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Introduction

Field measurements have detected glaciers melting in Glacier National Park
(Vaughan et al. 2013), sea level rising in Golden Gate National Recreation
Area (Church and White 2011), trees dying in Sequoia National Park (van
Mantgem et al. 2009), vegetation shifting upslope in Yosemite National
Park (Millar et al. 2004) and poleward in Noatak National Preserve (Suarez
1999), wildfire changing in Yellowstone National Park (Littell et al. 2009),
and corals bleaching in Virgin Islands National Park (Eakin et al. 2010).
Published analyses of these and similar cases around the world have at-
tributed the cause to human-induced climate change (Intergovernmental
Panel on Climate Change [IPCC] 2013, 2014a). If we do not reduce green-
house gas emissions from power plants, cars, and deforestation, continued
climate change may fundamentally alter many of the globally unique eco-
systems, endangered plant and animal species, and physical and cultural
resources that national parks protect.

A growing collection of scientific research focuses specifically on climate
change in US national parks. This chapter reviews climate change research
published in peer-reviewed journals and IPCC reports that uses data from
US national parks. The chapter covers climate trends, historical impacts,
and projected vulnerabilities.

Published field research from national parks has contributed to the de-
tection of 20th-century physical and ecological changes and to the attribu-
tion of the cause of those changes to human-induced climate change. The
section on historical impacts first reviews research that has employed the
research procedures of detection and attribution (IPCC 2001a). Detection
is the finding of statistically significant changes over time. Attribution is the
analysis of the relative weights of different causes and the determination of
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human-induced climate change as the primary cause. Attribution requires
examination of causal factors and a time series of at least 30 years, the
minimum statistically significant size for a time series and a period long
enough to rule out short-term variations (von Storch and Zwiers 1999).

Detection answers the basic question of whether a species, ecosystem,
or other resource is changing. Attribution guides resource management
toward the predominant factor that is causing change. Whereas resource
managers have developed many actions to address urbanization and other
nonclimate factors, changes attributed to human-induced climate change
may require new adaptation measures. A subsection in the historical im-
pacts section reviews research that has found other changes that are consis-
tent with, but not formally attributed to, human-induced climate change.

Analyses of climate and resources in US national parks project potential
future vulnerabilities to climate change. The section on projected vulner-
abilities reviews research that has specifically analyzed national parks. The
potential future magnitude of climate change depends on human popula-
tion size, the magnitude and efficiency of energy use and industrial activity,
the extent of deforestation, and feedbacks among climate and biogeochem-
ical cycles. The IPCC has defined greenhouse gas emissions scenarios—dis-
crete sets of potential future conditions that provide standard situations for
vulnerability analyses. The most recently updated emissions scenarios are
the four representative concentration pathways (RCPs) (Moss et al. 2010;
IPCC 2013), ranging from a low emissions scenario (RCP2.6) in an envi-
ronmentally favorable society to a very high emissions scenario (RCP8.5)
due to lack of improvements in practices and policies. General circulation
models (GCMs) of the atmosphere provide projections of potential future
climate. The two major uncertainties of future climate projections are the
extent to which society changes its practices and policies to reduce green-
house gas emissions and the varying skill among the GCMs to accurately
portray spatial and temporal patterns of climate.

Vulnerability is “the propensity or predisposition to be adversely af-
fected” (IPCC 2014a). Three components of vulnerability most relevant
to national park resources are exposure, sensitivity, and adaptive capacity
(IPCC 2007a). The most effective vulnerability analyses combine historical
observations and future projections of climate and resources to identify lo-
cations of vulnerable areas and potential refugia and to quantify uncertain-
ties (Gonzalez 2011). In addition to the uncertainties of societal changes
to reduce emissions and the varying skill of GCMs, vulnerability analyses
are also subject to uncertainty in the accuracy of models used to project
responses of species, ecosystems, and other resources to climate change.
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Effective vulnerability analyses provide spatial data for prioritizing the lo-
cation of future adaptation measures.

Historical Impacts
Climate Trends

Analyses of weather station measurements have detected a statistically sig-
nificant increase of global temperature and other climate changes since the
beginning of the instrumental record in 1850, and the analyses of causal fac-
tors have attributed the cause to an increase of atmospheric concentrations
of carbon dioxide (CO,) and other greenhouse gases emitted from power
plants, cars, deforestation, and other human sources (IPCC 2013). Analyses
of spatial data interpolated from weather stations (Daly et al. 2008) show
that the average annual temperature of the area of the US National Park Sys-
tem (this chapter refers to the 410 national parks existing in April 2016) in-
creased at a statistically significant rate of 0.9°C £0.2°C per century (mean
+SE) from 1895 to 2010, with 96% of system area experiencing increases
and two-thirds experiencing statistically significant increases (F Wang et al.,
unpublished data). In the 20th century, the National Park System experi-
enced heating at a rate three times greater than the United States as a whole
(fig. 6.1), mainly because 60% of National Park System area is in Alaska and
temperature increases have been greater at higher latitudes (IPCC 2013).

For a sample of the largest national parks and 30 km buffer zones
around those parks, average annual temperature increased at rates greater
than 1°C per century from 1895 to 2009 (Hansen et al. 2014), and temper-
ature from 1982 to 2012 was higher than other periods from 1901 to 2012
(Monahan and Fisichelli 2014). Some smaller national parks in the south-
eastern United States lie in an anomalous area where temperature has not
increased because of local cooling effects of increased precipitation, the El
Nifio-Southern Oscillation, and other factors (Portmann, Solomon, and
Hegerl 2009).

Because warmer air can hold more moisture, climate change has been
increasing precipitation globally (IPCC 2013). In the United States as a
whole, precipitation increased at a statistically significant rate of +4% *2%
per century from 1895 to 2010, with only one-fifth of the area experienc-
ing decreases (F. Wang et al., unpublished data). In contrast, total annual
precipitation of the area of the National Park System decreased at a rate of
-2% *2% per century from 1895 to 2010, with half of system area expe-
riencing decreases and 16% experiencing statistically significant changes.
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6.1. Trend in average annual temperature, from linear regres-
sion, 1901-2002 (Daly et al. 2008; Gonzalez et al 2010).

Across the western United States, 53 national parks host National
Weather Service stations that have contributed data to the detection of
global climate change in the last half of the 20th century and to the at-
tribution to human emissions. Changes in climate in the western United
States include increases in winter minimum temperatures at rates of 2.8°C
to 4.3°C per century (Barnett et al. 2008; Bonfils et al. 2008), decreases in
ratio of snow to rain at rates of -24% to -79% per century (Barnett et al.
2008; Bonfils et al. 200), and an advance of spring warmth of one week
from 1950 to 2005 (Ault et al. 2011).

