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Introduction

European colonization of the new world led to rapid conversion of wildlands to
agricultural and urban landscapes. The desire to protect remaining natural
lands, in the late 1800s, emerged as the modern concept of protected areas. The
argument for formal landscape protection was that by removing the influence of
humans, natural ecosystems would continue to maintain native species and
natural ecological processes (Gaston et al., 2008). There is growing evidence,
however, that protected areas are not presently functioning as originally envi-
sioned. Ecological change within protected areas has been brought about by land
use intensification on surrounding lands (DeFries et al., 2005; Wade & Theobald,
2009; Radeloff et al., 2010; Piekielek & Hansen, 2012). Introduction of invasive
species has resulted in the extinction of native species within protected area
boundaries (Newmark, 1985; Parks & Harcourt, 2002; Sanchez-Azofeifa et al.,
2003). And in recent years, the effects of human-induced climate change within
protected areas have become apparent on such variables as decreasing snow-
pack, increased rates of disturbance, prevalence of pests, and forest die-off
(Loarie et al., 2009).
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The extent and rate of such global changes differ across the Earth’s surface as does
the sensitivity of ecosystems to these changes (Running et al., 2004). Concomitantly,
protected areas differ in their vulnerability to land use change, invasive species, and
climate change. There is a need to assess vulnerability across networks of protected
areas to determine those most at risk and to develop management and adaptation
strategies that are tailored to local conditions and desired outcomes.

A promising framework for developing climate change adaptation strategies
was recently developed by Glick et al. (2011). The four steps of the framework are:

1. Identify conservation targets.

2. Assess vulnerability.

3. Identify management options.

4. Implement management options.

The vulnerability assessment in step 2 includes four components (Turner II et al.,
2003; IPCC Secretariat, 2007; Glick et al., 2011). “Exposure” is the degree of change
in climate and land use, which are key drivers of ecological processes and bio-
diversity. “Sensitivity” is the degree to which species and ecological processes
respond to a given level of exposure, largely based on the environmental tolerances
of organisms. “Potential impact” results from the interaction of exposure and
sensitivity. “Adaptive capacity” is the ability of a system to adjust to climate and
non-climate change. It is the interaction of potential impact and adaptive capacity
that determines “vulnerability.”

Assessing vulnerability across networks of protected areas is a substantial
challenge for several reasons. First, the managers of individual protected areas are
typically so consumed with within-park issues such as managing visitor use that
they often do not focus on the effects of land use changes outside their boundaries.
Second, it is often unclear what parts of the surrounding landscape are strongly
connected to the protected area and should be monitored and managed. Third,
datasets for quantifying the four components of vulnerability are typically not avail-
able. Fourth, the spatial scales of analysis needed for assessing vulnerability to
climate change are at a regional or subcontinental scale and not easily applied to
conditions in a given ecosystem. Most protected area staff members are not well
equipped to perform analyses at these scales. Fifth, protected areas are often con-
sidered as individual units and are managed in isolation from other protected areas.

Viewing individual protected areas as components of a network and assessing
vulnerability across entire networks can reveal which protected areas face simi-
lar threats and allow synergies in adaptation strategies among them (Davis &
Hansen, 2011). For example, those areas with low exposure and sensitivity may
be best managed under the philosophy of maintaining “naturalness,” more spe-
cifically, under the strategies of Natural Regulation (Boyce, 1998) or Historic
Range of Variation (Keane et al., 2009). In contrast, protected areas with high
exposure, high sensitivity, and low adaptive capacity are expected to undergo
dramatic ecological change that will exceed any historic condition. Management
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TOWARD ASSESSING THE VULNERABILITY OF US NATIONAL PARKS @

in such cases should be aimed at promoting ecological integrity and resilience
under changing future conditions (Hobbs et al., 2010). The goal of this chapter
is to illustrate the initial steps in an assessment of vulnerability to land use and
climate change for the network of national parks in the contiguous United States.
The objectives are to:

e Delineate the lands surrounding protected areas where land use change can

most impact protected areas.

