 
(e.g., Poore et al. 2009).

Modeling suggests that climate change will 
likely increase net primary production in 
grasslands and decrease soil carbon, but high 
annual variability in plant production makes 
these projections uncertain (Parton et al. 
2005). Nutrient cycling and plant produc-
tion are expected to occur more rapidly in 
response to climate change than changes in 
community composition (Parton et al. 1994). 

Climate change is also expected to cause 
major changes in grassland and sagebrush 
distribution across the landscape (Bachelet 
et al. 2001). Range expansions of woody 
species are predicted to continue, particu-
larly the expansion of pinyon-juniper into 
sagebrush steppe and grasslands (Rowland 
et al. 2008), resulting in a decrease in sage-
brush and an increase in woodlands across 
the West. Changes in grassland cover are 
more subtle, but cover is generally predicted 
to decrease (Bachelet et al. 2001). Cremer et 
al. 1996, who used an earlier generation of 
downscaled global circulation models to pre-
dict the response of warming and reduced 
precipitation scenarios in eastern Washing-
ton, suggested that native sagebrush would 
decline and a less productive, invasive-an-
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nual dominated grassland would persist or 
increase. Such a shift has major implications 
for sagebrush-obligate vertebrates such as 
certain bird species (Knick et al. 2005). Cli-
matic suitability models suggest that by 2100 
sagebrush communities in Nevada, southern 
Idaho, Utah, Colorado, and eastern Wyo-
ming may be at risk of loss due to climate 
change; regions in southwestern Wyoming 
will be at less risk (Bradley 2010). 

There are a number of uncertainties in 
projecting the response of grasslands and 
sagebrush to climate change. First, regional, 
elevational, and grassland type may strongly 
influence response. A recent estimate of the 
velocity of climate change across biomes 
found that temperature changes will occur 
much more quickly in xeric shrublands and 
flooded grasslands than in other biomes, and 
much more slowly in montane grasslands 
(Laorie et al. 2009). Second, the magnitude 
and velocity of changes caused by the strong 
link between invasive species, fire, and grass-
lands and sagebrush is difficult to estimate. 
Third, precipitation and drought rather 
than temperature will likely drive changes 
in grasslands, and they are more difficult to 

predict. Fourth, the future impact of grazers 
is difficult to estimate, particularly as grass-
land fragmentation increases. Finally, many 
grassland and sagebrush systems are actively 
managed through livestock grazing, invasive 
species control, and prescribed and sup-
pressed fire. 

4.5.1  Summary
Other immediate threats to grasslands and 
sagebrush such as invasive species and land 
use change appear to have outweighed the 
effects of climate change, but this assess-
ment is likely to be modified if accelerated 
climate change continues. Observed changes 
over the last century and manipulative 
experiments suggest that warming, altered 
precipitation, and enhanced CO2 can alter 
the productivity and diversity of grasslands. 
These effects are expected to continue, but 
the magnitude of changes may be small. 
Models project a large reduction in the dis-
tribution of sagebrush in the next century as 
it is converted to woodlands. Big sagebrush, 
the keystone species throughout much of 
the assessment area, is fire intolerant and ap-
pears to be vulnerable to both warming and 
drought, and is therefore likely to decrease 

Figure 8. Con-
ceptual diagram 
describing projected 
changes to sage-
brush and grassland 
ecosystems.
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throughout its range under climate change 
scenarios. However, the largest changes in 
sagebrush and grasslands are likely to occur 

where warmer temperatures and changing 
precipitation promote invasive species and 
altered fire regimes. 
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The ROCO region contains an abundance of 
glaciers, snowfields, lakes, streams, wetlands, 
rivers, and managed reservoirs that provide 
critical water resources to human and wild-
life populations and support sensitive plant 
communities. High-elevation and snow-driv-
en ecosystems such as those in the ROCO 
region are particularly sensitive to climate 
change and have seen a decline in freshwa-
ter resources (Field et al. 2007). Snowpack, 
which varies across the ROCO region but is 
typically greatest in high-elevation forests, 
peaks in early April and melts off during the 
summer, contributing an estimated 75% of 
the water in streams. High-elevation areas 
feed lower elevations through a network 
of lakes, streams, groundwater, and wet-
lands. Water levels and peaks in streamflow, 
which follow predictably from the pattern of 
snowmelt, are typically greatest in the spring 
and lowest in the fall. However, dams and 
reservoirs are common throughout the West 
and have significantly altered natural flow 
regimes. 

Glaciers are common on the highest peaks of 
the ROCO region (Fountain 2006). Wyoming 
has the largest total area of glaciers (73.3 
km2) in the region and the most glaciers 
(1,475), most of which lie within the Teton 
and Wind River Ranges. Montana has 1,158 
glaciers covering 68.6 km2; Idaho has 208 
(2.6 km2), and Colorado has 141 (4.8 km2) 
(Fountain 2006). 

The ROCO region includes 26 stretches of 
river designated as “wild and scenic,” most 
of them in Idaho (NWSR 2010). The numer-
ous reservoirs and natural lakes managed 
for public water supplies and recreation vary 
from small alpine tarns to Flathead Lake 
in Montana, the largest natural freshwater 
lake in the West. Moving north through the 
ROCO region, the extent and volume of 
surface waters generally increases, following 
the prevailing precipitation gradient (fig. 1). 
These streams, lakes, and rivers are funda-
mental components of the western land-
scape and their ecology is intimately linked 
to the watersheds that they drain. Numer-
ous species are dependent on these aquatic 
resources for part (e.g., aquatic invertebrates 

and amphibians), or all of their life cycle 
(e.g., freshwater fishes and aquatic plants). 
In addition, they provide a broad spectrum 
of ecological services, including nutrient 
processing, hydrologic cycling, and multiple 
socioeconomic functions for humans (e.g., 
water sources, fisheries, recreation, and 
irrigation). 

Although they comprise less than 5% of the 
land area in the ROCO region (OTA 1993), 
wetlands are an integral component of its 
aquatic resources. They provide numerous 
important ecological functions by support-
ing biodiversity, increasing water and carbon 
storage, improving water quality, and provid-
ing wildlife habitat (Mitsch and Gosselink 
2007). The most prevalent wetlands in the 
Rocky Mountains are associated with seep-
age slopes, river floodplains, surficial de-
pressions, or the landforms associated with 
glacial retreat (Hauer et al. 1997).

There is much literature on how climate 
change may alter freshwater resources in 
the West (e.g., Ray et al. 2008, Williams et al. 
2009, CIG 2010, Pederson et al. 2010); fig. 
9). Here, we briefly summarize the observed 
and predicted changes in hydrology, surface 
water ecology, and wetlands. The effects of 
climate change on aquatic invertebrates, 
amphibians, and fish are discussed further in 
the wildlife section. 

5.5.1  Observed trends 
Changes to the hydrology in the West over 
the past 50 years due to climate change 
are well documented (Barnett et al. 2008), 
although land use, invasive species, agricul-
ture, and increasing human demands have 
played a large role in determining trends 
in aquatic resources. In the northern and 
central Rockies, streamflows have shifted 
toward earlier peak runoff, which has been 
attributed to more precipitation falling as 
rain rather than snow and earlier snowmelt 
(Knowles et al. 2006, Hamlet et al. 2005; 
Mote 2005). Warmer and more variable 
winter and spring air temperatures (Shep-
pard et al. 2002, Abatzoglou and Redmond 
2007) have accelerated melt and caused an 
overall decline in spring snow pack, particu-
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larly at lower elevations, despite increases in 
winter precipitation in many places (Mote et 
al. 2005, Field et al. 2007, Mote et al. 2008a, 
Ray et al. 2008). Reduced snowpacks have 
melted earlier and have advanced the tim-
ing of peak runoff by several days to weeks 
across much of the region (Stewart et al. 
2005; Barnett et al. 2008). The most dramatic 
change in the past 50 years has been the 
decline of glaciers throughout the region. In 
1993 the largest glaciers in Glacier National 
Park were measured at 72% of their 1850 
areal extent and many small glaciers had 
vanished (Hall and Fagre 2003; Pederson et 
al. 2004). Although the distribution of lakes 
changed dramatically as the balance among 
precipitation, evapotranspiration, and runoff 
shifted during previous periods of climate 
change (Street and Grove 1979), a more re-
cent change in lake distribution has not been 
reported for the region.