Weather stations in national parks across the United States that are part
of the Global Historical Climatology Network have contributed to the
global detection of extreme temperature and precipitation events. In the
United States, the number of warm nights per year (minimum daily tem-
perature greater than the 90th percentile) increased by up to 20 days from
1951 to 2010 (IPCC 2013). In the northeastern United States, total annual
precipitation falling in heavy storms (daily precipitation greater than the
95th percentile) increased by 50% from 1951 to 2010 (IPCC 2013).

National parks on the Atlantic and Pacific coasts lie in the path of
tropical cyclones (also called hurricanes). Although historical observa-
tions show an increase in the intensity of North Atlantic hurricanes after
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1970, changing historical methods, incomplete understanding of physical
mechanisms, and tropical cyclone variability prevent direct attribution to
climate change (IPCC 2012, 2013).

Physical Impacts

Field data from numerous national parks have contributed to detection
of physical changes and to attribution to human-induced climate change
(table 6.1). Measurements from National Weather Service stations in 53
western national parks and from Natural Resources Conservation Service
snow courses in many of those parks contributed to detection of decreased
snowpack (Barnett et al. 2008; Pierce et al. 2008) and advances of spring
stream flow of one week (Barnett et al. 2008). Analyses of snow measure-
ments and tree rings from across the western United States, including sites
in nine national parks, detected snowpack levels in the 20th century lower
than any time since the 13th century and attributed the low snowpack to
human-induced climate change (Pederson et al. 2011).

IPCC analyses of measurements of 168,000 glaciers around the world,
including glaciers in Denali National Park and Preserve, Glacier National
Park, Glacier Bay National Park and Preserve, Kenai Fjords National Park,
Lake Clark National Park and Preserve, North Cascades National Park, and
Wrangell-Saint Elias National Park and Preserve, have detected decreases
in length, area, volume, and mass for almost all the glaciers since 1960
(Vaughan et al. 2013). The IPCC has shown that the cause is attributable to
human-induced climate change more than natural variation or other non-
human factors (Bindoff et al. 2013). Further analyses confirm that the loss
of mass from Alaskan and western North American glaciers in the period
1960-2010 is attributable to human-induced climate change (Marzeion
et al. 2014). In Glacier National Park, Agassiz Glacier receded 1.5 km from
1926 to 1979 (Pederson et al. 2004). In Glacier Bay National Park and
Preserve, the greatest ice loss has occurred from Muir Glacier, which lost
640 m in its lower reaches from 1948 to 2000 (Larsen et al. 2007) (fig. 6.2).

Analyses of tidal gauge measurements around the world have detected
a statistically significant rise in global sea level (Church and White 2011;
Church et al. 2013), with IPCC analyses of potential causal factors attrib-
uting the rise to human-induced climate change (Bindoff et al. 2013).
Golden Gate National Recreation Area in San Francisco, California, hosts
the tidal gauge with the longest time series in the Western Hemisphere, op-
erated by the National Oceanic and Atmospheric Administration (NOAA).
Sea level there rose at a statistically significant rate of 14 cm *0.8 cm per



Table 6.1 Historical changes detected in US national parks and attributed to human-induced climate change

Resource Impact National park Years Reference
Physical
Glaciers Decreased length, area, volume, and mass of most Global; Denali NP, Glacier NP, 1960-2012 IPCC 2013; Marzeion et al.
glaciers Glacier Bay NP Pres., Kenai 2014
Fjords NP, Lake Clark NP Pres.,
North Cascades NP, Wrangell-
Saint Elias NP Pres.
Disappearance of 4 glaciers, thinning of 12 gla- Lake Chelan NRA, North Cascades ~ 1984-2004 Pelto 2006; IPCC 2013
ciers by 6 m NP, Ross Lake NRA
Recession of Agassiz Glacier by 1.5 km, recession Glacier NP 1926-1979 Pederson et al. 2004; IPCC
of Jackson Glacier by 1 km 2013
Recession of Toklat River glaciers greater than 400 Denali NP 2000-2009 Crossman, Futter, Whitehead
m, thinning 5-6 m year! 2013; IPCC 2013
Reduction in total area of 7% Lake Chelan NRA, North Cascades ~ 1958-1998 Granshaw and Fountain
NP, Ross Lake NRA 2006; IPCC 2013
Reductions in area among 30 glaciers up to 40% Rocky Mountain NP 1888-2005 Hoffman, Fountain, and
Achuff 2007; IPCC 2013
Thinning up to 7.5 m year! Wrangell-Saint Elias NP Pres. 2000-2007 Arendt et al. 2008; IPCC
2013
Thinning up to 640 m Glacier Bay NP Pres. 1948-2000 Larsen et al. 2007; IPCC 2013
Sea level Rise 17 cm +2 cm century™! Global; Golden Gate NRA 1901-2010 Church and White 2011;
IPCC 2013
Rise 1-37 cm century™! 19 Atlantic and Pacific coast NPs 1854-1999 Pendleton, Thieler, and Wil-
liams 2010; IPCC 2013
Sea tem- Increase 1.1°C +0.2°C century™! Global; Buck Island Reef NM, 1971-2010 IPCC 2013
peratures Channel Islands NP, Virgin
Islands Coral Reef NM
Increase ~0.8°C century™! Biscayne NP 1878-2012 IPCC 2013; Kuffner et al.

2015

(continued)



Table 6.1 (continued)

Resource Impact National park Years Reference
Snowpack  Decrease to lowest extent in 8 centuries Western United States; 9 NPs 1200-2000 Pederson et al. 2011
Decrease up to 8% decade™! Western United States; 50+ NPs 1950-1999 Barnett et al. 2008; Pierce
etal. 2008
Streams Peak stream flow advance up to 1.7 days decade™! Western United States; 50+ NPs 1950-1999 Barnett et al. 2008
Ecological
Biomes Shift northward of boreal conifer forest into Noatak N. Pres. 1700-1990 Suarez et al. 1999
tundra 80-100 m
Shift upslope of subalpine forest into alpine California; Yosemite NP 1880-2002 Millar et al. 2004
meadows
Birds Shift northward of winter ranges of 254 species Contiguous United States; 1975-2004 La Sorte and Thompson
0.5 km +0.3 km year! 50+ NPs 2007
Corals Bleaching of corals due to highest temperatures in Caribbean Sea; Biscayne NP, Buck 2005 Eakin et al. 2010; IPCC 2014a
the period 1855-2008 Island Reef NM, Salt River Bay
NHP and Ecological Pres.,
Virgin Islands NP, Virgin Islands
Coral Reef NM
Insect Bark beetles in the largest outbreak in time period =~ Western United States; Yellow- 1880-2005 Raffa et al. 2008; Logan,
pests stone NP, other NPs Macfarlane, and Willcox
2010; Macfarlane, Logan,
and Kern 2013
Mammals  Shift upslope of ranges of half of 28 small mam- Yosemite NP 1914-1920 Moritz et al. 2008
mal ranges ~500 m
Trees Mortality doubled in old conifer forests Kings Canyon NP, Lassen Volcanic ~ 1955-2007 van Mantgem et al. 2009
NP, Mount Rainier NP, Rocky
Mountain NP, Sequoia NP,
Yosemite NP
Wildfire Climate dominant factor controlling burned area Western United States; NPs 1916-2003 Littell et al. 2009

Note: NHP = National Historical Park; NHS = National Historic Site; NL = National Lakeshore; NM = National Monument; NP = National Park; NP Pres. = National Park

and Preserve; N. Pres. = National Preserve; NRA = National Recreation Area; NS = National Seashore.



