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Abstract. Land protection efforts represent large societal investments and are critical to
biodiversity conservation. Land protection involves a complex mosaic of areas managed by
multiple organizations, using a variety of mechanisms to achieve different levels of protection.
We develop an approach to synthesize, describe, and map this land protection diversity over
large spatial scales. We use cluster analysis to find distinct “communities” of land protection
based on the organizations involved, the strictness of land protection, and the protection
mechanisms used. We also associate identified land protection communities with socioenviron-
mental variables. Applying these methods to describe land protection communities in counties
across the coterminous United States, we recognize five different land protection communities.
Two land protection communities occur in areas with low human population size at higher ele-
vations and include a large amount of protected land primarily under federal management.
These two community types are differentiated from one another by the particular federal agen-
cies involved, the relative contributions of smaller actors, and the amount of protection by des-
ignations vs. conservation easements or covenants. Three remaining land protection
communities have less overall protection. Land in one community is primarily protected by
federally managed rental contracts and government managed easements; another is managed
by a diversity of non-federal actors through fee-ownership and easements; and the third stands
out for having the lowest amount of formally recorded protection overall. High elevation and
poor quality soils are over-represented in U.S. protected lands. Rental contracts help fill in
gaps in counties with high productivity soil while the U.S. Fish and Wildlife Service fills in gaps
in low-elevation counties. Counties with large numbers of threatened species have more and
stricter protection, particularly by regional entities like water management districts. The ability
to synthesize and map land protection communities can help conservation planners tailor
interventions to local contexts, position local agencies to approach collaborations more strate-
gically, and suggest new hypotheses for researchers regarding interactions among different pro-
tection mechanisms.

Key words: agri-environment schemes; collaborative conservation; Conservation Reserve Program;
incentive payments; national parks; natural resource management; nature reserves; private land; Protected
Areas Database of the United States; state agency; typology.

INTRODUCTION

Land protection efforts are key to biodiversity conser-
vation and represent large societal investments, totaling

billions of dollars per year worldwide (Mansourian and
Dudley 2008, Hickey and Pimm 2011, Organisation for
Economic Cooperation and Development 2020). A com-
plex mosaic of protected lands is involved, consisting of
land managed by different public and private agencies
and individuals to achieve different levels of protection
(Groves et al. 2000, Aycrigg et al. 2013). These organiza-
tions vary in the scales over which they work (Keeley
et al. 2019, Crain et al. 2020) and the objectives
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motivating their land protection actions (Redford et al.
2003, Kroetz et al. 2014, Baldwin and Leonard 2015).
Mechanisms of protection also vary (Cortes Capano
et al. 2019). Some organizations favor long term protec-
tion, perhaps by securing ownership of land outright or
by relying on easements or covenants (Kabii and Hor-
witz 2006, Fishburn et al. 2009). Others rely on short-
term agreements, such as rental contracts (Lerner et al.
2007, Hanley et al. 2012, Bat�ary et al. 2015, Zhu et al.
2018) or habitat recovery credits (Kreuter et al. 2017).
To better evaluate and expand land protection programs,
we need a means to synthesize this complexity and reveal
communities of land protection.
There are several reasons why land protection is better

viewed as a community enterprise than as the act of indi-
vidual agencies (Imperial 2005, Guerrero et al. 2020).
Natural values in a protected area are affected by land
use and practices occurring outside the protected area
(hence the call for environmental education of nearby
communities, Martin et al. 2011, and protection of buf-
fer zones, Palomo et al. 2012). Ecological processes
occur over different scales than those defined by human
administrative boundaries (Armitage et al. 2012). Agen-
cies are limited not only by geography, but also mandate
(e.g., protection of air, land, water, or species) and exper-
tise (Imperial 2005, Bodin 2017). Finally, compliance,
cooperation, and/or collaboration of stakeholders is nec-
essary for effective protection (Arias 2015). For these
reasons, the social context of conservation is a major
factor predicting conservation success (Ostrom 1990).
An improved understanding of geographic variation