Changes in hydrological regimes have 
impacted the ecology of western aquatic 
resources (Barnett et al. 2008). For instance, 
warming temperatures may be contributing 
to the spread of the diatom Didymosphenia 
geminate, with more extensive nuisance 
growths becoming common in the region 
(Kumar et al. 2009). Another study docu-
mented that mayflies and other aquatic 
insects on which trout feed are emerging 
earlier and at smaller sizes in Rocky Moun-
tain streams because of warmer streamflows 
and earlier peak runoff (Harper and Peck-
arsky 2006). Higher stream temperatures 
also affect fish access, survival, and spawning 
(Morrison et al. 2002; Keleher and Rahel 
1996; Rieman et al. 2007; Williams et al. 
2009). Increased wildfire activity has caused 
more debris flow events in streams with the 
potential to alter stream structure and func-
tion (Westerling et al. 2006; Morgan et al. 
2008). 

5.5.2  Projected trends 
Climate change will significantly impact 
ROCO aquatic resources and will likely make 
it more difficult to achieve water quality stan-
dards nationwide (Field et al. 2007). While 
there are likely to be regional variations, 
projected effects across the West include 
loss of glaciers, less snow, earlier peak flows, 
less streamflow, warmer water temperatures, 

more frequent droughts, and more intense 
storms (fig. 9). 

At the current rate of melting, it has been 
suggested that the Glacier National Park’s 
remnant glaciers will be gone in the next 
25 to 30 years (Hall and Fagre 2003) due to 
increases in summer temperatures and a 
reduction in winter snowpack. Streamflow 
may increase during this initial period of 
melt, but flows will decline when the gla-
ciers disappear (Morris and Walls 2009). 
Total winter precipitation may increase but 
overall snowpack is projected to decline 
throughout the West. For example, with a 
4ºC (7°F) temperature increase and doubling 
of atmospheric CO2 in Loch Vale Watershed 
at Rocky Mountain National Park, models 
predict a 50% reduction in snowpack and 
4–5 week earlier increases in soil moisture 
and run off compared to mean onset of 
spring conditions from 1984 to 1998 (Baron 
et al. 2000b)

The loss of winter snowpack will greatly 
reduce the major source of groundwater 
recharge and summer runoff, resulting in 
a potentially significant lowering of water 
levels in streams, rivers, lakes, and wetlands 
during the growing season (Mote et al. 2005; 
Barnett et al. 2008). With warmer tempera-
tures and increasing droughts, municipal and 
agricultural demands for water are likely to 
increase, drawing down freshwater resourc-
es even further (National Assessment Syn-
thesis Team 2001). Lower summer base flows 
reduce the amount of instream habitat for 
invertebrates and fish and cause a reduction 
in stream-side groundwater tables which are 
important for sustaining riparian vegetation 
communities (Stromberg et al. 1996; Scott 
et al. 1999). Reduced water depths may also 
increase the vulnerability of sensitive spe-
cies (e.g., amphibians) to harmful ultraviolet 
radiation (Kiesecker et al. 2001). 

In addition to the shift in the quantity of wa-
ter, climate change may reduce water qual-
ity due to increased erosion and decreased 
dilution of pollutants. Decreases in snow 
cover and more winter rain on bare soil are 
likely to lengthen the erosion season (Walker 
2001), which could lead to average phospho-
rus concentrations in streams increasing 25 
to 35% (Walker 2001). Predicted increases in 
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the severity and frequency of floods may also 
contribute to increases in erosion, as well as 
affect ecological processes that are sensitive 
to changes in the probability distributions 
of high flow events such as habitat stability, 
biodiver sity, and trophic structure (Konrad 
and Booth 2005, Hamlet and Lettenmaier 
2007). Degradation of water quality will 
likely lead to a reduction in or loss of sensi-
tive stream species (Waters 1995). 

Warming air temperatures and a reduction 
in glacial inputs will lead to warmer water 
temperatures across the West. Surface and 
bottom water temperatures of lakes, res-
ervoirs, rivers, and estuaries are projected 
to increase from 2 to 7°C (4–13°F) (Fang 
and Stefan 1998, 1999; Hostetler and Small 
1999; Gooseff et al. 2005). Warmer waters 
may lead to oxygen depletion, a change in 
fish distribution, an increase in algae and 
zooplankton in coldwater lakes, and a loss 
of some species. Species that are isolated 
in habitats near thermal tolerance limits or 
that occupy rare and vulnerable habitats like 
alpine wetlands may become extinct (Wil-
liams et al. 2007), and fish such as trout that 
are dependent on cool waters will likely 

decline (Williams et al. 2009; Pederson et al. 
2010). In contrast, many fish species that pre-
fer warmer water, such as largemouth bass 
and carp, may expand their ranges if surface 
waters warm (Battin et al. 2007). Warmer 
waters may also cause aquatic diseases and 
parasites to become more widespread (Hari 
et al. 2006). 

5.1 Wetlands

Wetlands are among the most significantly 
altered ecosystems in North America due to 
stressors such as changes in hydrology from 
flow regulation, ground water pumping, fill 
placement, overgrazing by domestic and na-
tive ungulates, atmospheric deposition, and 
biological invasion (Patten 1998, Zedler and 
Kercher 2005). Over the last 200 years, wet-
land areas have declined approximately 56% 
in Idaho, 50% in Colorado, 38% in Wyo-
ming, and 27% in Montana (OTA 1993). Like 
other freshwater ecosystems, wetlands are 
considered extremely vulnerable to climate 
change, which is projected to diminish their 
number and extent and cause a decline in 
associated flora and fauna (Field et al. 2007). 
Wetlands are already facing widespread 

Figure 9. Projected 
climate changes 
to the hydrological 
cycle in the Rocky 
Mountains and 
Upper Columbia 
Basin.
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degradation so that even small reductions in 
precipitation could exacerbate wetland loss. 

A few of the wetland types considered at 
greatest risk globally are found in the ROCO 
region, including riparian wetlands in arid 
zones, peatlands, and alpine wet meadows 
(OTA 1993, Burkett and Kusler 2000). But 
despite the recognition of the increasing 
role of climate change in altering wetland 
functions (e.g., Baron et al. 2000b), there 
is a paucity of studies in the ROCO region 
that document climate-driven declines in 
wetland function or extent. One excep-
tion is a recent article describing changes in 
hydrology leading to wetland desiccation in 
Yellowstone National Park (McMenamin et 
al. 2008). Currently, the biggest losses are in 
the marshes on Yellowstone’s northern range 
(Colorado State University, David Cooper, 
Research Scientist, email, May 2010). It is 
expected that loss of wetlands will result in a 
corresponding loss in biodiversity and criti-
cal functions such as carbon storage in peat 
and water storage (OTA 1993). 

Warmer temperatures will affect the growth 
and reproduction of wetland species by 
increasing decomposition rates and evapora-
tion from wetlands and their water supplies, 
reducing peat accumulation, and thaw-
ing upper layers of permafrost in alpine 
wetlands (Burkett and Kusler 2000, OTA 
1993). Where warmer temperatures lead to 
increased fire severity and extent, peat bod-
ies, particularly those in a matrix of forest, 
will be at risk. Where warmer temperatures 
cause an increase in wetland decomposition 
rates and reduce peat accumulation, carbon 
storage will be reduced.