6.2. Muir Glacier, Glacier Bay National Park and Preserve, Alaska: August 13, 1941
(photo by William O. Field, courtesy of the National Park Service, National Snow and
Ice Data Center, and US Geological Survey), and August 31, 2004 (photo by Bruce F.
Molnia, courtesy of the US Geological Survey). IPCC has analyzed a global database
of 168,000 glaciers, including Muir Glacier, and attributed melting since the 1960s
to human-induced climate change (Bindoff et al. 2013; Vaughan et al. 2013).
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century from 1855 to 2014. At the NOAA tidal gauge in Washington, DC,
not far from the Jefferson Memorial and numerous other national parks in
the capital, sea level rose at a rate of 31 cm *1 cm per century from 1931
to 2013. Sea level has been rising at rates of up to 37 cm per century in
19 national parks along the Atlantic and Pacific coasts (Pendleton, Thieler,
and Williams 2010).

Global measurements of sea surface temperatures, including measure-
ments in Buck Island Reef National Monument, Channel Islands National
Park, and Virgin Islands Coral Reef National Monument, have detected
an increase in the top 75 m of ocean water of 1.1°C *0.2°C per century
from 1971 to 2010 (Rhein et al. 2013), with IPCC analyses attributing the
cause to human-induced climate change (Bindoff et al. 2013). In 1878, the
US government built Fowey Rocks Lighthouse in the Florida Keys in what
would later become Biscayne National Park. Comparison of sea surface
temperatures taken by lighthouse keepers from 1879 to 1912 with mea-
surements by electronic sensors from 1991 to 2012 showed a statistically
significant warming of ~0.8°C per century (Kuffner et al. 2015). Summer
sea surface temperatures from 1991 to 2012 exceeded 29°C, a threshold of
stress for many coral species.

Increased atmospheric CO, concentrations from human activities have
increased the acidity of ocean water around the world by 0.1 pH units since
~1750 (Rhein et al. 2013). Ocean acidification occurs when CO, dissolves
in water and forms carbonic acid. High acidity can dissolve the shells of
many marine species. Research on past acidification in national parks has
not been published.

Ecological Impacts

Field data from numerous national parks have contributed to detection of
ecological changes and attribution to human-induced climate change (see
table 6.1). Vegetation at the level of the biome (10-15 major global vegeta-
tion types) has shifted upslope or toward the poles or the equator at sites
around the world, and analyses of possible causes have attributed most of
the shifts to human-induced climate change (Gonzalez et al. 2010; Settele
et al. 2014). In Noatak National Preserve, Alaska, boreal conifer forest
shifted northward 80-100 m into tundra between 1800 and 1990 (Suarez
et al. 1999). In Yosemite National Park, subalpine forest shifted upslope
into alpine meadows between 1880 and 2002 (Millar et al. 2004).
Multivariate analysis of wildfire across the western United States from
1916 to 2003, using data from numerous national parks and other areas,
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indicates that climate was the dominant factor controlling the extent of
burned area, even during periods of active fire suppression (Littell et al.
2009). Reconstruction of fires of the past 400 to 3,000 years in the western
United States (Trouet et al. 2010; Marlon et al. 2012) and in Sequoia and
Yosemite National Parks (Swetnam 1993; Swetnam et al. 2009; Taylor and
Scholl 2012) confirms that temperature and drought are the dominant fac-
tors explaining fire occurrence.

Field and remote sensing data from across western North America,
including numerous national parks, have also documented how climate
change has caused bark beetle outbreaks leading to the most extensive
tree mortality across western North America in the last 125 years (Raffa
et al. 2008). Tracking of trees in permanent old-growth conifer forest plots
across the western United States, including plots in Kings Canyon, Lassen
Volcanic, Mount Rainier, Rocky Mountain, Sequoia, and Yosemite National
Parks, found a statistically significant doubling of tree mortality between
1955 and 2007 (van Mantgem et al. 2009). Analyses of fire, mortality of
small trees, forest fragmentation, air pollution, and climate attributed the
mortality to warming due to climate change.

Climate change has caused shifts in latitude or elevation of the ranges of
numerous animal species around the world (Settele et al. 2014). In Yosem-
ite National Park, small mammal resurveys in 2006 of the Grinnell surveys
from 1914 to 1920 showed that the ranges of half of 28 small mammal
species shifted upslope an average of ~500 m (Moritz et al. 2008). Because
the national park had protected the survey transect, land-use change or
other factors were not major factors. Therefore, the authors could attribute
the shift to a 3°C increase in minimum temperature caused by climate
change. Analyses of Audubon Christmas Bird Count data across the United
States, including sites in 54 national parks, detected a northward shift of
winter ranges of a set of 254 bird species at an average rate of 0.5 km *0.3
km per year from 1975 to 2004, attributable to human-induced climate
change (La Sorte and Thompson 2007). Examples include northward shifts
of the Evening Grosbeak (Coccothraustes vespertinus) in Shenandoah Na-
tional Park and the Canyon Wren (Catherpes mexicanus) in Santa Monica
Mountains National Recreation Area.

High ocean temperatures due to climate change have bleached and
killed coral around the world (Wong et al. 2014). In 2005, the hottest sea
surface temperatures recorded in the Caribbean Sea in the period 1855-
2008 caused coral bleaching and the death of up to 80% of coral area at
sites in Biscayne National Park, Buck Island Reef National Monument, Salt
River Bay National Historical Park and Ecological Preserve, Virgin Islands
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National Park, and Virgin Islands Coral Reef National Monument (Eakin
et al. 2010).

Other Changes Consistent with, but Not Attributed to, Climate Change

Researchers have observed other 20th-century changes to resources in na-
tional parks that have not been explicitly attributed to human-induced
climate change but are consistent with responses to climate change (ta-
ble 6.2). The most prominent physical change is melting of permafrost
in Alaskan national parks (Riordan, Verbyla, and McGuire 2006; Jones
et al. 2011; Necsoiu et al. 2013; Balser, Jones, and Gens 2014). Ecological
changes include upslope shifts of forests into alpine meadows, vegetation
dieback in areas of increased aridity, changes to amphibians, range shifts
of birds, and declines of mammal species. Changes in phenology include
advances of cherry tree (Prunus x yedoensis) blooming in Washington, DC
(Abu-Asab et al. 2001), White-tailed Ptarmigan (Lagopus leucurus) hatching
in Rocky Mountain National Park (Wang et al. 2002), and loggerhead sea
turtle (Caretta caretta) nesting in Canaveral National Seashore (Pike, Ant-
worth, and Stiner 2006). One change in cultural resources has occurred in
Wrangell-Saint Elias and Lake Clark National Parks and Preserves, where
melting glaciers are revealing archaeological artifacts, such as wooden ar-
row shafts and a birch bark basket fragment, dating from circa 500 to 1770
(Dixon, Manley, and Lee 2005; VanderHoek et al. 2012).