in the human community of land protection activities
could help inform many aspects of conservation.
National-scale policymakers could better find local part-
ners, tailor policies and programs to a particular regio-
nal conservation context, and complement ongoing local
land protection efforts more effectively (Palomo et al.
2012, Kroetz et al. 2014). Mapping communities of land
protection would also enable local conservation organi-
zations to take a strategic approach to collaborations
and partnerships (Simmons et al. 2020). For example,
they might benefit from sharing experiences with other
organizations operating in similar land protection com-
munities about what kind of partnering arrangements
with large-scale conservation actors proved most effec-
tive (Yonavjak and Gartner 2011, Ruseva et al. 2016).
Meanwhile from a research perspective, better under-
standing of geographic variation in different types of
land protection activities is a necessary first step to
understanding interactions among land protection mea-
sures including whether they crowd one another out
(Albers et al. 2008, Parker and Thurman 2011), and to
understanding how innovations in conservation spread
(Mills et al. 2019).
Any holistic picture of land protection must consider

the diversity of ways in which land is protected including
through changes in fee ownership, easements, designa-
tions, rental contracts, and other mechanisms. Changes

in fee ownership involve a land protection organization
taking full ownership of a property (Fishburn et al.
2013). Alternatively, easements, or covenants, involve a
land protection organization acquiring partial property
rights, such as the right to subdivide the property, to
clear-cut timber, or to develop land, but the fee title is
retained by the original owner (Merenlender et al. 2004,
Fishburn et al. 2009, Stroman and Kreuter 2015, Stro-
man et al. 2017). Government agencies sometimes use
policy designations to permanently alter management of
public and, in some cases, private property (Dudley
et al. 2013, Comay et al. 2018). Fixed-term conservation
contracts typically involve rental contracts made to pri-
vate landowners in return for them undertaking particu-
lar management actions for a finite time period. For
example, the Conservation Reserve Program, the largest
rental contract program in the United States (Lerner
et al. 2007), pays food producers to retire land from pro-
duction and to maintain perennial cover under 10–15 yr
contracts (Claassen et al. 2008). In many locations, land-
scapes are protected through a combination of these
instruments acting in concert.
Past studies of land protection have tended to collapse

the richness of land protection activity down to a single
dimension, describing whether land is protected or not
(Scott et al. 2001, Rodrigues et al. 2004, Chape et al.
2005, Goettsch et al. 2019), the degree of protection
(Chape et al. 2005, Aycrigg et al. 2013, Jenkins et al.
2015, Land Trust Alliance 2016), the mechanism used
(Merenlender et al. 2004, Yonavjak and Gartner 2011,
Villamagna et al. 2017), or the conservation agency
responsible (Groves et al. 2000, Land Trust Alliance
2016). While a handful of studies consider two dimen-
sions of protection at one time (Rissman and Merenlen-
der 2008, Aycrigg et al. 2013), none appear to consider
fuller patterns of spatial correlation and overlap among
the many types of protection involved.
Understanding the distributions of multiple types of

protection simultaneously is fundamentally a multivari-
ate question. Community ecologists have a long tradi-
tion of studying simultaneously the distributions of
multiple types (usually species) across landscapes as well
as the relationship of those multivariate distributions
with environmental factors (e.g., Legendre and Legendre
2012). We exploit multivariate approaches common to
community ecology to study the distribution of types of
land protection, where “types” are described by unique
combinations of strictness, protection mechanisms, and
managing agency.
We limit our definition of “land protection” to geo-

graphically bound fee-ownership, designations, and
easements reported by the Protected Area Database of
the United States 2.0 (PAD-US; U.S. Geological Survey
Gap Analysis Project 2018) and rental contracts
reported by the Conservation Reserve Program (CRP;
U.S. Department of Agriculture Farm Services Agency
2018). This is a broad definition of protection that
includes strict protection for biodiversity objectives as
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well as protection that is either temporary and/or for
which conservation is not a stated objective. Even so, we
recognize that some forms of protection on private
lands, such as certified conservation programs and vol-
untary non-binding conservation activity (Kamal et al.
2015), will be missed by this approach. Furthermore,
although federal- and state-managed lands are well
reported and cover the greatest area, areas protected by
municipalities, smaller non-government organizations,
and other private stewards, especially those protected by
mechanisms other than fee-ownership, may be missed
due to incomplete reporting (see information available
online).8,9 Even so, we are confident that our analysis
captures broad patterns of protection in the United
States.
In this paper, we examine spatial covariation in the

abundance of land protection types in the coterminous
United States to identify what we call “land protection
communities,” or groups of land protection types that
cluster together. We associate those covariation patterns
with underlying socioenvironmental gradients that could
suggest why different protection approaches are being
relied upon and that delineate what different protection
strategies can help to protect. When doing so, we pay
particular attention to whether land protection instru-
ments ignored in past studies, like rental contracts, help
fill widely reported gaps in the protection of low-eleva-
tion, high-soil-productivity locations within the U.S.
land protection system (Scott et al. 2001, Aycrigg et al.
2013).