Greater changes in wetlands are expected 
to result from altered precipitation as it af-
fects soil and vegetation conditions (Winter 
2000). Many models project wetter winters 
in the ROCO region, but any positive effect 
of increased winter flows for wetlands is 
expected to be outweighed by drier summers 
and warmer temperatures. It is predicted 
that wetlands response will first become evi-
dent in water table changes and alterations 
in the formation and duration of soil anoxic 
conditions. Alterations in the composition of 
short-lived and then longer-lived perennial 
plants will follow. Soils may be altered after 

many decades unless fire occurs. Altera-
tions of plant cover and soil permeability 
may act in a feedback loop to further modify 
the hydrological cycle. Some wetlands, such 
as forest wetlands and wet meadows, are 
particularly sensitive to hydrological changes 
and a reduction in the water table of a few 
inches could convert wetlands to upland 
habitats (Kusler 2006). 

Reduced ground water flow due to lower 
snowpack, earlier melt dates, or reduced 
summer precipitation could result in lower 
water tables in wetlands dependant on 
ground water inputs (Poff et al. 2002). Ripar-
ian wetlands will be sensitive to precipitation 
because changes in the timing and magni-
tude of flooding will affect the flux of water, 
nutrients, sediment, and biota between main 
river channels and riparian wetlands (Hauer 
et al. 1997). 

5.1.1  Summary
Climate change is a significant threat to the 
structure and function of US aquatic ecosys-
tems. Changes in precipitation and warmer 
temperatures will have negative impacts on 
western water resources and there is high 
confidence that climate change will make 
it more difficult to maintain existing water 
quality due to warmer water temperatures 
and increasing erosion (Field et al. 2007). 
Warmer temperatures and earlier runoff will 
likely result in less available water for sum-
mer irrigation needs (Barnett et al. 2009, 
Knowles et al. 2006). Although rare, wet-
lands are hotspots of biodiversity and critical 
components of hydrological and biogeo-
chemical cycles in the ROCO region. Wet-
lands have been reduced dramatically in the 
last century due to agriculture, development, 
and water management practices. It has only 
recently been recognized that climate change 
may also play a role in the loss of wetlands. 
Alpine wetlands, peatlands, and riparian 
corridors in arid regions may be particularly 
vulnerable.

While there is high confidence that climate 
change will alter freshwater ecosystems, 
numerous uncertainties exist. Many of the 
projected changes are based on precipitation 
changes, which are inherently more difficult 
to model than temperature. Moreover, the 
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magnitude and frequency of extreme events 
such as droughts and floods are unpredict-
able, and these will have large impacts on 
water resources. The interacting effects of 
other stressors such as pollution, ultraviolet 
light, diseases, and environmental toxins 
with climate change are unknown. More-

over, the ramification of changes in food web 
structure and dynamics caused by the loss 
of some species and the expansion of others 
is unclear. Finally, and perhaps most impor-
tantly, the threat to water resources posed 
by increasing human demand is difficult to 
quantify. 
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The ROCO region is a diverse landscape 
with habitats ranging from alpine tundra to 
arid plains. Sparse settlement has left much 
of the habitat relatively intact and it is one 
of the last places in the continental United 
States with an intact assemblage of carni-
vores including gray wolves, grizzly bears, 
wolverine (Gulo gulo), and Canada lynx 
(Lynx canadensis). Within Colorado, Wyo-
ming, Idaho, and Montana are 34 animal 
species listed as threatened or endangered, 
including gray wolves, Canada lynx, and 
grizzly bears, bull trout (Salvelinus confluen-
tus), and black-footed ferrets (Mustela ni-
gripes), and each of the four states has identi-
fied 200–300 species (about 10–20% of the 
fauna) as being of special management con-
cern (CODoW 2009, IDFG 2009, MTNHP 
2009, WGFD 2009). The taxa at the greatest 
current risk proportionally are freshwater 
fish and amphibians (IDFG 2009). 

6.1.1  Observed trends 
The abundance and diversity of wildlife in 
the West has declined due to severe hunting 
and trapping pressure in the past and land-
use changes in more recent years. While 
hunting pressure has decreased since the 
early 1900s, development has accelerated. 
Increases in disturbance, fragmentation, and 
invasive species resulting from human devel-
opment are a severe and immediate threat 
to wildlife in the ROCO region. Changes in 
climate, however, are already altering animal 
populations at global scales (Parmesan and 
Yohe 2003). There is evidence that warmer 
temperatures and changes in precipitation 
have caused range shifts, changes in popu-
lation size, altered phenology, increases in 
disease prevalence, and altered migration 
patterns (Walther et al. 2002, Root et al. 
2003). Moreover, climate change has indi-
rectly affected animal populations through 
its effects on disturbance regimes, such as 
fire frequency, and the abundance and distri-
bution of exotic species (Logan et al. 2003). 

Some of the best documented effects of 
climate change on wildlife are from its ef-
fects on range size, population growth, and 
phenology. Range shifts have been well 
documented in a variety of species, including 

birds (see references in Parmesan 2006), but-
terflies (Crozier 2003, 2004, Forister 2010, 
Parmesan 1996), Odonata (dragonflies and 
damselflies) (Hickling et al. 2005), and small 
mammals (Moritz et al. 2008). Several of 
these species have moved their range upward 
in elevation as a result of warmer tempera-
tures (Parmesan 1996, Parmesan and Yohe 
2003). Concurrently, high elevations spe-
cies such as pika have seen substantial range 
contractions (Moritz et al. 2008). Reduced 
precipitation, especially less snow, has cre-
ated more favorable conditions for elk popu-
lation growth in Montana (Creel and Creel 
2009) and is predicted to improve conditions 
for elk in Colorado (Wang et al. 2002). Bats, 
which are difficult to study and generally 
under-represented in climate change assess-
ments, are strongly controlled by environ-
mental constraints on their physiology and 
tight energy budget (Humphries et al. 2002). 
Warming and altered precipitation under 
accelerated climate change are predicted to 
cause species range shifts and population 
declines, but no studies have documented 
recent shifts (Humphries et al. 2002, Ad-
ams and Hayes 2008). Changes in phenol-
ogy and migration may cause asynchronies 
between wildlife populations and food 
sources, resulting in population declines, 
as has been seen for flycatchers (Ficedula 
hypoleuca) (Both et al. 2006). Asynchronies 
have developed for marmots and their food 
plants in the Rocky Mountains (Inouye et al. 
2000), but there is no evidence of popula-
tion declines. While there are many reports 
documenting the effects of climate change 
on wildlife in the ROCO region, they may 
not reflect the true effects of climate change 
because monitoring and research efforts are 
geographically and taxonomically biased 
(Joyce et al 2008). For instance, it appears 
from the literature that range expansions in 
birds may be the most common ecological 
consequence of climate change in the region 
(fig. 10), but other taxa are also presumably 
responding to climate change.

6.1.2  Projected trends 
The IPCC predicts that climate change will 
continue to pressure species to shift their 
ranges northward and upward, causing a 
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fundamental rearrangement of North Ameri-
can ecosystems (Field et al. 2007). While 
past warming was gradual, future change is 
expected to be more rapid and outpace wild-
life’s ability to adapt to new environments 
(Bradshaw and Holzapfel 2006). The magni-
tude and direction of species response to cli-
mate change will be highly variable and may 
differ among populations or regions (Parme-
san 2006). For instance, small mammals in 
the West are more adapted to experiencing 
temperature variability in the southern parts 
of their range than in the northern parts, and 
this may buffer the effects of climate change 
in southern populations (Guralnick 2006). 
An analysis of potential climate change 
impacts on US national parks indicates that 
on average about 8% of current mammalian 
species diversity may be lost (Burns et al. 
2003). The greatest losses are predicted to 
occur in rodent spe cies (44%), bats (22%), 
and carnivores (19%) (Burns et al. 2003).