Future Vulnerabilities
Climate Projections

Spatial analyses of the output of the 33 GCMs used by the IPCC (2013)
provide climate projections for the area of the National Park System.
The ensemble of GCMs projects an average annual temperature increase
(1971-2000 to 2071-2100) of 2.2°C £0.9°C per century (mean =SD) un-
der RCP2.6, and 5.6°C *1.3°C per century under RCP8.5 (E Wang et al,,
unpublished data). This potential 21st-century heating would be two to
six times the magnitude of historical 20th-century warming. Temperature
projections are highest for the national parks in Alaska, with projected in-
creases up to 10°C per century under RCP8.5.

The ensemble of GCMs projects a total annual precipitation increase
(1971-2000 to 2071-2100) of 9% =*13% per century (mean *SD) un-
der RCP2.6, and 21% *5% per century under RCP8.5 (E Wang et al,



Table 6.2 Changes in US national parks consistent with, but not formally attributed to, climate change

Resource Change National park Years Reference
Physical
Permafrost Contraction of ponds due to draining Denali NP Pres., Wrangell- 1950-2002 Riordan et al. 2006
Saint Elias NP Pres.
Melting edges and contraction of water bodies due to Kobuk Valley NP 1951-2005 Necsoiu et al. 2013
draining
Thaw and retrogressive thaw slump initiation Noatak N. Pres. 1992-2011 Balser, Jones, and Gens
2014
Thermokarst lakes increased in number and decreased in Bering Land Bridge N. Pres. 1950-2007 Jones et al. 2011
surface area due to draining
Streams Beetle kill increased, forest cover decreased, groundwater Rocky Mountain NP 1994-2012 Bearup et al. 2014
contributions to streams increased
Stream nitrate concentration increased as glacial melt Rocky Mountain NP 1991-2006 Baron et al. 2009

exposed sediments

Plants
Biomes Shift northward of mangrove forest Biscayne NP, Canaveral NS 1984-2011 Cavanaugh et al. 2014
Shift upslope of pinon-juniper woodland (Pinus edulis, Bandelier NM 1935-1975 Allen and Breshears
Juniperus monosperma) into ponderosa pine forest (Pinus 1998
ponderosa)
Shift upslope of subalpine forest California; Yosemite NP 1929-2009 Dolang, Thorne, and
Safford 2013
Glacier NP 1945-1991 Klasner and Fagre 2002
Glacier NP 1925-2003 Roush, Munroe, and
Fagre 2007
Lassen Volcanic NP 1840-1990 Taylor 1995
Shift upslope of subalpine forest into alpine meadows Mount Rainier NP 1916-1969 Franklin et al. 1971
Mount Rainier NP 1930-1990 Rochefort and Peterson
1996

(continued)



Table 6.2 (continued)

Resource Change National park Years Reference
Plants
Olympic NP 1905-1991 Woodward, Schreiner,
and Silsbee. 1995
Rocky Mountain NP 1930-1990 Hessl and Baker 1997
Shift upslope of temperate conifer forest into subalpine Yellowstone NP 1860-1986 Jakubos and Romme
meadows 1993
Plants, Alpine plants declined at high elevation Glacier NP 1988-2011 Lesica and McCune
nonwoody 2004; Lesica 2014
Haleakala silversword (Argyroxyphium sandwicense macroceph- ~ Hawai'i; Haleakala NP 1982-2010 Krushelnycky et al.
alum) decreased as rainfall decreased 2013
Herb and forb species of cool habitats declined Oregon; Oregon Caves NM 1949-2007 Whittaker 1960; Dam-
Pres. schen, Harrison, and
Grace 2010
Joshua tree (Yucca brevifolia) mortality due to wildfire in Joshua Tree NP 2000-2004 DeFalco et al. 2010
invasive grasses, drought, and gnawing by rodents
Soft-leaved paintbrush (Castilleja mollis) growth reduced as Channel Islands NP 1995-2006 McEachern et al. 2009
growing-season temperatures increased
Shrubs, non-  Herbaceous plants declined with increasing temperatures, Arches NP, Canyonlands 1989-2009 Munson, Belnap, and
woody plants but some shrubs increased NP, Natural Bridges NM Okin 2011; Munson
etal. 2011
Trees Cherry tree (Prunus X yedoensis) blooming advanced 7 days Washington, DC; Balti- 1970-1999 Abu-Asab et al. 2001
more, MD; National
Capital Parks, Rock Creek
Park
Conifer growth increased since 1950 at high elevation California; Yosemite NP 1000-1990 Bunn, Graumlich, and
Urban 2005
Lake Clark NP Pres. 1769-2003 Driscoll et al. 2005
Large trees declined, small trees increased, and oak (Quercus Kings Canyon NP, Sequoia 1929-2010 McIntyre et al. 2015

spp.) increased as climate water deficit increased

NP, Yosemite NP



Wetlands

Wildfire

Animals
Amphibians

Birds

Corals

Mammals

Quaking aspen (Populus tremuloides) recruitment decreased
by increased browsing as snowpack decreased
Tree dieback after years of drought

Tree dieback with 38% decrease of crown area after years of
drought

Wetland vegetation increased and dryland vegetation
decreased as sea level rose

Burned area increased

Burned area related to temperature increase and rainfall
decrease

Fire frequency and burned area increased with temperature

Ranavirus outbreaks related to temperature and other factors

Salamander body sizes reduced as metabolic requirements
increased

Species richness declined due to wetland desiccation

Elevation shift of ranges tracked temperature and
precipitation

Shift northward of ranges of 26 species 2.4 km year

White-tailed Ptarmigan (Lagopus leucurus) hatching
advanced 15 days

Increased prevalence of white pox and other diseases after
bleaching

Belding's ground squirrel (Urocitellus beldingi) extirpated
from 42% of sites as snow cover decreased

Harbor seal (Phoca vitulina richardii) population declined as
glacial ice calved from tidewater glaciers (used for resting
and raising pups) declined

Yellowstone NP

Southwestern United States;
Bandelier NM
Bandelier NM

Gulf Islands NS

Alaska; NPs
Yellowstone NP

Western United States; NPs

Acadia NP

Catoctin Mountain Park,
Great Smoky Mountains
NP, Shenandoah NP

Yellowstone NP

Lassen Volcanic NP, Se-
quoia NP, Yosemite NP
Eastern United States; NPs

Rocky Mountain NP
Virgin Islands NP
Lassen Volcanic NP, Yosem-

ite NP
Glacier Bay NP Pres.