Quantify the exposure of protected areas to land use and climate change over the

last century.

e Summarize potential protected area exposure and impact in the coming
century.

o Consider implications for protected area management.

Delineating PACEs

Many protected areas were originally designated for reasons of scenic or recrea-
tional value, rather than any concern for ecological completeness or its adaptive
capacity to respond to change. Thus, they may not include adequate area that is
needed to maintain organism populations and essential ecological processes.
Ecological processes such as nutrient flows, organism movements, disturbance
regimes and population dynamics may operate over areas larger than the park
itself. Land use intensification outside of protected areas may disrupt these flows
and alter ecological processes and biodiversity within parks. Hansen & DeFries
(2007) drew on ecological theory to identify mechanisms linking land use in sur-
rounding lands with the ecological function of protected areas (Hansen & DeFries,
2007; Hansen et al., 2011). These mechanisms are summarized below:

o Effective size: Changing land uses may destroy natural habitats and reduce the
effective size of the larger ecosystem, which can simplify the trophic structure as
species with large home ranges are extirpated, because the size of the ecosystem
to fall below that needed to maintain natural disturbance regimes, and reduce
species richness through the loss of habitat area.

o Ecological flows: Changing land uses may alter characteristics of the atmos-
phere (climate, pollution), water (quantity, quality, nutrients, waterborne organ-
isms), and natural disturbance (frequency, size, intensity) moving through the
protected area.

o Crucial habitats: Changing land uses may eliminate or isolate crucial habitats,
such as seasonal habitats, migration habitats, or habitats that support source
populations.

o Edge effects: Changing land uses may increase human activity along park bor-
ders and result in the introduction of invasive species, increased hunting and
poaching, and higher incidence of wildlife disturbance.
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Hansen et al. (2011) measured these four mechanisms to quantitatively assess the
impact of changing land uses on the ecosystems containing protected areas. They
delineated protected area centered ecosystems (PACEs) around 13 US national
park units using comprehensive scientific methods to map and analyze land use
change within these PACEs. The PACEs were delineated based on five ecological
criteria: Contiguity of surrounding natural habitat, watershed boundaries, extent
of human edge effects, crucial habitats, and disturbance regimes (Davis & Hansen,
2011). The resulting PACEs were on average 6.7 times larger than the parks located
in upper portions of watersheds and 44.6 times larger than those located in middle
portions of watersheds. These results illustrated that human activities across
relatively large areas surrounding protected areas may impact ecological factors in
the protected areas. PACEs in the eastern United States were dominated by private
lands with high rates of land development, suggesting that they offer the greatest
challenge for management. Davis & Hansen (2011) used a similar method to map
PACEs around the 57 largest US national parks in the contiguous United States
and quantified land use change for the period 1940 to the present (Table 9.1). We
draw on the results of these analyses in this chapter as a measure of exposure of 48
of these PACEs to land use change. Similarly, Haas (2010) quantified climate
change during the past century within these PACEs, and we also summarize those
results here (Haas, 2010).

Exposure to land use and climate change
in the last century

Human activities have altered land use and climate in and around protected areas over
the century since North American parks were established. This exposure to past
changes may have pushed some protected areas closer to sensitivity thresholds and
increased their vulnerability to recent changes. Moreover, spatial variation in past
exposure among protected areas may be an indication of vulnerability under future
land use and climate change. Thus, we summarize here past land use, invasion by
nonnative species, and climate change for the US national parks and associated PACEs.