Although wildlife responses are expected to 
be complex and species-specific, several pat-
terns can be projected based on life-history 
characteristics. First, highly mobile species 
with large geographic ranges, wide physi-
ological tolerances, faster generation times, 
and generalist diets are more likely to adapt 
to a changing climate, while endemic special-
ists are projected to decline. For example, 
global change is generally predicted to in-
crease the spread of invasive species (Dukes 
and Mooney 1999), and generalists such as 

coyotes (Canis latrans) are expected to ex-
pand their range further north. Threatened 
and endangered species, particularly those 
with low genetic diversity, small population 
sizes, and narrow ranges, will be increas-
ingly threatened by climate change. As an 
example, bull trout, which are dependent 
on cool water temperatures, are expected to 
continue to decline and populations will be 
restricted to high elevations (Rieman et al. 
2007). Bats are considered susceptible to cli-
mate change because of their slow reproduc-
tion rate, sensitivity to roost temperatures 
and water availability close to their roosts, 
and dependency on the availability of large 
insect populations (e.g., Adams and Hayes 
2008).

Second, species that are currently limited 
by temperature or precipitation are likely to 
respond more quickly to climate change than 
are other species. While disease and invasive 
species are driving a decline in the abun-
dance and diversity of freshwater fish and 
amphibians in the ROCO region, these spe-
cies’ sensitivity to warming temperatures is a 
contributing factor. Snow-dependent species 
such as wolverine, lynx, and snowshoe hare 
(Lepus americanus) are considered particu-
larly vulnerable to climate change. For exam-
ple, modeling of potential future climate and 
subsequent changes in vegetation and snow 
cover indicates that potential lynx habitat 
may de crease significantly by 2100 (Gonzales 
et al. 2007). Wolverines are dependent on 

Figure 10. Docu-
mented terrestrial 
wildlife response to 
observed changes 
in climate, based on 
189 studies within 
the United States; 
none included Ha-
waii. From Joyce et 
al. 2008. 
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persistent spring snow cover for successful 
denning and, as climate warms, fewer sites 
will be suitable, connectivity among sites will 
decrease, and there may be substantial loss in 
the wolverine’s range (Copeland et al. 2010). 

Third, climate change is expected to alter the 
distribution of vegetation, which will alter 
the availability of wildlife habitat. Several 
community types are likely to greatly de-
crease in area, including alpine, subalpine 
spruce-fir, and sagebrush (fig. 5; Lenihan 
et al. 2008; evidence from sagebrush bird 
declines supports this contention (Knick et 
al. 2003, Aldridge et al. 2008). Climate-driven 
losses of high-elevation habitat are expected 
to contribute to declines of many mam-
mals including grizzly bears, bighorn sheep, 
pikas, mountain goats, and wolverines (GAO 
2007). Similarly, movement patterns of deer, 
bighorn sheep, and elk may be affected tem-
porally as snowpack patterns shift (Janetos 
et al. 2008). A projected 60–90% loss of 
suitable bird habitat is predicted to decrease 
neotropical migratory bird species richness 
30–57% during the next century (Price and 
Root 2005).

Above, we have described in general terms 
the recent and predicted trends of wildlife 
responses to climate change in the ROCO 
region. We now highlight select species or 
taxa that are of particular concern to land 
managers or may be especially good indica-
tors of the broader effects of climate change. 
These case studies include fish, amphibians, 
birds, pika, invertebrates, ungulates, and 
grizzly bears.

6.1 Fish 

Of the roughly 800 native freshwater fishes in 
the United States, only about 21% are found 
in the West. However, the ROCO region con-
tains many threatened or endangered fish, 
including greenback cutthroat (Oncorhyn-
chus clarki stomias), bull trout, pike min-
now (Ptychocheilus lucius), several species 
of salmon, and white sturgeon (Acipenser 
transmontanus) (CODoW 2009, IDFG 2009, 
MTNHP 2009, WGFD 2009). 

Warmer stream and lake temperatures and 
changing streamflow will affect fish access, 
survival, and spawning (Morrison et al. 

2002). While climate change is expected to 
have a large impact on all native fish, trout 
and salmon will likely fare worse than many 
because of their dependency on cool, clear 
water and because they have narrow thermal 
tolerances (Williams et al. 2007). Salmonids 
may provide an early indicator of climate 
change in the ROCO region (Pederson et al. 
2010), where warming is projected to cause 
a loss of up to 42% of current trout and 
salmon habitat by the end of the century and 
losses of western trout populations may ex-
ceed 60% (Keleher and Rahel 1996). Losses 
of migratory bull trout may be as high as 
90% (Rieman et al. 2007). In addition to the 
direct effect of warmer water temperatures, 
fish populations will be indirectly affected by 
warmer waters promoting the expansion of 
aquatic invasive or nuisance species such as 
Didymosphenia geminate (Kumar et al. 2009) 
and invasive aquatic plants which can alter 
food web dynamics and oxygen availability. 
Aquatic invertebrates, which are the pri-
mary food source for trout and fish, will be 
affected where climate causes earlier emer-
gence, species loss, or smaller size (Harper 
and Peckarsky 2006). Changes in streamflow 
and fire regimes will also likely contribute to 
habitat loss (Pederson et al. 2010).

6.2 Amphibians

Amphibians are likely to be highly sensi-
tive to climate change (Blaustein et al. 2001; 
Carey and Alexander 2003; Corn 2005; 
Lawler et al. 2010b) and have been identi-
fied as one of the taxonomic groups showing 
early responses to it (McCarty 2001; Walther 
et al. 2002). Within the Western hemisphere, 
amphibians are predicted to experience 
more range shifts than either birds or mam-
mals (Lawler et al. 2009). Climate change is 
expected to have large effects on amphib-
ians because as ectotherms, all aspects of 
their physiology and life history are strongly 
influenced by their physical environment. 
Direct effects of climate change on amphib-
ians include changes in movements, phenol-
ogy, and physiological stress. Indirect effects 
include changes in predators, competitors, 
food supply and habitat (Donnelly and 
Crump 1998), and invasive species, e.g., bull-
frogs (Ficetola et al. 2007). The documented 
and anticipated impacts of climate change on 
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amphibians vary according to species-spe-
cific life history traits and although generally 
considered detrimental, may in limited cases 
by beneficial (McCarty 2001; Werner et al. 
2009). Region-specific empirical data are 
limited, but below we briefly review some of 
the general concepts of how climate change 
may affect amphibians in the ROCO region.

Precipitation has a strong influence on am-
phibian abundance, activity and migration. 
Populations of several species have declined 
dramatically in years of drought (Stew-
art 1995; Pounds and Crump 1994). Low 
precipitation or drought can decrease the 
amount of available wetland breeding habi-
tat, reduce water depth thereby exposing 
amphibian embryos to more extreme water 
temperatures, and increasing the potential 
for pond drying before metamorphosis oc-
curs. Climate change also has the potential 
to fragment amphibian habitat and result in 
dry open areas that are barriers to dispersal 
(Dodd and Smith 2003). Gibbons and Ben-
nett (1974) reported that activity patterns 
among 16 frog species were positively cor-
related with the incidence of precipitation, 
and it is generally thought that precipitation 
increases the ability of amphibians to move 
across the landscape. Species associated with 
ephemeral waters, including shallow ponds 
and intermittent streams, may be particularly 
vulnerable to altered precipitation patterns. 
Amphibian monitoring in Grand Teton and 
Yellowstone national parks showed that in 
2007 and 2008 the majority of amphibian 
breeding sites were in temporary or season-
ally flooded wetlands and the minority were 
in saturated or semi-permanent wetlands 
(Patla et al. 2009). McMenamin et al. (2008) 
documented an increase in the number of 
permanently dry ponds in Yellowstone’s 
Lamar Valley over a 16-year period and a 
concomitant reduction in the number of 
remaining wetlands that were occupied by 
amphibians (but see Patla et al. 2009). How-
ever, the documented and anticipated effects 
of climate change on amphibians are not all 
detrimental. Werner et al. (2009) found that 
drought greatly reduced pond hydroperiods 
and caused a corresponding decrease in 
predator densities, which lead to increased 
colonization probability and decreased ex-
tinction probability for chorus frogs (Pseud-
acris triseriata).