2007-2009

2002-2003

2002-2011

1978-2004

1860-2009
1895-1989

1970-2003

1999-2005

1950-2012

1992-2008

1911-2008

1967-2002
1975-1999

2004-2006

1902-2011

1992-2008

Brodie et al. 2012
Breshears et al. 2005
Garrity et al. 2013
Lucas and Carter 2010

Kasischke et al. 2010

Balling, Meyer, and
Wells 1992

Westerling et al. 2006

Gahl and Calhoun
2010
Caruso et al. 2014

McMenamin, Hadly,
and Wright 2008

Tingley et al. 2009;
Tingley et al. 2012

Hitch and Leberg 2007

Wang et al. 2002
Muller et al. 2008
Morelli et al. 2012

Womble et al. 2010

(continued)



Table 6.2 (continued)

Resource Change National park Years Reference
Animals
Small mammals shifted ranges upslope or downslope in at Kings Canyon NP, Lassen 1911-2010 Rowe et al. 2015
least one of three regions for 25 of 34 species analyzed, Volcanic NP, Sequoia NP,
with temperature the main factor explaining changes in Yosemite NP
high-elevation species range shifts
Squirrel body size increased as food plant growing season Lassen Volcanic NP, Se- 1902-2008 Eastman et al. 2012
lengthened quoia NP, Yosemite NP
Mussels Species richness declined as water warmed California; Channel Islands 1968-2002 Smith, Fong, and Am-
NP brose 2006
Reptiles Loggerhead sea turtle (Caretta caretta) nesting advanced Canaveral National NS 1989-2003 Pike et al. 2006
1 week as water temperatures warmed
Cultural
Archaeological Antler projectile points, wooden arrow shafts, a birch bark Lake Clark NP Pres., 2000-2010 Dixon, Manley, and
artifacts basket fragment, a caribou calf hide, and other artifacts Wrangell-Saint Elias NP Lee 2005; Vander-

from ca. 500 to 1770 exposed by melting glaciers

Pres.

Hoek et al. 2012

Note: See table 6.1 abbreviations. NM Pres. = National Monument and Preserve.
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unpublished data). Because of the limited skill of GCMs in projecting
precipitation, GCMs disagree on the direction of projected precipitation
change (increase or decrease) across much of the National Park System.
The projections show more than 80% agreement for the system as a whole,
although half of the GCMs project precipitation increases and half project
decreases in some national parks in the southwestern United States, Cali-
fornia, and Florida. Based on GCM ensemble averages, precipitation may
decrease on ~5% of system area. In general, projected precipitation outside
the tropics increases with distance from the equator (IPCC 2013).

GCMs project increased frequency and severity of extreme climate
events. In North America, the maximum temperature of days so hot that
they occur only once every 20 years (1981-2000) may increase by 2°C to
6°C by 2100 (IPCC 2012). In North America, the type of storm with pre-
cipitation so heavy that it has occurred only once in 20 years (1981-2000)
may increase in frequency to once in 5 to 10 years by 2100 (IPCC 2012).
Projections of North Atlantic hurricanes and Pacific tropical cyclones under
climate change do not agree on the direction of future trends (IPCC 2013).

Vulnerabilities of Physical Resources

Analyses project potential future vulnerabilities to climate change of air
quality, glaciers, permafrost, lake and groundwater levels, and river and
stream flows in numerous national parks (table 6.3). In Glacier National
Park, Hall and Fagre (2003) estimated that a temperature increase of 1°C
could lead to complete melting of glaciers, which, at a rate of 3.3°C per
century, could occur as early as 2030. Nineteen national parks on the At-
lantic and Pacific coasts are vulnerable to inundation and coastal erosion
from sea-level rise and storm surges (Pendleton, Thieler, and Williams
2010). Grand Canyon and Big Bend National Parks are vulnerable to lower
river flows because of increased aridity and human water withdrawals.

Vulnerabilities of Plants

Analyses project potential future vulnerabilities to climate change of veg-
etation in numerous national parks (see table 6.3). National parks are
vulnerable to northward and upslope vegetation shifts, with 16%-41%
of National Park System area highly vulnerable to biome shifts (Gonzalez
et al. 2010), and 4%-31% of system area highly vulnerable to the combina-
tion of biome shifts due to climate change and habitat fragmentation due
to roads, urbanization, and agriculture (Eigenbrod et al. 2015) (fig. 6.3).



Table 6.3 Future vulnerabilities to projected climate change of resources in US national parks

Resource Vulnerability National park Scenario Reference
Physical
Air quality Nitrogen deposition from motor vehicles and other sources 17-25 NPs nationwide RCP2.6, Ellis et al. 2013
exceeds critical loads RCP8.5
Coasts Coastal and lakeshore parks moderately vulnerable overall, 22 NPs on ocean coasts and ~ Water level Pendleton, Thieler, and
Atlantic and Gulf of Mexico parks highly vulnerable Great Lakes shores -57 to Williams 2010
+37 cm
century!
Inundation of one-quarter of the area Cape Cod NS Sea level Murdukhayeva et al.
+1-2m 2013
Inundation of one-third of the area Assateague Island NS Sea level Murdukhayeva et al.
+0.6-2 m 2013
Glaciers Complete disappearance as early as 2030 Glacier NP Cco, Hall and Fagre 2003
doubling
Sperry Glacier, 80% volume reduction by 2100 (min.), Rocky Mountain NP +1°C-10°C Brown, Harper, and
disappearance by 2040 (max.) Humphrey 2010
Toklat River glaciers melt 2-11 m Denali NP B2, A2 Crossman, Futter,
Whitehead 2013
Lakes Lake Mead decrease to 7 m above dead storage (water level Lake Mead NRA B1, A1B, A2 Dawadi and Ahmad
of lowest intake) 2%-9% probability by 2035 2012
Lakes Mead and Powell, 50% chance of loss of live storage Glen Canyon NRA, Lake Runoff Barnett and Pierce 2008
(min. water level for hydroelectric production) by 2021 Mead NRA -20%
Permafrost Reduction of area 40%-100% Rocky Mountain NP +0.5°C-4°C  Janke 2005
Rivers Colorado River flow change of -42% to +18% Arizona, California, Colo- A2 US Bureau of Reclama-
rado, Mexico; Glen Can- tion 2012; Vano et al.
yon NRA, Grand Canyon 2014
NP, Lake Mead NRA
Rio Grande flow reduction Mexico, Texas; Big Bend NP, B1, A1B, A2 US Bureau of Reclama-

Rio Grande WSR

tion 2013



Streams

Water table

Plants

Biomes

Plants,
nonwoody

Spring runoff decline 15%-27%, advance spring runoff 4-6
weeks by 2080
Water table decrease up to 1.1 m

Shift northward and upslope, high vulnerability of 16%-
41% of National Park System area

Shift northward and upslope, together with habitat fragmen-
tation, high vulnerability of 4%-31% of National Park
System area

Shift northward of boreal forest into tundra

Shift northward of boreal forest into tundra

Shift upslope of temperate conifer forest into subalpine for-
est into alpine meadows

Hoffmann's slender-flowered gilia (Gilia tenuiflora ssp.
hoffmannii), Northern Channel Island phacelia (Phacelia
insularis var. insularis), and Santa Cruz Island chicory
(Malacothrix indecora) germination reduction with higher
temperatures after first rains

Joshua tree (Yucca brevifolia) up to 90% loss of habitat, no
refugia in Joshua Tree NP

Joshua tree (Yucca brevifolia) up to 90% loss of habitat, some
refugia in Joshua Tree NP

Glacier NP

Everglades NP

Global; US National Park
System

Global; US National Park
System

Alaska; Bering Land Bridge
N. Pres.