METHODS

We considered the spatial configuration of land protec-
tion in the coterminous United States. Specifically, we used
all 3,108 U.S. counties as our units of analysis (median
county area in coterminous United States = 1,670 km2).
While other choices of spatial unit would have been possi-
ble, counties provide meaningful spatial units for many
smaller conservation actors, a convenient reporting unit for
relevant socioenvironmental data, and a large enough area
to encompass a range of conservation actors.

Data

Protected area data.—Protected area data were obtained
from the PAD-US 2.0 (U.S. Geological Survey Gap
Analysis Project 2018). Data for lands managed by the
Bureau of Indian Affairs were collected from PAD-US
1.4 (U.S. Geological Survey Gap Analysis Project 2016)
because those data are absent from PAD-US 2.0. Data
for rental contract lands managed by the USDA Farm
Service Agency (FSA) under the Conservation Reserve
Program in 2016 were collected from the USDA Conser-
vation Reserve Program Statistics (U.S. Department of

Agriculture Farm Services Agency 2018). All easement
data were contained in PAD-US 2.0, which gathered its
data from the National Conservation Easement Data-
base in February 2018. We note that this database has
been updated since February 2018 to include data miss-
ing from our analysis. Just between April 2019 and
September 2020, the hectares listed under easement in
the National Conservation Easement Database grew by
32%, or 3.2 million hectares.
We consider protected areas along a continuum, from

those managed strictly for biodiversity outcomes (GAP
1 and 2) on one end to those for which conservation is
not a primary objective (GAP 4) or for which protection
is temporary on the other (not given GAP status). GAP
3 lands are multi-use lands with mixed conservation and
social objectives. Only lands under GAP 1, 2, and 3 sta-
tus would be considered “protected areas” under the
IUCN definition (Dudley et al. 2013). GAP 4 protection
and protection under temporary rental contracts, how-
ever, often also support conservation objectives and
might be classified as “other effective area-based conser-
vation measures” (IUCN-WCPA 2019).
With a few adjustments, we used the categories

defined by PAD-US 2.0 to describe land protection by
strictness of protection, managing agency, and protec-
tion mechanism (Table 1). Land protection agencies
were placed in groups according to PAD-US “Agency
Type” categories: federal (FED), state, regional districts,
city and county governments (hereafter local govern-
ments), non-governmental organizations (NGO), Native
American tribes (hereafter tribes), private entities, and
unknown agencies. When an agency was the fee-owner,
easement holder, and/or designating agency for more
than 10 million hectares of land, we specified the indi-
vidual agency by name, including the U.S. Fish and
Wildlife Service (FWS), the Bureau of Land Manage-
ment (BLM), the U.S. Forest Service (USFS), the
Bureau of Indian Affairs (BIA), the U.S. Department of
Agriculture Farm Services Agency (FSA), and the
National Park Service (NPS). These were all federal
agencies. We combined the PAD-US “joint” agency cate-
gory (<0.5% of protected lands) with the unknown
agency category (0.13% of protected lands). We added a
“no reported protection” category to describe the area of
a county not covered by any recorded protection (i.e.,
not recorded by PAD-US or FSA). These lands are
likely to be managed by nonfederal actors, especially pri-
vate entities, local governments, and small NGOs, for
whom records are less complete.
We retained spatial overlaps in protected area data.

For example, a portion of the Beaverbrook Watershed in
Clear Creek County, Colorado is fee-owned by the U.S.
Forest Service (GAP 3), is designated as a watershed
protection area by the county (GAP 3) and is protected
by an easement held by an NGO (GAP 2). Tiering of
conservation activity, with multiple actors involved in
protection on the same land, is common in other coun-
tries as well (Eigenbrod et al. 2010, Scullion et al. 2014)

8 http://www.protectedlands.net/data-stewards/
9 https://www.conservationeasement.us/completeness/
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and provides additional information about the conserva-
tion community in an area. Retaining overlapping pro-
tection types means that the sum of the area covered by
different protected area types in a county can add up to
more than the total area of the county in our data set.

We identified 116 protected area types for our analysis,
where a protected area type is a unique combination of
strictness, managing agency, and protection mechanism
(see Appendix S1: Table S1). There are only 116 types
because several potential combinations of these aspects

TABLE 1. Total coterminous U.S. hectares of protection by (A) GAP status, (B) managing agency, and (C) protection mechanism.