Temperature also exerts a strong influence 
on amphibian survival and reproduction. 
Environmental temperature affects growth 
rates, time to reach metamorphosis, mecha-
nisms of gas exchange, and rates of energy 
metabolism (Ultsch et al. 1999). Amphibians 
use behavioral and physiological mecha-
nisms for thermoregulation but are limited 
by their need for water (Hutchison and 
Dupre 1992). The temperature tolerance of 
anuran larvae is a key factor in determin-
ing the species’ range limits. Kiesecker et al. 
(2001) found that ENSO events in the Pacific 
Northwest resulted in low winter precipita-
tion, and in the spring following an ENSO 
event, boreal toad (Bufo boreas) embryos de-
veloped in shallower water and had greater 
mortality than in wetter years when embryos 
developed in deeper water. In years with low 
precipitation, infection of toad embryos by 
the pathogenic fungus Saprolegnia ferax was 
>50% at water depths <20cm. Furthermore, 
Kiesecker and Blaustein (1995) documented 
that boreal toad embryos are only suscep-
tible to S. ferax in the presence of UV-B 
radiation. However, in a related study, Corn 
and Muths (2002) found that earlier breed-
ing during dry years minimized exposure 
to UV-B due to shallow water depths; they 
proposed extreme water temperatures as an 
alternative or additional plausible hypothesis 
to explain the high mortality of boreal toads 
observed by Kiesecker et al (2001). Still, 
these studies suggest that climate change has 
the potential to increase the prevalence of 
infectious disease.

Chytridiomycosis is a potentially lethal dis-
ease caused by the amphibian chytrid fungus 
(Batrachochytrium dendrobatidis) that has 
been implicated in population declines of 
several amphibian species throughout the 
world (Daszak et al. 1999; Carey 2000; Muths 
et al. 2008). Several studies suggest that 
climate change may enable the fungus to ex-
pand its range due to warmer temperatures 
and moisture at higher elevations (Bosch et 
al. 2007; Pounds et al. 2006). Boreal toads 
appear to have experienced a population 
decline across the Rocky Mountains from 
north to south, a pattern potentially associ-
ated with the distribution of chytrid fungus. 
Muths et al. (2008) found that the fungus is 
widespread in the Rocky Mountains from 
northern Montana to southern Colorado. 
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The fungus was found at a higher proportion 
of low-elevation boreal toad breeding sites, 
and results from this study suggested that 
the distribution of chytrid fungus is limited 
by temperature, which is moderated in the 
higher elevations. Increased temperatures 
associated with climate change are likely to 
allow the expansion of chytrid fungus into 
high elevation areas.

Climate change has been associated with 
phenological changes in several amphibian 
species. Beebee (1995) documented earlier 
breeding correlated with increasing tempera-
tures since the 1970s for two species of frogs 
and four salamanders in Britain. However, in 
montane habitats winter snow accumulation 
is more important than temperature in pre-
dicting the behavior of amphibians (Inouye 
et al. 2000; Corn and Muths 2002). Corn 
(2003) found a strong correlation between 
timing of breeding and both snow water 
equivalent and air temperature for amphib-
ians in the Pacific Northwest. Although some 
studies have not found significant changes 
in amphibian breeding phenology, Beebee 
(2002) suggested that interspecies differences 
in reproductive biology might explain differ-
ing responses to warming temperatures. In 
Britain, the “explosive” breeders that spawn 
early in the year have shown minimal signs 
of response to climate change, whereas the 
later and more protracted breeders, which 
include urodeles or salamanders, have bred 
progressively earlier over the past 20 to 30 
years (Beebee 2002). 

In summary, the effects of climate change on 
amphibians are expected to be multi-faceted 
and include direct physiological impacts as 
well as indirect impacts to the species’ habi-
tat, competitors, predators, and pathogens.

6.3 Invertebrates

The population size and range of numerous 
species of mollusks, amphipods, butterflies, 
and aquatic invertebrates have declined in 
the last century, and invertebrates now make 
up roughly half of the species of special 
concern in Colorado, Idaho, Wyoming, and 
Montana despite being one of the least well-
studied taxa (CODoW 2009, IDFG 2009, 
MTNHP 2009, WGFD 2009). Invertebrate 
declines are attributed to a variety of causes, 

including land use, invasive species, chang-
ing food web dynamics, and climate change. 
However, some invertebrates are increas-
ing their geographic range and population 
size in response to climate change, as has 
been seen for disease vectors like ticks and 
mosquitoes (Field et al. 2007). This is not 
surprising because invertebrates, which are 
ecotherms, are generally expected to in-
crease activity and reproduction in warmer 
temperatures. Their short generation times 
also increase the capacity of invertebrates 
to adapt to changing conditions (Parmesan 
2006). For many species of invertebrates, 
however, drought and changing biotic inter-
actions have outweighed any positive effects 
of warmer temperatures, and evolutionary 
responses to climate change are not occur-
ring rapidly enough to prevent extinctions 
(Parmesan 2006).

Aquatic insect assemblages are thought to 
be particularly vulnerable to climate change, 
and experiments support the expectation 
that the structure and function of these com-
munities will be altered (Hogg and Williams 
1996). For example, as alpine stream tem-
peratures rise and flow regimes change, rare, 
cold-water-obligate, aquatic invertebrate 
species may be driven to extinction (Hauer 
et al. 1997). Higher water temperatures can 
increase the rate of microbial activity and de-
composition of organic material, which may 
result in less food being available for inver-
tebrates (Meyer and Edwards 1990). More-
over, warmer temperatures will allow many 
lower-elevation invertebrates to colonize 
alpine streams and lakes, causing changes in 
food-web dynamics (Hauer et al. 1997).

Terrestrial invertebrates are also likely to 
be responsive to climate change. Endemic 
insects that have limited home ranges, 
such as the Great Sand Dunes tiger beetle 
(Cicindela theatina), may be sensitive to loss 
of habitat in a warmer, drier climate. Pol-
linators such as bees may be at risk where 
plant composition and phenology changes; 
asynchronies between insects, pollinators, 
and flowering plants have been documented 
(Visser and Both 2005). The best evidence of 
the ecological response of invertebrates to 
climate change comes from butterflies. Many 
populations of Edith’s checkerspot butterfly 
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(Euphydryas editha) in the western United 
States, Canada, and Mexico have gone 
extinct in the last century and extinction 
rates were significantly lower at high eleva-
tions and high latitudes (Parmesan 1996). 
Alpine butterflies are particularly vulnerable 
to changes in climate because their brief life 
cycle is highly correlated with the melting of 
snow and increasing summer temperatures 
(McLaughlin et al. 2002). For the alpine 
butterfly, encroaching forests into meadows 
may reduce dispersal and gene flow among 
populations (Roland and Matter 2007). Dur-
ing the last 35 years there has been a general 
trend for butterfly species richness to decline 
and an upward migration of butterfly ranges 
in California (Forister et al. 2010). 

At this point, it is difficult to distinguish 
among the effects of climate change, land-
use change, and other stressors on inverte-
brate populations. However, despite rela-
tively fast generation times, it is clear that 
many invertebrates are sensitive to climate 
and species with isolated or rare populations 
may be particularly vulnerable. 