Alaska; Kobuk Valley NP,
Noatak N. Pres.

Olympic NP

Channel Islands NP

Southwestern United States;
Death Valley NP, Joshua
Tree NP, Mojave N. Pres.,
Tule Springs Fossil Beds
NM

Joshua Tree NP

B1, A1F1

+1.5°C, pre-
cipitation
+10%, sea

level +46
cm

B1, A1B, A2

B1, A1B, A2

+2°C-4°C

+2°C-4°C

+2°C, pre-
cipitation

+20%
HS

Al1B

+3°C

Larson et al. 2011

Nungesser et al. 2015

Gonzalez et al. 2010;
Eigenbrod et al. 2015
Eigenbrod et al. 2015

Rupp, Chapin, and
Starfield 2000

Rupp, Chapin, and
Starfield 2001

Zolbrod and Peterson
1999

Levine, McEachern, and
Cowan 2008

Cole et al. 2011

Barrows and Murphy-
Mariscal 2012

(continued)



Table 6.3 (continued)

Resource Vulnerability National park Scenario Reference
Plants
Polar Vegetation type change of 6%-17% of land area Bering Land Bridge N. Pres.,,  A1B (6°C) Jorgenson et al. 2015
vegetation Cape Krusenstern NP,
Gates of the Arctic NP
Pres., Kobuk Valley NP,
Noatak N. Pres.
Trees, invasive Tree-of-heaven (Ailanthus altissima) habitat increase 48% Appalachian Trail RCP6.0 Clark, Wang, and Au-
gust 2014
Trees Bishop pine (Pinus muricata) requires water from fog and Channel Islands NP HS Fischer, Still, and Wil-
the cooling effect of overcast skies liams 2009; Carbone
etal. 2013
Cherry tree (Prunus X yedoensis) peak bloom advance of National Capital Parks AlB, A2 Chung et al. 2011
1 week to 1 month
Coastal scrub vegetation reduction Point Reyes NS AlB, A2 Hameed et al. 2013
Douglas-fir (Pseudotsuga menziesii) growth reduction; moun- ~ Mount Rainier NP, North B1, A1B Albright and Peterson
tain hemlock (Tsuga mertensiana) and subalpine fir (Abies Cascades NP, and Olym- 2013
lasiocarpa) growth increase pic NP
Eastern US trees, 134 species, habitat change for one-fourth 121 eastern US NPs B1, A1FI Fisichelli et al. 2014
to three-fourths
Foothills palo verde (Parkinsonia microphylla), ocotillo Organ Pipe Cactus NM, HS Munson et al. 2012
(Fouquieria splendens), and creosote bush (Larrea triden- Saguaro NP
tata) increased mortality
Limber pine (Pinus flexilis) upslope range contraction Rocky Mountain NP RCP4.5, Monahan et al. 2013
RCP8.5
Quaking aspen (Populus tremuloides) habitat reduction Yellowstone NP B1, B2, A2 Rehfeldt, Ferguson, and
46%-94% Crookston 2009
Single-leaf pinon (Pinus monophylla) and California juniper Joshua Tree NP +3°C Barrows et al. 2014

(Juniperus californica) habitat reduction



Wetlands

Wildfire

Torrey pine (Pinus torreyana ssp. insularis) requires water
from fog and the cooling effect of overcast skies
Tree dieback

Tropical montane cloud forests sensitive to drought

Western white pine (Pinus monticola) and mountain hem-
lock (Tsuga mertensiana) increase in climate water deficit

Whitebark pine (Pinus albicaulis) habitat reduction
71%-99%

Buttonwood (Conocarpus erectus), mahogany (Swietenia ma-
hagoni), and other species killed by saltwater intrusion

Mangrove forests soil accumulation too low, eroded soil
affects benthic habitats

Sawgrass decrease with decreased precipitation
Tall sawgrass and pine savanna more strongly affected than
sawgrass

Wetland or upland vegetation decrease, depending on
precipitation

Fire frequency increase 3 to 10 times historical frequencies

Channel Islands NP

Southwestern United States;
Bandelier NM
Hawai'i; Haleakala NP

Yosemite NP

Greater Yellowstone
Ecosystem; Grand Teton
NP, John D. Rockefeller
Jr. Memorial Parkway,
Yellowstone NP

Everglades NP

Everglades NP

Everglades NP
Everglades NP

Everglades NP

Yellowstone NP

HS
A2
HS
B1 (1.5°C)

RCP4.5,
RCP8.5

Sea level +10
cm

+1.5°C, pre-
cipitation
+10%, sea
level +46
cm

B1, A1B, A2

Inunda-
tion time
+30% to
-60%

+1.5°C, pre-
cipitation
+10%, sea
level +46
cm

A2

Williams et al. 2008

Williams et al. 2013

Loope and Giambelluca
1998

Lutz, Wagtendonk, and
Franklin 2010

Chang, Hansen, and
Piekielek 2014

Saha et al. 2011

Koch et al. 2015

Todd et al. 2012
Foti et al 2013

van der Valk, Volin, and
Wetzel 2015

Westerling et al. 2011

(continued)



Table 6.3 (continued)

