
A
cc

ep
te

d
 A

rt
ic

le

This article has been accepted for publication and undergone full peer review but has not 
been through the copyediting, typesetting, pagination and proofreading process, which may 
lead to differences between this version and the Version of Record. Please cite this article as 
doi: 10.1002/eap.1527 
This article is protected by copyright. All rights reserved. 

Received Date : 04-Nov-2016 

Revised Date   : 08-Feb-2017 

Accepted Date : 17-Feb-2017 

Article type      : Communications 

 

Wild, connected, and diverse: building a more resilient system of protected areas 

 

R. Travis Belote1,*, Matthew S. Dietz2, Clinton N. Jenkins3, Peter S. McKinley4, G. Hugh 

Irwin5, Timothy J. Fullman6, Jason C. Leppi6, Gregory H. Aplet7 

 

1. The Wilderness Society, 503 W. Mendenhall, Bozeman, MT 59715,  

*Corresponding Author: tbelote@tws.org 

2. The Wilderness Society, 250 Montgomery St., Suite 210, San Francisco, CA 94104 

3. IPÊ - Instituto de Pesquisas Ecológicas, Nazaré Paulista, São Paulo 12960-000, Brazil. 

ORCID 0000-0003-2198-0637 

4. The Wilderness Society, 9 Union Street, Hallowell, ME 04347 

5. The Wilderness Society, PO Box 817, Black Mountain, NC 28711 

6. The Wilderness Society, 705 Christensen Drive, Anchorage, AK 99501 

7. The Wilderness Society, 1660 Wynkoop St., Ste. 850, Denver, CO 80202 

 

RH: Building a resilient system of reserves 

 

 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Abstract  

 Current systems of conservation reserves may be insufficient to sustain biodiversity in 

the face of climate change and habitat losses. Faced with these pressures, calls have been 

made to protect the Earth’s remaining wildlands and complete the system of protected areas 

by establishing conservation reserves that (i) better represent ecosystems; (ii) increase 

connectivity to facilitate biota movement in response to stressors including climate change; 

and (iii) promote species persistence within intact landscapes. Using geospatial data, we 

conducted an assessment for expanding protected areas within the contiguous U.S. to include 

the least human-modified wildlands, establish a connected network, and better represent 

ecosystem diversity and hotspots of biodiversity. Our composite map highlights areas of high 

value to achieve goals in the western U.S., where existing protected areas and lands with high 

ecological integrity are concentrated. We identified important areas in the East rich in species 

and contain ecosystems that are poorly represented in the existing protected area system. 

Expanding protection to these priority areas is ultimately expected to create a more resilient 

system for protecting the nation’s biological heritage. This expectation should be subject to 

rigorous testing prior to implementation, and regional monitoring will ensure areas and 

actions are adjusted over time.  

 

Keywords: biodiversity, connectivity, conservation reserves, protected areas, wildlands  

 

Introduction 

For over 150 years, lands within the United States have been set aside as conservation 

reserves to protect scenic, geological, recreational, and ecological values. These lands form 

the foundation of our national protected area system and provide numerous benefits to nature 

and society (Naughton-Treves et al. 2005). Protected areas also serve as the cornerstones of 
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global, national, and regional efforts to sustain biological diversity (Soulé and Terborgh 

1999, Gaston et al. 2008). Historically, protected areas have been established in an ad hoc 

fashion (Pressey 1994) with little concern for representing the diversity of ecosystems 

(Aycrigg et al. 2013, Dietz et al. 2015) or species (Jenkins et al. 2015). Likewise, protected 

areas have not traditionally been intentionally connected (Belote et al. 2016), leaving many 

areas vulnerable to fragmentation by development (Radeloff et al. 2010, Hansen et al. 2014) 

and the ongoing impacts of human activities (Ordonez et al. 2014).  

Many conservation scientists, therefore, recognize the need for additional protected 

areas that represent nature’s diversity and are ecologically connected in a network, especially 

in the face of climate change (Secretariat of the Convention on Biological Diversity 2014). 

For instance, Aycrigg et al. (2016) recently called for “completing the system” of protected 

areas in the United States. Their recommendations include developing a national assessment 

of conservation priorities to identify important lands that fill gaps in the existing protected 

area system. At the same time, conservationists have documented the rapid decline in the 

Earth’s remaining wildlands and have called for their protection (Martin et al. 2016, Watson 

et al. 2016). 