6.4 Birds

Birds have been suggested as ideal early 
indicators of climate change (Berthold et 
al. 2004; Fiedler 2009; Niven et al. 2009) 
because they are sensitive to weather and 
climate and are generally easy to detect, 
identify, and count, and much knowledge 
base exists regarding their life history and 
population trends. Because they are well-
studied and include both widespread and 
geographically restricted species, they are 
considered an ideal class of organisms with 
which to investigate and test the current and 
predicted impacts of climate change.

More is known about the responses of birds 
to climate change than any other group of 
animals (Wormworth and Mallon 2008) 
and the evidence that recent climate change 
has already begun to affect birds is compel-
ling. Almost all aspects in the life cycle of 
birds that have been studied so far show 
recent changes that can be linked to climate 
change, including the declining size of North 
American birds (Van Buskirk et al. 2010). 
Avian responses to climate change can be 
broadly categorized as changes in range 

and distribution, phenology, behavior, and 
morphology (Fiedler 2009; Van Buskirk et al. 
2010). Weather conditions are known to af-
fect avian metabolic rates (e.g., cold weather 
increases the energy expenditure necessary 
for body maintenance), the abundance and 
distribution of their prey, and their ability 
to forage, migrate, and carry out courtship 
behaviors. Extreme weather events such as 
prolonged freezes or droughts can have cata-
strophic effects on juvenile and adult birds 
(Schreiber and Schreiber 1984; Stenseth et 
al. 2002). Climate change is anticipated to 
affect the staging, stopover ecology, and fuel-
ling of migratory birds (DEFRA 2005).

Documentation of range shifts was em-
ployed early on to detect the ecological 
effects of climate change (Vitousek 1992). 
Documented changes in bird ranges and 
distribution are numerous and include both 
altitudinal (Pounds et al. 1999) and latitudi-
nal shifts in breeding ranges (Hitch and Leb-
erg 2007) and wintering ranges (La Sorte and 
Thompson 2007; Sekerciouglu et al. 2008). 
Niven and colleagues (2009), who analyzed 
Christmas bird count data (1966–67 through 
2005–06) to estimate population trends for 
North American bird species, found a signifi-
cant northern shift in the latitudinal center 
of abundance in 177 of 305 species (overall 
mean shift = 56 km, 35 mi) coincident with 
a positive increase in monthly temperature 
over the 40-year period. Among the four 
habitat-based guilds they investigated, wood-
land birds, shrubland birds, and generalists 
showed significant shifts, while grassland 
birds did not. Further evidence that climate 
change is likely to be the cause of these range 
shifts is provided by Root (1988), who found 
that the entire length of the northern range 
limits of 62 species wintering in the conter-
minous United States and southern Canada 
was tightly associated with a particular aver-
age minimum January temperature isotherm. 

Substantial empirical evidence of range shifts 
occurring in the late 20th century (citations 
above and Walther et al. 2002; Parmesan 
and Yohe 2003; Root et al. 2003; Parmesan 
2006) confirms that a widespread ecologi-
cal response to climate change is underway. 
Consequently, researchers are transitioning 
from documenting range shifts to attempt-
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ing to forecast them (La Sorte and Jetz 2010). 
There is also a focus on improving predic-
tions of extinction risk related to climate 
change (Shoo et al. 2005). Sekerciouglu et 
al. (2008) found that elevational limitation 
of range size explained 97% of the variation 
in the probability of 8,459 species of West-
ern Hemisphere landbirds being in a World 
Conservation Union category of extinction 
risk. Many highland taxa will likely experi-
ence population decreases as climate change 
forces them to move to higher elevations 
(Pounds et al. 1999; Shoo et al. 2005). To im-
prove the precision of estimates of climate-
induced extinction risk, high-resolution (<1 
km, 0.6 mi) data on elevational limit shifts 
(Sekerciouglu et al. 2008) and spatial pat-
terns of abundance within a species distribu-
tion are needed (Shoo et al. 2005). 

Phenological responses of birds to climate 
change are well documented, including 
earlier migration (Inouye et al. 2000; Sparks 
et al. 2005), development of partial migra-
tion (only part of a bird population migrates; 
Fiedler 2003), and earlier breeding (Crick et 
al. 1997; Dunn and Winkler 1999). Climate 
warming can cause negative impacts migra-
tion and breeding are no longer synchro-
nized with the timing of peak resources. 
According to the phenology mismatch 
hypothesis, migrant birds that experience 
a greater rate of warming in their breeding 
grounds than their wintering grounds are 
likely to experience population declines 
because their migration will occur later and 
they may miss the beginning of the breeding 
season. Population trends are also expected 
to be negatively associated with migration 
distance because the potential for phenol-
ogy mismatch increases with the number 
of staging sites. Jones and Cresswell (2010), 
who examined population and temperature 
trends in the wintering and breeding areas 
for 193 spatially separate migrant bird popu-
lations, found that phenology mismatch was 
correlated with population declines in the 
Nearctic, whereas migratory distance was 
more important in explaining population 
declines in the Paleaeartic. These results sug-
gest that differential global climate change 
may already be contributing to the decline 
of some species, and the effect may be more 
important in the Nearctic. Furthermore, 

climate change is generally expected to be a 
greater threat to long-distance migrants than 
to resident species, and to species breeding 
in more strongly seasonal habitat (Winkler et 
al. 2002). 

In association with earlier breeding (Crick 
et al. 1997), clutch sizes have increased and 
nesting success has declined for some spe-
cies (Both et al 2006). While earlier arrival at 
breeding sites and earlier onset of egg laying 
could lead to larger clutch sizes for some 
species, reduced survival of post-fledging 
birds may prevent these populations from 
increasing (Fiedler 2009). For example, Both 
et al. (2006) showed that populations of a 
small passerine had reduced nesting success 
and declined because the phenology of their 
main food supply during breeding had ad-
vanced faster than the birds’ breeding date. 

Almost all aspects in the life cycle of birds 
that have been studied so far show recent 
changes that can be linked to climate change. 
While relatively few studies have been con-
ducted within the ROCO region, the re-
sponses of birds to climate change there are 
expected to be similar to those documented 
elsewhere. Generally speaking, birds with 
restricted ranges or bounded distributions 
(e.g., mountain-top species), poor dispersal 
ability, and small population size are most at 
risk of extinction. Species within the ROCO 
region that are known to be at heightened 
risk of extinction due to climate change 
are alpine birds such as rosy finches and 
ptarmigan. 

Because they are easy to detect, identify and 
count, are well-studied and include both 
widespread and geographically restricted 
species, birds have been suggested as ideal 
early indicators of climate change (Berthold 
et al. 2004; Fiedler 2009; Niven et al. 2009). 

6.5 Pika

The American pika is a small mammal relat-
ed to rabbits and hares (Order Lagomorpha) 
that lives in montane rocky environments of 
western North America from British Colum-
bia to the southern Great Basin (Smith and 
Weston 1990). In the ROCO region, pika can 
be found in lava flows at low elevations and 
in talus slopes of high alpine environments 
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(Smith and Weston 1990). Over the last 
century, local populations in the Great Basin 
have disappeared coincident with warming 
temperatures (Beever et al. 2003, Beever et 
al. 2010), and their range in California has 
contracted and moved to higher elevations 
(Moritz et al. 2008). 