Resource Vulnerability National park Scenario Reference
Animals
Amphibians ~ Mountain pond habitat reduction Washington; Mount Rainier ~ A1B Ryan et al. 2014
NP, North Cascades NP,
Olympic NP
Birds Habitat decline for half of 162 species Bering Land Bridge N. Pres.,,  A1B Marcot et al. 2015
Cape Krusenstern NP,
Gates of the Arctic NP
Pres., Kobuk Valley NP,
Noatak N. Pres.
Loggerhead Shrike (Lanius ludovicianus), Scaled Quail Big Bend NP A1FI White et al. 2011
(Callipepla squamata), and Rock Wren (Salpinctes obsoletus)
ranges shift from desert and grassland to shrubland
Northern Spotted Owl (Strix occidentalis caurina) survival Oregon, Washington; HS Glenn et al. 2011
decreases in areas of warmer, wetter winters and hotter, Olympic NP
drier summers
Rufa Red Knot (Calidris canutus rufa) endangered by habitat Atlantic Coast, Gulf of HS US Department of the
reduction from sea-level rise, prey reduction from heat Mexico; NPs Interior 2014
mortality, phenology mismatch of Red Knot migration
and prey availability
Wading bird habitat reduced under drier scenarios Everglades NP +1.5°C, pre-  Catano et al. 2015
cipitation
+10%,
sea level
+31 cm
White-tailed Ptarmigan (Lagopus leucurus) population reduc-  Rocky Mountain NP +2°C-3°C Wang et al. 2002
tion by half
Corals Coral early life-phases particularly susceptible to ocean Dry Tortugas NP HS Kuffner, Hickey, and
acidification Morrison 2013
Corals vulnerable to bleaching but show some tolerance NP of American Samoa HS Craig, Birkeland, and

and adaptive capacity

Belliveau 2001; Oliver
and Palumbi 2009;
Palumbi et al. 2014



Fish

Insect pests

Insects

Mammals

Devil’s Hole pupfish (Cyprinodon diabolis) favorable spawn-
ing conditions reduction up to 2 weeks

Freshwater fish reduced abundance from advanced spring
ice breakup and melting permafrost
Pinfish (Lagodon rhomboides) estuarine habitat decrease

Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri)
habitat decrease in low-elevation streams, but growth
increase at higher elevations

Argentine ant (Linepithema humile) habitat increase with
temperature increase

Karner Blue butterfly (Lycaeides melissa samuelis) susceptible
to higher temperatures, among other factors

Meltwater stonefly (Lednia tumana) habitat reduction 80%

For 213 mammal species, average park loss of 8% of species,
gain 48%, rodents 40% of the species influx

For 39 mammal species, habitat decline for 62%

American bison (Bison bison) forage quality and animal
weight reduction from hotter and drier conditions

Death Valley NP

Kobuk Valley NP

Everglades NP

Yellowstone NP

Haleakala NP
Indiana Dunes NL

Glacier NP

Acadia NP, Big Bend NP,
Glacier NP, Great Smoky
Mountains NP, Shenan-
doah NP, Yellowstone
NP, Yosemite NP, Zion
NP

Bering Land Bridge N. Pres.,
Cape Krusenstern NP,
Gates of the Arctic NP
Pres., Kobuk Valley NP,
Noatak N. Pres.

Western United States;
Badlands NP, Great Sand
Dunes NP Pres.

RCP2.6,
RCP4.5,
RCP6.0,
RCP8.5

AlB

+1°C, pre-
cipitation
+10%,
sea level
+46 cm
A2

HS
HS
Al1B

CO,
doubling

AlB

HS

Hausner et al. 2014

Durand et al. 2011

Kearney et al. 2015

Al-Chokhachy et al.
2013

Hartley, Krushelnycky,
and Lester 2010

Grundel and Pavlovic
2007

Mubhlfeld et al. 2011

Burns, Johnston, and
Schmitz 2003

Marcot et al. 2015

Craine 2013

(continued)



Table 6.3 (continued)

Resource Vulnerability National park Scenario Reference
Mammals
American marten (Martes americana), American pika Washington; Mount Rainier AlB, A2 Johnston, Freund, and
(Ochotona princeps), Canada lynx (Lynx canadensis), hoary NP, North Cascades NP, Schmitz 2012
marmot (Marmota caligata), mountain goat (Oreamnos Olympic NP
americanus), and wolverine (Gulo gulo) range reductions
American pika (Ochotona princeps) extirpation Lassen NP, Sequoia NP, RCP4.5, Stewart et al. 2015
Yosemite NP RCP8.5
Belding'’s ground squirrel (Urocitellus beldingi) habitat reduc-  Lassen NP, Sequoia NP, A2 Morelli et al. 2012
tion 52%-99% Yosemite NP
Desert bighorn sheep (Ovis canadensis nelsoni) habitat California; Joshua Tree NP, HS Epps et al. 2006; Epps
upslope shift Mojave N. Pres. et al. 2007
Indiana bat (Myotis sodalis) northward range shift away from  Eastern United States; Cum- B2, A1B Loeb and Winters 2013
the park berland Gap NHP
Northern elephant seals (Mirounga angustirostris) haul-out Point Reyes NS Sea level Funayama et al. 2013
habitat inundation up to 69% +1.4m
Polar bear (Ursus maritimus) threatened by loss of sea ice Polar areas; NPs HS US Department of the
habitat Interior 2008
Wolverine (Gulo gulo) habitat northward shift Western United States; RCP2.6, Peacock 2011
Glacier NP RCP4.5,
RCP8.5
Wolverine (Gulo gulo) habitat reduction Western United States; AlB McKelvey et al. 2011
Glacier NP
Reptiles American alligator (Alligator mississippiensis) habitat reduc- Everglades NP +1.5°C, pre-  Catano etal. 2015
tion under drier scenarios cipitation
+10%,
sea level
+31 cm
Desert tortoise (Gopherus agassizii) habitat reduction 57%- Joshua Tree NP +1°C-3°C, Barrows 2011
93%, common chuckwalla (Sauromalus ater) habitat precipita-
reduction 49%-74% tion -25

to -75%



Green turtles (Chelonia mydas) nest flooding from tropical Canaveral NS HS Pike and Stiner 2007

storms
Lizards (Sceloporus spp.) habitat reduction by half Joshua Tree NP +1°C-3°C, Barrows and Fisher
precipita- 2014
tion -25
to -75%
Loggerhead sea turtle (Caretta caretta) hatching success Buck Island Reef NM, Padre ~ B1, A1B, A2 Pike 2014
reduction up to 15% Island NS
Cultural
Archaeological Opyster shell middens flooding and erosion from sea-level Canaveral NS HS Stalter and Kincaid
mounds rise 2004
Historical Flooding from sea-level rise and storm surge Washington, DC; Constitu- Sea level Ayyub, Braileanu, and
monuments tion Gardens, Korean +0.1-5m Qureshi 2012
War Veterans Memorial,
Martin Luther King Jr.
Memorial, National Cap-
ital Parks, National Mall,
Pennsylvania Avenue
NHS, Theodore Roosevelt
Island Park, Thomas Jef-
ferson Memorial, World
War [ Memorial, World
War II Memorial
Historical Flooding from sea-level rise and storm surge UNESCO World Heritage Sea level Marzeion and Lever-
monuments Sites globally; Indepen- +2.8- mann 2014
dence NHP, San Juan 4.4 m
NHS, Statue of Liberty
NM

Note: Emissions scenarios and projections of global average temperature increase (mean +standard deviation) from IPCC (2013): 1986-2005 to 2081-2100, RCP2.6 =
1°C +0.4°C, RCP4.5 = 1.8°C +0.5°C, RCP6.0 = 2.2°C +0.5°C, RCP8.5 = 3.7°C +0.7°C; IPCC (2007b): 1980-1999 to 2090-2099, B1 =1.8°C (1.1°C-2.9°C), B2 =
2.4°C (1.4°C-3.8°C), A1B = 2.8°C (1.7°C-4.4°C), A2 = 3.4°C (2.0°C-5.4°C), A1FI = 4.0°C (2.4°C-6.4°C); IPCC (2001b): CO, doubling in 70 years = 3.5°C +0.9°C.
HS = sensitivity based on historical or experimental data. See table 6.1 abbreviations.
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Areas of high vulnerability include parts of Acadia, Joshua Tree, Mount
Rainier, Rocky Mountain, Saguaro, and Yosemite National Parks, while po-
tential refugia include parts of Death Valley National Park, Organ Pipe Cac-
tus National Monument, and White Sands National Monument.