Davis & Hansen (2011) used six variables to determine the current level and
extent of development: population density, housing density, and percentages of
land with impervious surfaces, in agriculture, covered by roads, or in public land.
Time series of population density, housing density, and land in agriculture were
used to analyze changes over time. Cluster analysis was used to determine if pat-
terns in major land use typologies could be distinguished. The authors found that
population density within PACEs increased on average 224% from 1940 to 2000
and housing density increased by 329%, both considerably higher than average
rates of change nationally. On average, 24% of private lands in PACEs were in
exurban and rural housing densities. Individual PACEs differed substantially in
area of public versus private (and thus developable) lands, the percent of the
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private lands that had been developed, and the land use type and housing densities
on those private lands.

Five categories of PACEs with similar patterns of development were distin-
guished using statistical clustering analysis (Figure 9.1):

o Wildland protected
o Wildland developable
o Agriculture

e Exurban
e Urban

PACEs within a category tended to occur in particular regions of the country. For
example, both types of wildland PACEs were in the mountain west and southwest
deserts. Agriculture and exurban PACEs were in the Great Plains and eastern
United States. The unique management challenges and opportunities faced by
each group of PACEs were identified, with the goal of allowing managers to col-
laborate with each other based on similarity of challenges that they face. This is the

I Park units
2000 PACE typology
[ Wildlands protected
] Wildlands developable
| Agricultural

[ Exurban
I Urban

Figure 9.1 Protected area centered ecosystems (PACEs) surrounding each US national
park, color-coded by land use typological membership. Classification criteria were as
follows: wildland protected, >65% public; wildland developable, <65% public, >60%
private undeveloped, <16% private agriculture; agricultural, <65% public private, >60%
undeveloped, >16% private agriculture; exurban, <65% public private, >60% undevel-
oped, <15% private dominated by exurban or urban; urban, <65% public private, >60%
undeveloped, >15% private dominated by urban or urban. Source: From Davis &
Hansen (2011). © Ecological Society of America
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first effort to develop a typology of protected areas based on land use change in the
surrounding ecosystem. Other networks of protected areas may find this method-
ology useful for prioritizing monitoring, research, and management among groups
with similar vulnerabilities and conservation issues.

Haas (2010) quantified trends in climate across these PACEs for the period
1985-2009. She drew on the precipitation elevation regressions on independent
slope model (PRISM) climate dataset (Daly et al., 2002), which uses observations
from meteorological stations to produce a spatially continuous 4km surface of
spatially interpolated climate values. These data were used to estimate 100-year
trends in mean annual temperature, mean annual precipitation, and a moisture
index derived from precipitation and potential evapotranspiration (a function of
temperature and solar radiation). Results indicated that 78% of the PACEs warmed
significantly (~1°C per 100 years). The highest rates of warming (2°C per 100
years) occurred in the mountain west. Precipitation increased significantly in 22%
of the PACEs, largely in the midwest United States. The moisture index revealed
that 17% of the PACEs increased in water balance while 3% decreased in water
balance, largely due to increased evapotranspiration due to warming.

There were also biological changes associated with the changes in land use and
climate over time. Invasive species are a good indicator of stress in protected area eco-
systems. Hansen et al. (2014) found that the proportion of vascular plants that were
nonnative correlated with the land use change typology. Wildland PACEs (protected
and developable) had the lowest proportion of nonnatives, agricultural and exurban
PACEs had intermediate levels, and urban PACEs had the highest proportions.

The relative magnitude of past change in climate, land use, and invasive species
for each PACE was calculated as the percentage of the highest value among the
PACEs for each variable. These percentages were summed to represent the relative
magnitude of the combined exposure to these three components of global change
(Figure 9.2). Notice that some PACEs had high rates of warming; others had high
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Figure 9.2 Relative levels of temperature change, proportion of PACE developed, and
nonnative vascular plants among PACEs. The data are expressed as the percentage
of the highest value among the PACEs for each variable, and these percentages are
summed to represent the relative magnitude of the combined exposure to these three
components of global change
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rates of development and invasive species, while some had high rates of all three,
and a few PACEs had relatively little change in any of the three factors. This illus-
trates how exposure can differ dramatically among PACEs. PACEs such as Santa
Monica and Point Reyes in southern California and Delaware Water Gap and
Everglades in the eastern United States had total rates of change more than five
times those in Great Sand Dunes and several other western PACEs.