Pikas are suspected of being particularly 
vulnerable to climate change for a number of 
reasons. First, they are physiologically unable 
to survive high temperatures without access 
to cooler microclimates such as talus fields, 
which offer sub-surface temperatures several 
degrees cooler than shaded locations at the 
surface (MacArthur and Wang 1974, Millar 
and Westfall 2010) and high temperatures 
can limit foraging. Second, some populations 
of pika are snow-dependent because snow-
pack serves as insulation in winter months 
for active pikas in alpine regions (Morrison 
and Hik 2007). Where snowpack is reduced, 
pikas may die of exposure to low tempera-
tures, and evidence for snowpack-demo-
graphic correlations has been described 
(Kreuzer and Huntly 2003, Morrison and 
Hik 2007, Beever et al. 2010). Finally, pika 
populations are restricted to isolated talus 
or lava flows and it is thought that they have 
low dispersal capacity (Hafner and Sullivan 
1995). 

Recent models predict that high-elevation 
pika habitats will see significant warming 
(Ray et al. 2010). Genetic evidence shows 
a very strong climate signal for Holocene 
range contractions (Galbreath et al. 2009). A 
recent study in Craters of the Moon showed 
that the species was restricted to the park’s 
highest elevation lava flows (Rodhouse et al. 
2010), suggesting that range shifts may occur 
along an elevational gradient, reflecting the 
direct impacts of temperature and precipi-
tation. The US Fish and Wildlife Service, 
however, concluded that the best available 
scientific information indicates that pikas 
will be able to survive despite higher tem-
peratures and will have enough suitable high 
elevation habitats to prevent them from be-
coming threatened or endangered (USFWS 
2010). Recent evidence suggests that many 
populations in the western Great Basin and 
Sierra Nevada are thriving (Millar and West-
fall 2010), although the same study found the 

species to be elevationally restricted in other 
portions of the Great Basin. In summary, pi-
kas are vulnerable to climate change but the 
magnitude of climate effects varies regionally 
and more research is needed to understand 
the future of pika populations in a warmer 
climate. 

6.6 Ungulates

The ecology of ungulates in the ROCO re-
gion is strongly influenced by climate. Sum-
mer precipitation, winter snow pack, and the 
timing of spring green-up affect their physi-
ology, demography, diet, habitat selection, 
and predator-prey interactions. Ungulate 
body size and mortality have been shown to 
follow patterns of climate variability (Post 
and Stenseth 1999). For instance, moose 
survival has been linked to temperature and, 
in the southern areas of its range, warmer 
temperatures combined with high humidity 
may cause populations to decline (Lenarz 
et al. 2009). It is unclear whether the large 
increases in moose population in Colorado 
since its reintroduction in 1978 (Vieira 2006) 
is due to climate. The degree of response 
to climate change from species such as elk, 
moose, mule deer, and white-tail deer, and 
pronghorn antelope is uncertain. Some spe-
cies such as pronghorn are threatened most 
by land-use change.

Ungulates dependent on high-elevation 
habitats, such as mountain goats and bighorn 
sheep, are expected to decline in response to 
warmer temperatures and habitat loss (GAO 
2007). Glacier National Park has lost about 
4% of its alpine zones to trees because of a 
warming climate, and this threatens moun-
tain goat populations by reducing forage, 
providing shelter for predators, and frag-
menting habitat (Fagre 2009). Bighorn sheep 
populations are inversely correlated with elk 
population size and are particularly sensitive 
to reductions in precipitation (Picton 1984). 
One of the key issues for ungulate manage-
ment is wildlife disease, the spread and viru-
lence of which is likely to be exacerbated by 
climate change (Harvell et al. 2002). Species 
such as bighorn sheep that are particularly 
sensitive to disease may be threatened. 

While some ungulates populations will 
decrease in a warmer climate, others that are 



49

Wildlife

currently limited by winter mortality may 
increase as winter snowpack declines. As 
discussed earlier, elk populations in Mon-
tana and Colorado are expected to increase 
as winters become less severe and forage 
plants increase in productivity (Wang et al. 
2002, Creel and Creel 2009). 

6.7 Grizzly bears 

The grizzly bear (Ursus arctos horribilis) is a 
subspecies of brown bear that once roamed 
the mountains and prairies of the West. Be-
tween 1800 and when the species was listed 
as threatened in 1975, grizzly populations 
south of Canada plummeted from 50,000 
animals to fewer than 1,000 (Tomback and 
Kendall 2002). Today, the grizzly bear re-
mains in a few isolated locations in the lower 
48 states, including the Greater Yellowstone 
Area and parts of northern Montana and 
Idaho, where active recovery management 
has increased populations during the last 
two decades (Schwartz et al. 2006, Kendall 
et al. 2009). Current mortalities are primar-
ily caused by human activity and population 
densities are generally inversely related to 
human population (Schwartz et al. 2006, 
Kendall et al. 2008, Ciarniello et al. 2009). 

Bear populations may decline as winter 
ungulate mortality decreases as a result of 
warmer temperatures and shorter winters 
(Schwartz et al. 2006) and because of pro-
jected declines in the availability of white-
bark pine seeds (Kendall and Keane 2001). 
In the Greater Yellowstone Area, the fre-
quency of captures of problem grizzly bears 
increases sixfold and bear mortality rates are 
two to three times higher during years of low 
whitebark pine seed production (Mattson 
and Reinhart 1997). Reductions in other 
important food sources such as native trout, 
army cutworm moth, and huckleberries as 
a result of warmer, drier conditions may 
contribute to grizzly decline. In a warmer 
climate, grizzly bears may increasingly rely 
on exotic species that are considered less 
nutritious than native food sources (Reinhart 
et al. 2001). In the Greater Yellowstone Area, 
males bears have shown later den entrance 
dates (Haroldson et al. 2002), and denning 
times are expected to be shorter as tem-
peratures rise. Interactions with humans are 

expected to increase with land use changes, 
decreased denning, and declining food 
sources. 

It is unclear how climate change will affect 
grizzly bear populations. Through its effects 
on fire, insect outbreaks, and plant disease, 
climate will indirectly affect the food sources 
of bears and their potential for interacting 
with humans, and this could threaten their 
future. However, grizzly bears are highly 
mobile and generalist omnivores, two char-
acteristics that suggest they will not be as 
sensitive to climate change as other wildlife. 
They may adapt to changing conditions, 
move to new areas and new food sources, 
and maintain their population sizes under a 
warmer climate.

6.7.1  Summary
There are numerous uncertainties involved 
in predicting wildlife responses to climate 
change, the largest being that associated 
with vegetation change. Shifts in vegetation 
and habitat availability, whether caused by 
climate or land use change, will have strong 
impacts on wildlife populations. Another 
uncertainty results from the lack of the basic 
life-history data needed to estimate vulnera-
bility. How biotic interactions will be altered 
and to what degree this will affect popula-
tions remains unknown. Phenotypic plas-
ticity and behavior adaptations may allow 
species to respond to change in unpredict-
able ways. The responses of wildlife to non-
climate stressors such as fire, disease, and 
invasive species may dampen or strengthen 
responses to climate change. 

There is evidence that warmer temperatures 
and changes in precipitation have caused 
range shifts, asynchronies, altered migra-
tion and hibernation patterns, increases in 
disease prevalence, and ultimately a reduc-
tion in the population size of many spe-
cies (Walther et al. 2002, Root et al. 2003). 
Moreover, climate change can strongly affect 
animal populations through its effects on 
disturbance regimes, disease, land use, and 
invasive species. The predicted responses of 
wildlife to climate change are that: 

●● Many species’ ranges will move northward 
and upward in elevation.
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●● Species will respond differentially, creating 
non-analog communities and asynchro-
nies among interacting species.

●● In most cases, climate changes will be 
more rapid than evolutionary adaptations.

●● Species that are mobile, genetically di-
verse, show wide physiological tolerances, 
and have generalist diets will respond the 
most positively.

●● Temperature-limited and snow-adapted 
species are at particular risk to a changing 
climate.