Here, we build upon previous research and respond to these recent calls by conducting 

a spatial assessment of conservation values in the contiguous United States. We based our 

assessment on a number of widely accepted principles from conservation science that provide 

guidance on how to construct a system of protected areas to maintain biodiversity and 

ecological processes in the face of habitat fragmentation and climate change (Noss and 

Cooperrider 1994, Soulé and Terbough 1999, Mawdsley et al. 2009, Secretariat of the 

Convention on Biological Diversity 2014, Schmitz et al. 2015, Aycrigg et al. 2016). We refer 

to the capacity of a protected area system to sustain biodiversity and natural processes across 

a network, even as ecosystems change within individual protected areas, as “resilience” 
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(sensu  Anderson et al. 2012). While the term “resilience” may be defined various ways 

(Carpenter et al. 2001, Morecroft et al. 2012), the ability of populations and species to persist 

among a system of protected areas under changing environmental conditions likely requires 

that additional lands be protected. Lands that are relatively ecologically intact, connected to 

existing protected areas, and representative of ecosystem and species diversity may provide 

the greatest degree of adaptive capacity in the face of a global change (Dawson et al. 2011, 

Gillson et al. 2013, Schmitz et al. 2015, Martin and Watson 2016).  

 

Methods  

We used data on ecological integrity (Theobald 2013), connectivity (Belote et al. 

2016), representation of ecosystems (Aycrigg et al. 2013), and a biodiversity priority index 

based on representation of range-limited species (Jenkins et al. 2015) to map wildland 

conservation values for a future protected area system in the contiguous United States. To 

identify intact areas of relatively high ecological integrity, we used Theobald’s map of human 

modification (Theobald 2013). This is a composite map developed from spatial data 

representing land cover, human population density, roads, structures, and other stressors to 

ecosystems (Figure 1a). Lands that maintain a high degree of ecological integrity or low 

degree of human modification have been referred to as “wildlands” (Aplet 1999, Aplet et al. 

2000), and protecting the remaining wildlands is considered by many to be among the highest 

of conservation priorities (Watson et al. 2009, 2016, Wuerthner et al. 2015, Martin et al. 

2016).  

To identify lands important for maintaining or establishing connections between 

protected areas, we used a mapped connectivity index from Belote et al. (2016) (Figure 1b). 

The index was developed to identify the least human-modified corridors between large 

existing protected areas, which were defined as all wilderness areas regardless of size and all 
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other Gap Analysis Program (GAP) status 1 and 2 lands ≥ 4046.9 hectares (10,000 acres). 

GAP 1 and 2 areas are defined as lands for which laws, policies, or management plans 

mandate that biodiversity be a central conservation goal and that land conversion, 

commercial development, and resource extraction is prohibited or limited (USGS Gap 

Analysis Program 2016). Lands with a high connectivity index receive a higher wildland 

conservation value, as they may help to maintain ecological linkages between protected areas 

(Belote et al. 2016).  

To identify ecosystems currently under-represented in the existing protected area 

system, we used an assessment of ecological representation in highly-protected lands (Figure 

1c). Ecosystem representation has recently been calculated a number of ways, including 

based on the proportion of ecosystem area within different GAP status lands (Aycrigg et al. 

2013), wilderness areas (Dietz et al. 2015), and roadless lands (Aycrigg et al. 2015). Our 

assessment of ecological representation is based on the proportion of an ecosystem’s total 

area that occurs in lands identified in the Protected Areas Database (PAD) v 1.4 as GAP 

status 1 or 2 (U.S. Geological Survey Gap Analysis Program 2016). Ecosystem 

classifications are based on National Vegetation Classification System in GAP land cover 

data (USGS 2011). We recalculated analyses of Aycrigg et al. (2013) using the latest PAD to 

map the percentage of total area of each ecosystem occurring in GAP status 1 or 2 areas (i.e.,  

	 	 	 	 	 	 	 	 		 	 	 	  × 100). Lands composed of ecosystems that are less 

well-represented in protected areas are assigned a higher value than lands with ecosystems 

that are already highly protected.  

To identify regions of under-represented species, we used a biodiversity priority index 

of Jenkins et al. (2015) (Figure 1d). This index was developed by overlaying maps of 

mammal, bird, reptile, amphibian, freshwater fish, and tree species distributions and 

weighting the rarity of species (calculated based on the size of each species’ geographic 
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distribution) and the proportion of its distribution that is protected based on International 

Union for Conservation of Nature (IUCN) categories I to VI (Jenkins et al. 2015). Lands 

classified in categories I to VI include similar land management goals to those of GAP 1 and 

2 (http://gapanalysis.usgs.gov/blog/iucn-definitions) and most units with IUCN categories I-

VI are also classified as GAP 1 or 2. Areas rich in endemic species with limited geographic 

distributions that are currently not well-represented in protected areas received a higher value 

in our index than areas with few such species.  