Forecasting change in climate and biome
location: 2010-2090

Climate change over the past century has altered or disrupted ecosystems in some
geographic locations. In the western United States, increased temperature and
drought stress have led to reduced snowpack and runoff, increasingly severe fire
and pest outbreaks, and forest die-off (US Global Change Research Program,
2009). Spatial variation in ecosystem response to climate change is a result of vari-
ation in rates of climate change and in the key factors that limit plant growth.
Across terrestrial biomes, plant growth is generally limited by low temperatures across
northern latitudes, water shortage in middle latitudes, and radiant energy in the
humid tropics (Running et al., 2004). Individual plant species exhibit specific
tolerances to climate conditions. It is when climate change exceeds the tolerances
of plant species that widespread plant mortality can occur (Allen et al., 2010).
In many places around the earth that are water limited, increased drought has
resulted in forest die-off (Anderegg et al., 2012). Future climate change and
vegetation mortality are expected to lead to major shifts in the location of biome
types. Such biome shifts are particularly worrisome with regard to protected areas
because climate conditions within them may become unsuitable for ecosystems
that define them such as the potential for the giant sequoia to no longer inhabit
Sequoia National Park. In this section, we report on the projected change in tem-
perature and biome type across US national parks.

Rehfeldt et al. (2012) used current climate and downscaled global climate model
projections to develop climate niche models for biomes of North America and to
project change in area and distribution under six climate change scenarios
(Rehfeldt et al., 2012). Projected future temperature under a midrange emissions
scenario indicated that individual PACEs will warm between 1.1 and 2.5°C by
2030, a magnitude slightly in excess of the average 1°C rise reported by Haas
(2010) over the past century and a rate more than three times faster than has been
experienced in the recent past (Figure 9.3). By 2090, mean annual temperatures
are projected to be 3.4-6.0°C warmer than present. PACEs with the highest pro-
jected warming are in the upper midwestern United States and in the western
mountains and deserts. Projected temperature increases in these locations are up
to twice as great as in PACEs on the east and west coasts of the United States,
where maritime effects are thought to moderate climate change.

9sSUddIT SUOWWO)) dANeal) djqedidde ay) Aq pautanob aie sapile YO @sn Jo sajni 1oy Aieaqr] auluo ASJIA\ UO (SUOIIPUOD-pue-swLId}/wodA3jimAleiqi@uljuo//:sdiy)
SUOIIPUO) pue swidl Y} 335 ‘[9202/£0/6L] uo Ateiqry suljuQ A ‘Aaeqr [eanynduby jeuoneN Ag “6Y>°LLL8EESLLLEL6/200L 0L/10p/wodA3|imAeiqijauljuo//:sdiry wouy papeojumoq ‘6Yd°LLL8EESLLLL6/200L 0L



A. HanseN, C. Davis, J. HAas AND N. PIEKIELEK

14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

[ 2090 w2060 w2030

0 (°C)

Change from 201

Figure 9.3 Projected change in mean annual temperature within protected area cen-
tered ecosystems (PACEs) surrounding US national parks under the CGCM3_A2 model
and scenario. Source: Data from Rehfeldt et al. (2012)

In order to gauge the possible response of vegetation to projected climate change
in these PACEs, Hansen et al. (2014) used Rehfeldt’s (2012) maps of projected
change in biome suitability to quantify the proportion of each PACE that is pro-
jected to undergo a shift. The results strikingly illustrate how the potential impact
of climate change may vary among protected areas. Many PACEs in the midwest-
ern and eastern United States are projected to undergo less change in biome type
by 2090 than PACEs in the mountain west by 2030 (Figure 9.4). Note that the four
PACEs in the upper midwest that have high rates of projected future warming
undergo little projected change in biome type. Vegetations in these areas are more
temperature limited than water limited and are not expected to undergo drought
stress under future climates. It is drought stress that drives the projected strong
biome shifts in many western mountain and desert PACEs such as Zion.