●● Wildlife associated with habitat types and 
communities such as spruce-fir, alpine and 
sagebrush that are expected to decline are 
at greater risk.
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Climate change is having significant effects 
on organisms and ecosystems throughout 
the ROCO region. Although uncertainties 
remain, for many processes and resources 
there is published evidence of observed 
responses to climate change within the last 
century and well-developed hypotheses and 
models that project a continued response 
during the next decade. This report pro-
vides a synthesis of information available as 
of March 2010, but because of the diversity 
of topics addressed and rapid progress in 
climate change science, we are sure to have 
missed some relevant literature.

We found that surface waters, glaciers, alpine 
communities, wetlands, fire regimes, wild-
life and plant disease, narrowly endemic 

species, and freshwater fish are particularly 
responsive or vulnerable to climate change 
and may be useful indicators for the ROCO 
region. For many other ecological properties 
and processes, communities, and species, 
non-climate stressors such as pollution and 
habitat loss, are anticipated to drive changes 
over the next century. For instance, grass-
lands and sagebrush are extremely vulner-
able to changes in fire regimes and biological 
invasions. Still, other systems and resources 
may respond to climate change by increasing 
population size and range. In many cases, 
we lack published evidence that link recent 
trends in a resource to climate change, but 
well-developed hypotheses suggest that the 
resource may be vulnerable in the future. For 
example, it is projected that bats and moun-

Table 2. Inventory, monitoring, and research needed to better understand ecological responses to 
climate change in the Rocky Mountains and Upper Columbia Basin.

Inventory, Monitoring, and Research Needs 
Climate and Air Quality 

Inventory & Monitoring 
• Increase climate monitoring at high elevations.
• Create baseline climate records that are appropriately QA/QC’ed for long-term trends and variabil-

ity analyses. 
• Increase geographic coverage of air quality and visibility monitoring in remote areas.
• Monitor sensitive ecosystems for air pollution effects (e.g., species composition changes due to N 

deposition, ozone injury to plants in riparian or sagebrush areas).
Research 

• Downscale global and regional climate models to local and watershed scales.
• Conduct research on how N deposition and its ecological effects will change in a warming climate.
• Incorporate information on fire emissions, particulate matter concentrations, and visibility effects 

into fire management plans and models of fire effects.
• Examine the effects of energy development on ground-level ozone concentrations
• Improve region-wide atmospheric and ecosystem modeling to predict the effect of climate change 

on air quality and the resources sensitive to it.

Ecological Processes

Inventory & Monitoring
• Monitor key taxa or communities that are considered to be at risk of extinction.
• Monitor forest and grassland productivity across precipitation gradients. 
• Compile, analyze, and report on historical phenological records in the western United States. 
• Develop a phenology monitoring program and identify key taxa to monitor from the National Phe-

nology Network or based on availability of historical data, projected response to climate change, or 
ease of measurement 

Research
• Research wildlife migration and dispersal, habitat-use, and metapopulation dynamics to aid in 

prioritizing management actions and documenting climate-driven changes. 
• Focus on the differential effects of climate change on interacting species to identify asynchronies 

and mismatches. 
• Conduct vulnerability assessments on communities and taxa (or groups of taxa such as tropical 

migrants) of concern.
• Identify opportunities to maintain and/or increase connectivity across the landscape.
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Table 2. (continued)

Disturbance Regimes

Inventory & Monitoring
• Improve early detection of native and non-native invasive species and other exotic species.
• Improve region-wide assessment, maps, and spatial data on invasive presence and cover.
• Monitor sensitive habitats for invasive spread (e.g., high elevations, wetlands, and areas containing 

species of conservation concern).
• Monitor visitor use and other vectors of invasive spread (e.g., fishing and boating activity).
• Collect baseline monitoring information on native and non-native organisms. 
• Increase collaboration and partnerships among federal, state, and private landowners to monitor 

disturbance and invasion across the West
Research

• Create bioclimatic models to predict the effect of climate change on invasive species ranges.
• Conduct research to discriminate between multiple climate variables’ effects on disease.
• Develop forecast models for epidemics. 
• Evaluate and understand the role of evolution in disease dynamics.

Alpine and Subalpine 

Inventory & Monitoring
• Monitor long-term changes in alpine vegetation.
• Monitor native and exotic plant and animal migration upslope.

Research 
• Research and monitor to document historical and future tree line movement in the mid- and south-

ern Rockies through repeat photography and seedling establishment.
• Link changes in floras with fauna (e.g., plant community changes and pika/ptarmigan abundance).

tain ungulates will be sensitive to climate 
change, but there is little evidence that their 
recent population trends are climate-driven. 

As temperatures and precipitation patterns 
change over the coming decades, a better 
understanding of how climate change affects 
resources will become critical to effective 
mitigation and management. Climate change 
will interact with multiple stressors, such as 
land-use change, atmospheric pollution, and 
invasive species, many of which are more 
proximate than climate change, making it dif-
ficult to predict changes. The only certainty 
is that ecosystem properties, processes, and 
resources will continue to change over the 
next century. Species will be lost, others will 

be gained, and disturbances will increase and 
alter the structure and function of ecosys-
tems. Future management, monitoring, and 
research efforts will need to embrace these 
changing conditions. 

Finally, through the synthesis process we 
were able to identify inventory, monitoring, 
and research needs that can lead to a bet-
ter understanding of ecological responses 
to climate change in the Rocky Mountains 
and Upper Columbia Basin (Table 2). While 
these represent only a portion of the needs, 
our goal is to begin to guide future research 
directions and prioritization for the ROCO 
region. 
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Table 2. (continued)

Forests and Woodlands

Inventory & Monitoring 
• Monitor aspen recruitment and growth following disturbance such as beetle-kill and fire.
• Monitor landscape-level changes in the character and distribution of forests through repeat pho-

tography and remote sensing. 
• Develop better vegetation maps.
• Monitor the status and trends in forest growth and health. 

Research
• Link local climate to vegetation. 
• Research the feedbacks between insect, fire, and climate.
• Research and monitor forest recovery and wildlife use following widespread die-offs caused by 

insect infestations, blister rust, and fire. 
• Understand the climate triggers for disturbance.
• Research the effects of climate change on mycorrhizae and their relationships with forest trees and 

other species with known fungal associations.
• Research the effects of microclimate on resistance of plant assemblages to climate change.

Sagebrush & Grasslands

Inventory & Monitoring
• Improve early invasive/exotic detection.
• Monitor the status and trends of invasive species.
• Monitor soil stability.
• Monitor status and trends of native and non-native vegetation.
• Monitor status and trends of important wildlife species such as sage grouse.

Research
• Examine the trends, causes, and consequences of woody encroachment.
• Research the multiple effects of grazing, climate, and fire on grasslands. 

Aquatic Resources

Inventory & Monitoring
• Monitor the status and trends of wetlands. 
• Continuously monitor streamflows and lake levels.
• Monitor status and trends in water quality. 
• Monitor the status and trends of glaciers. 
• Conduct wetlands inventories and vulnerability assessments.

Research
• Research changes in snowpack across elevational gradients.
• Research how warmer water temperatures and changing flows will affect aquatic organisms.
• Research high-elevation aquatic food webs and how they will be affected by climate change.
• Research the relationship between hydrology and wetland species composition and function.

Wildlife

Inventory & Monitoring 
• Monitor status and trends in populations of at-risk species.
• Monitor status and trends in wildlife diseases and develop research linking disease outbreaks to 

climate change.
Research

• Research asynchronies in life history characters among interdependent species and the plasticity of 
species to adapt to disruptions.

• Research and monitor snow-dependent species.
• Research the effectiveness of different adaptation strategies for species of concern (e.g., nest 

boxes, food augmentation).
• Complete vulnerability assessments at large geographic scales and for land management units.
• Research the primary driver (e.g., temperature tolerances, precipitation changes vs. habitat/produc-

tivity response) of a species’ response to climate change.
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