Bandelier National Monument and the southwestern United States are
vulnerable to tree dieback and possible conversion of some forest to grass-
land because of drought stress under climate change rising to its highest
level in 1,000 years (Williams et al. 2013). Everglades National Park is vul-
nerable to inundation of extensive areas because of sea-level rise and alter-
ations of upland vegetation due to changes in precipitation (see table 6.3).
Joshua Tree National Park is vulnerable to nearly complete disappearance
of suitable habitat for the Joshua tree (Yucca brevifolia) (Cole et al. 2011;
Barrows and Murphy-Mariscal 2012).

Warmer and wetter conditions render many ecosystems vulnerable to
increased spread of invasive species (Bellard et al. 2013). The Appalachian
Trail is vulnerable to increased spread of the invasive tree-of-heaven (Ailan-
thus altissima) (Clark, Wang, and August 2014).

Although wildfire is a natural and necessary part of many forest eco-
systems, climate change could increase fire frequencies far above levels to

US National Park System

N

Verylow low  Medium  High  Very High
(0-0.05) (0.05-0.20) (0.20-0.80) (0.80-0.95) (0.95-1.00)

Confidence level of change g { ¥ 5-‘7 NN

_ .
Gonzalez et al. 2010. Eigenbrod et al. 2015. e Pr gl

6.3. Vulnerability of ecosystems to combined effects of biome shifts due

to climate change and habitat fragmentation due to land-cover change,

based on 1901-2002 climate trends, 1990-2100 vegetation projections,
and 2009 land cover (Gonzalez et al. 2010; Eigenbrod et al. 2015).
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which current vegetation are adapted (Turner et al., this volume, ch. 5). Un-
der high emissions, hotter temperatures could increase wildfire frequencies
in Yellowstone and Grand Teton National Parks and across the Greater Yel-
lowstone Ecosystem by 300% to 1,000% by 2100 (Westerling et al. 2011).

Vulnerability of Animals

Analyses project potential future vulnerabilities to climate change of corals,
insects, amphibians, reptiles, birds, and mammals in many national parks
(see table 6.3). Climate change renders coral reefs vulnerable to bleach-
ing from warmer waters and to dissolving from ocean acidification (Wong
et al. 2014). Corals in the National Park of American Samoa show some
tolerance and adaptive capacity (Craig, Birkeland, and Belliveau 2001;
Oliver and Palumbi 2009; Palumbi et al. 2014). In Dry Tortugas National
Park, ocean acidification could especially affect early life-phases of coral
(Kuffner, Hickey, and Morrison 2013).

Numerous wildlife species in US national parks that are listed as en-
dangered under the US Endangered Species Act are vulnerable to increased
mortality under climate change. In Indiana Dunes National Lakeshore, the
Karner blue butterfly (Lycaeides melissa samuelis) is vulnerable to extirpation
under hotter temperatures because of acceleration of larval development,
decreased fitness, and a lack of wild lupines (Lupinus perennis), its food
source (Grundel and Pavlovic 2007). The Devil’s Hole pupfish (Cyprinodon
diabolis), found in the world in only one small pool in Death Valley Na-
tional Park, is vulnerable to a reduction of favorable spawning conditions
from 74 days to 57 days under high emissions (Hausner et al. 2014). At
Canaveral National Seashore, green turtles (Chelonia mydas) are vulnerable
to potential flooding of nests from increases in storms (Pike and Stiner
2007). Using data from national parks and other areas, the US government
has added two species to the US Endangered Species Act lists because of
vulnerability to climate change. The polar bear (Ursus maritimus) is listed
as endangered under the act because of the reduction of its sea ice habitat
under climate change (US Department of the Interior 2008). The Rufa Red
Knot (Calidris canutus rufa), a migratory shorebird found in Padre Island
National Seashore and along the Atlantic coast, is listed as threatened un-
der the act because of urban development, sea-level rise, and reductions in
food species due to climate change (US Department of the Interior 2014).

Upslope and poleward shifting of cooler climates and biomes increases
the vulnerability of high-elevation mammals. American pika (Ochotona
princeps) is vulnerable to extirpation in Lassen, Sequoia, and Yosemite Na-
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tional Parks (Stewart et al. 2015). American pika, Canada lynx (Lynx cana-
densis), hoary marmot (Marmota caligata), and the wolverine (Gulo gulo)
are vulnerable to range contractions in Mount Rainier, North Cascades,
and Olympic National Parks (Johnston, Freund, and Schmitz 2012).

Vulnerability of Cultural Resources

Thawing and exposure of archaeological artifacts as glaciers melt in
Wrangell-Saint Elias and Lake Clark National Parks and Preserves can
cause organic objects to decompose and be lost forever (Dixon, Manley,
and Lee 2005; VanderHoek et al. 2012) if they are not detected, secured,
and protected. In addition, sea-level rise renders vulnerable cultural sites in
national parks along the Atlantic and Pacific coasts, including oyster shell
middens over a millennium old in Canaveral National Seashore (Stalter
and Kincaid 2004), the National Mall and other monuments in Washing-
ton, DC (Ayyub, Braileanu, and Qureshi 2012), and UNESCO World Heri-
tage Sites such as the Statue of Liberty National Monument (Marzeion and
Levermann 2014).

Conclusions

Field evidence documents impacts of human climate change across the US
National Park System. The alteration of ecosystems and physical and cul-
tural resources in US national parks reflects the widespread impact of cli-
mate change around the world. If we do not reduce greenhouse gas emis-
sions, vulnerability analyses project future damage to the irreplaceable and
globally unique wonders of US national parks.

While dedicated park managers may make extraordinary efforts to pro-
tect the national parks, the most effective way to attack a problem is to
eliminate its cause. Reducing greenhouse gas emissions will reduce the
magnitude of future climate change and threats to national parks. Climate
change projections are not predictions—they are not inevitable. Green-
house gas mitigation analyses by the IPCC (2014b) show that it is within
our power to avoid the most drastic impacts of climate change by improv-
ing energy efficiency, installing renewable energy systems, conserving for-
ests with large carbon stocks, expanding public transit, and using other
measures to reduce emissions. Billions of small actions caused the prob-
lem of climate change, so billions of small sustainable actions can help us
solve it.
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