To evaluate jointly all four conservation criteria, we normalized each mapped index 

using: (xi – xmin)/(xmax – xmin), where xi is the value at each grid cell location, and xmin and xmax 

are the minimum and maximum values across the contiguous U.S. for each mapped criterion 

(Zuur et al. 2007; Appendix S1, Fig. S1). Developed lands, including urban, agricultural, or 

high-intensity land uses (e.g., mines) were assigned an ecosystem representation score of 0, 

so that they were not unintentionally prioritized for inclusion in a future protected area 

system even though they are not well represented in protected areas. Because of the highly 

right-skewed distribution of the Jenkins et al. (2015) biodiversity priority index, we log-

transformed values before normalizing. The resulting distribution remained highly right-

skewed, which was driven by a few species with very small geographic distributions. 

Because this index is ordinal, we chose to truncate the right tail of the distribution by 

collapsing outlying grid cells with very high values into one bin and re-normalized the index 

(Appendix S1, Fig. S2). Theobald’s (2013) ecological integrity index was already scaled 

from 0 to 1 but represents a gradient of human modification where 1 is the most modified 

(the lowest ecological integrity). Therefore, we reversed the order so that the data ranged 

from 0 (lowest ecological integrity) to 1 (maximum integrity).  
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Following normalization, we summed the indices to produce a composite wildland 

conservation value map (Figure 2). Other mapping efforts overlaying multiple values have 

used different calculations, such as principal components scores (Dickson et al. 2014). We 

chose to use the simple method of summing the normalized indices (Sanderson et al. 2002, 

Leu et al. 2013), because it is easy to interpret the output (e.g., mapped grid values 

approaching 4 are locations where the highest values of each index overlap) and qualitatively 

similar to output from a principle components analysis (not shown). However, recognizing 

limitations to overlay summation (e.g., not adequately reflecting value conflicts or 

complementarity, Eastman et al. 1995, Brown et al. 2015), we also produced six bivariate 

maps to evaluate the four values in pairwise combinations (Figure 3). For bivariate maps, 

ecological integrity and ecosystem representation data were resampled from a 270-meter and 

30-meter resolution, respectively, to a 1-km resolution using bilinear interpolation prior to 

producing bivariate maps. This step was necessary for aligning raster grids of all data. We 

then classified the continuous indices into four bins using Jenks’ natural breaks algorithm to 

minimize variance within bins and maximize variance among bins (Jenks 1967). Four bins 

were used for bivariate maps to ensure the occurrence of all combinations of both values. 

 

Results  

Our composite map of wildland conservation value (Figure 2) reveals high-value 

areas concentrated throughout the western U.S., where lands tend to be less modified by 

humans and where large concentrations of protected areas exist. However, several high-value 

regions are also distributed throughout the eastern U.S., including the Southern Appalachian 

Mountains and Cumberland Plateau, the Allegheny Plateau of Pennsylvania, the Southeastern 

Coastal Plain (recently recognized as a global biodiversity hotspot, Noss et al. 2015), the 
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Sand Hills of Nebraska, the Ozark and Ouachita Mountains, east Texas and central Louisiana, 

Northern Minnesota and Wisconsin, and the Northern Appalachians of New England. 

The bivariate maps (Figure 3) illustrate lands where component priorities align. Areas 

where high ecological integrity, connectivity, and under-represented ecosystems align are 

common and dominate the West (Figures 3a-c) but also occur in other areas throughout the 

country. Many lands located between protected areas in the West maintain a relatively high 

degree of ecological integrity, providing for high connectivity value (Figure 3a). Large 

regions of high integrity in the West are also composed of ecosystems not currently well-

protected (Figure 3b). These areas (Figure 3c) may provide important opportunities for 

organisms to disperse as climate changes (McGuire et al. 2016). Many of these lands of the 

West are managed by the federal government (Appendix S1, Fig. S3) and provide 

opportunities for expanding protected areas through conservation designations (e.g., 

wilderness or national monuments) and agency management plans. Other ecosystems with 

limited levels of protection that are important for connectivity occur in the mid-Atlantic, 

southeastern, and northeastern states (Figure 3c). In these regions, most of the ecosystems 

have less than 5% of their distribution in protected areas. These areas may be relatively intact 

and important for maintaining a regional network of protected areas.  

 

In contrast to the common co-occurrence of lands with high ecological integrity, 

connectivity, and ecosystem representation priorities, lands rich in range-limited species with 

a high degree of ecological integrity are infrequent and concentrated in California and 

Southwestern Oregon, as well as smaller patches located in the Southeastern U.S. (Figure 

3d). These patterns suggest that hotspots of range-limited species tend to be more impacted 

by human development, a pattern observed globally (Venter et al. 2016). Areas rich in range-

limited species occurring in under-represented ecosystems important for connectivity are also 
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concentrated in California, Oregon, and the Southeast (Figure 3e-f). Appendix S1, Fig. S4 

shows scatterplots between pairwise combinations of variables and describes a number of 

additional insights into relationships among the four metrics.   