More generally, ecosystems with the higher sensitivity to climate change are
expected to be those supporting species with narrow climate tolerances, loca-
tions near the edge of zones of climate suitability, and species and communities
subject to higher disturbance rates (e.g., fire, pests). Ecosystems also differ in
adaptive capacity. Those dominated by plants with shallow rooting, short life
spans, and limited dispersal abilities are expected to be less able to adapt to
changing climate conditions. Alternatively, forests that are long-lived, deeply
rooted, and resilient to disturbance may be able to persist for lengthy periods of
time at a site that has undergone substantial climate change even when future
climate is no longer suitable.

Cumulative effects of past and projected future
climate and land use

Land use change is expected to reduce the ability of ecosystems to adjust to chang-
ing climate. Land use is associated with increased invasion by exotics, for example,
which may take over sites under changing climates. Land use also reduces
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Figure 9.4 Percent of each protected area centered ecosystems (PACEs) projected to
shift in biome type suitability under the consensus of six climate models and scenarios
(above) and color-coded level of biome suitability shift by 2030 mapped across the
United States. Source: From Hansen et al. (2014)

connectivity across the landscape and thus reduces the ability of native species to
disperse to newly suitable habitats. Thus, the potential vulnerability of PACEs
needs to be assessed by considering both past land use and potential impact of
future climate. Hansen et al. (2014) positioned each PACE in the space defined by
percentage of the PACE developed in 2010 and by the percentage of the PACE
projected to undergo a biome shift by 2030 (Figure 9.5). This plot reveals that
many PACEs are low in both land use intensity and potential climate impact,
others are high in either land use intensity or potential climate impact, and a few
PACEs are high in both land use intensity and potential climate impact.
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Figure 9.5 PACEs positioned in the space defined by the percentage of the PACE devel-
oped in 2010 and by the percentage of the PACE projected to undergo a biome shift by
2030. Source: From Hansen et al. (2014)

Implications for management

The third step in climate adaptation planning (Glick et al., 2011) is to evaluate
management options. Knowledge of the components of vulnerability provides a
basis for evaluating the need for management and the management approaches
that might be most effective. Places that are low in exposure to climate and land
use change, low in sensitivity, high in adaptive capacity, and thus low in vulnera-
bility may be a relatively low priority for global change adaptation management
(Hansen et al., 2014). Current ecological conditions are likely to persist in such
places. Alternatively, those that are highly vulnerable may be difficult to save
through management actions. Such ecosystems are likely to cross ecological
thresholds and undergo changes of state in ecological function and biodiversity.
Management of such ecosystem may be best aimed at encouraging adaptation to
new conditions. Ecosystems of moderate vulnerability may be the highest priority
for active management strategies to maintain current conditions.

What management philosophies can best help us achieve ecological objectives
under climate and land use change? There is currently a vigorous debate between
advocates for managing for “naturalness” versus advocates for managing for change
to impending future conditions. Keane et al. (2009) represent the “naturalness” posi-
tion. Termed the Historic Range of Variation approach or the Ecological Process
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Management, the goal is to perpetuate natural pattern and ecological function in the
face of change. The general management strategy for achieving this goal is to main-
tain landscape patterns and ecological processes within the range of variation in
place prior to European influence. Under this philosophy, active management is
generally dissuaded for fear of causing harm to the ecosystem or compromising our
ability to learn from the effects of change in unmanaged ecosystems (i.e., parks as
natural laboratories). Active management is used only where needed to restore lost
ecological patterns or functions. Reintroducing an extirpated keystone predator
would be an example of this management philosophy as was done with the reintro-
duction of the gray wolf into Yellowstone National Park (Boyce, 1998).