 

Discussion 

Our assessment is designed to identify and map wildlands connecting existing 

protected areas that are composed of ecosystems and range-limited species not well protected 

in conservation reserves. Under our evaluation, these high-value areas are nationally 

significant and reveal several regional networks that hold promise in protecting relatively 

intact lands important for connectivity and representative of ecosystems and species. It is 

important to acknowledge, however, that our proposal be treated as an initial guide for where 

to focus conservation efforts given the data currently available. As such, prior to 

implementation any design should be subject to some form of initial evaluation and scrutiny 

to ensure that our guiding principals have empirical support. Critical to this initial evaluation 

is the determination of how robust any proposed conservation design is to data covering a 

broader set of taxa (e.g., invertebrates and herbaceous plants) and data on actual species 

occurrence (as opposed to the range maps used here). Even during implementation, 

monitoring and adaptive management will be required in the longer term to provide the 

evidence-based adjustments to the conservation strategies designed to maintain a resilient 

system of protected areas (Aycrigg et al. 2016). Regional conservation planning and 

monitoring coordination (e.g., through Landscape Conservation Cooperatives [Jacobson and 

Robertson 2012]) may be an important means to sustain these regional connected networks of 

protected areas.   

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Our work is not intended to prescribe specific actions necessary to protect individual 

high value lands. In practice, conservation is a complex process, involving many players 

using diverse tools. In some places, conservation may require the purchase of private 

property or easements. In other places, protection may involve the transfer of public land 

between agencies or the designation of a protective land class, such as wilderness. When 

decisions to allocate scarce resources are made by individual actors, information about costs, 

threats, marginal returns on investments, and other social factors are important for prioritizing 

conservation actions (Carwardine et al. 2008, Knight et al. 2011, Withey et al. 2012, Game et 

al. 2013), but determining such actions is not our intent here. Rather, we offer our assessment 

to guide where to take those actions, focusing on a subset of the landscape where safeguards 

should increase the diversity and representation of protected wildlands and facilitate 

movement among them.  

Our analysis will serve as a resource for local conservation biologists and land 

managers in evaluating the national significance of local or regional lands. Of course, 

national gradients in values shown in Figure 2 may not reflect some locally important areas, 

and regional and local assessments should complement this national evaluation. For regional 

and local assessments, we recommend including data not available in a national assessment 

such as ours (e.g., priorities for protecting herbaceous plant species or habitat used by species 

of conservation concern). Indeed, even when values in our composite map are rescaled to a 

state-wide or regional level, local areas of high value emerge (Appendix S1, Fig. S5). Many 

conservation decisions take place at the local or regional scales, and our assessment can place 

the value of local lands into a national context. 

We recognize that the history of conservation science suggests that we may never be 

able to “complete the system,” even armed with the most comprehensive assessments. A 

protected area system may be built that samples all known ecosystem types and even all 
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known species, but determining the area necessary to sustain those ecosystems and species 

has proven difficult. The largest national park in the contiguous United States is known to 

depend on the surrounding lands to maintain its components (Hansen et al. 2011), and 

sustaining its ecosystems into the future may require connecting “Yellowstone to Yukon” 

(Chester et al. 2012). Building a resilient protected area system of the future is likely to be a 

continuing project, growing and improving as we learn more about species, ecosystems, 

threats, and the nature of future change through coordinated monitoring programs. It is our 

hope that assessments such as we provide here can offer a “guiding star” for the construction 

of that future system. 

In a provocative new book, eminent biologist Edward O. Wilson calls for half of the 

terrestrial surface of Earth to be protected to maintain biodiversity (Wilson 2016). Wilson and 

others’ vision (Noss et al. 2012, Locke 2015) is aspirational. The U.S. has been setting aside 

lands as conservation reserves for over 150 years. As we look to the future it is imperative 

that we ask ourselves, what kind of system of protected areas should we pass down to future 

generations? 
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Figure Legends 

Figure 1. Indices of conservation values used to prioritize completing the system of protected 

areas: ecological integrity (a), connectivity (b), ecosystem representation priority (c), and 

biodiversity priority (d).  

 

Figure 2. Composite map of wildland conservation value based on an overlay sum of 

qualities in Figure 1. Lands within existing protected areas (GAP status 1 and 2) are shown 

here as black (i.e., not a priority, because they are already highly protected).  

 

Figure 3. Bivariate maps showing pairwise relationships between indices of (a) ecological 

integrity and connectivity; (b) ecological integrity and ecosystem representation priority; (c) 

connectivity and ecosystem representation priority; (d) ecological integrity and biodiversity 

priority; (e) connectivity and biodiversity; and (f) ecosystem representation priority and 

biodiversity. Values on each axis represent natural breaks in the index going from lower to 

higher from left to right along the x-axis and bottom to top on the y-axis. Therefore, in all six 

maps, red areas represent lands where both priorities align, blue and green areas where one 

priority is high and the other low. 
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