In contrast to the “naturalness” point of view, Hobbs et al. (2010) argue vigor-
ously that many ecosystems have been or will be so altered by land use and climate
change that current patterns and function will have little resemblance to historical
conditions (Hobbs et al., 2010). Consequently, the goal of management should be
to promote ecological integrity and resilience under future changing conditions.
This “first principles” approach advocates designing future ecosystems based on
guiding principles, including historical fidelity, autonomy of nature, ecological
integrity and resilience, as well as managing with humility. Active management
strategies such as translocating species to newly suitable habitats to encourage
range shifts would be an example of implementing this approach.

Hansen et al. (2014) suggested that the vulnerability of protected areas to global
change can be used as a guide to the management philosophy that is most appro-
priate for a given area. “Historic range of variation” or “natural process manage-
ment” would seem appropriate for protected areas with low vulnerability to global
change. Patterns and dynamics typical of pre-European settlement are expected to
continue into the future in such systems. Management to keep the system within
this historic range is feasible and desirable. An example may be Olympic National
Park on the Pacific coast of the northwest United States. Past climate and land use
change in this PACE have been low to moderate. Future climate change might be
low relative to other PACEs due to the moderating influence of the Pacific Ocean.
The tall and long-lived rain forest species that dominate this PACE are resilient to
shifts in climate and disturbance. Managers in this region are more concerned
about maintaining disturbance regimes and the full suite of several stages required
for high biodiversity in this ecosystem than they are about the effects of climate
change. Historic range of variation continues to be the guiding philosophy of
management in this region.

The Santa Monica PACE near Los Angeles in southern California, in contrast,
shows high vulnerability to global change and management for future conditions
may be the only viable approach. This national park is surrounded by urban areas,
with some 72% of the PACE being developed. Nearly a quarter of the vascular
plants are nonnative. Temperature has warmed substantially in the past century
and this trend is projected to continue in the coming century. More than 50% of
the PACE is projected to undergo a biome shift by 2030. Clearly, management to
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retain pre-European disturbance (such as natural fire regimes) or ecological
conditions in this ecosystem would be either futile or socially unacceptable.
Instead, managers here must decide what ecological conditions and ecosystem
services they wish to achieve under future global change and develop active man-
agement strategies to produce and maintain this condition and these services.

Most PACEs in the United States lie somewhere between these two extremes in
vulnerability. For such PACEs, some combination of the two management
philosophies may be most appropriate. Both Keane et al. (2009) and Hobbs et al.
(2010) conclude that both looking at past conditions and considering future
conditions can inform management.

Concluding remarks

Maintaining native biodiversity and ecological function in protected areas is an
enormous challenge in a world increasingly dominated by humans. Our key
conclusion is that protected areas potentially differ in each of the components
of vulnerability to land use and climate change and that knowledge of these dif-
ferences can be used to guide the development of locally appropriate adaptation
strategies. A first step in quantifying vulnerability of protected areas is to delin-
eate the surrounding lands that are strongly connected to the ecological func-
tioning of the protected area and summarizing past and projected future land
use and climate change in these PACEs. Within 48 PACEs focused on US
national parks, we found that exposure to land use and climate change and
sensitivity of vegetation and potential impact on biome types varied dramati-
cally. Among these PACEs, some showed high components of vulnerability to
land use or potential impacts on biome shifts due to climate change or both.
While our analysis to date did not deal with all components of past and future
vulnerability, it illustrates the utility of such approaches for designing adapta-
tion strategies. PACEs with low vulnerability may best be managed with the
well-developed strategies related to maintaining “naturalness” PACEs with
high vulnerability are candidates for strategies that focus on maintaining eco-
logical function under the future conditions that the PACE is expected to face.
This approach to assessing vulnerability should be applied to other networks of
protected areas around the world to provide a basis for effective management
and adaptation.
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