Code
Total area
(106 ha) Description

(A) Strictness of protection (gap status)
1 31.4 managed for biodiversity; disturbance events proceed or are mimicked
2 43.8 managed for biodiversity; disturbance events suppressed
3 294.6 managed for multiple uses; subject to extractive (e.g., mining or logging) or OHV use
4 54.2 no known mandate for biodiversity protection
No GAP 540.8 no protection documented in PAD-US 1.4 or 2.0

(B) Managing agency
No recorded
protection

516.9 no recorded protection by either PAD-US 1.4 or 2.0 or by FSA

BLM 200.1 Bureau of Land Management (federal); agency with a multiple-use and sustained yield
mandates, historically focused on mineral rights and grazing leases

USFS 105.6 U.S. Forest Service (federal); agency with multiple-use and sustained yield mandates, historically
focused on forest reserves and, more recently, grasslands

State 42.6 state-level agencies (includes departments of natural resources, state land boards, fish and
wildlife departments, departments of land, parks and recreation departments, departments of
conservation, other unknown state agencies)

BIA 28.4 Bureau of Indian Affairs (federal); agency that manages land held in trust for Native American
tribes

FSA 23.9 USDA Farm Service Agency (federal); agency provides programs and services to farmers and
ranchers; not documented in PAD-US

NPS 17.8 National Park Service (federal); agency preserves natural and cultural resources
FWS 8 U.S. Fish and Wildlife Service (federal); agency conserves and protects fish, wildlife, and plants
Other federal 7.3 miscellaneous federal agencies (includes U.S. Department of Defense, U.S. Army Corps of

Engineers, U.S. Bureau of Reclamation, Department of Energy, Agricultural Research Service,
and Tennessee Valley Authority)

NGO 5.8 non-governmental organizations; 33% The Nature Conservancy, plus many other land trusts and
conservancies

Local
government

4.4 county and city governments

Regional
district

1.3 regional districts; 67% water districts, but also other regional districts such as school, open
space, sanitation, and cemetery

Unknown
agencies

1.3 unknown; includes joint management category from PAD-US 2.0

Private
entities

1.2 private managers

Tribes 0.1 Native American tribes; fee-ownership only. See BIA for land held in trust for Native American
tribes by federal government.

(C) Protection mechanism
Designated 180.1 permanent legal designation requiring management for natural values, including (in order of

area covered): national monuments, resource management areas, wilderness areas, roadless
areas, wilderness study areas, areas of critical environmental concern, federal conservation
areas, recreation management areas, state conservation areas, wild and scenic rivers, national
recreation areas, and several others that collectively cover <1 9 106 ha

Easement 9.5 a voluntary, legally binding agreement between landowner and either land trust or government
to restrict the rights of a landowner for the sake of conservation objectives

Fee-owned 751.1 landowner manages for natural values
Rental

contract
23.9 Conservation Reserve Program rental contracts to rural landowners in exchange for

management for natural values as part of temporary agreements (~15 yr)

Notes: Some hectares of land are counted more than once because designations and easements can overlap with fee-ownership.
For cluster analysis, a single protected area type is a unique combination of these three attributes. For example, GAP 3 BLM desig-
nated is GAP 3 land managed by the Bureau of Land Management and protected by designation. FSA CRP is land not docu-
mented in PAD-US 1.4 or 2.0 managed by the USDA Farm Services Agency and protected by CRP rental contracts. See
Appendix S1: Table S1 for a listing of each unique protected area type along with the total hectares covered and the percentage of
counties with that protected area type.
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do not occur in the data. Several other combinations
exist but are so uncommon (present in <0.13% of coun-
ties) that they were also excluded and removed from
county totals. Similarly rich complexes of land protec-
tion activities have been documented elsewhere (Shwartz
et al. 2017, Donald et al. 2019). Although some pro-
tected areas in our data set could have been “slivers,” or
artifacts of geoprocessing errors, most are likely to repre-
sent real protected areas (Baldwin and Fouch 2018). One
benefit of the update from PAD-US 1.4 to 2.0 is a reduc-
tion in the number of slivers10 (https://www.sciencebase.
gov/). To control for variations in county area, we focus
on the relative abundance of each protected area type. In
community ecology, relative abundance is a measure of
how common or rare a species (or, in our case, protec-
tion type) is relative to other types in a given location
(Hubbell 2001).

Socioenvironmental variables.—Socioenvironmental
variables were also summarized by county and included
average elevation, average soil productivity, state popula-
tion density in 1900, county population density in 2010,
number of IUCN-listed threatened species whose range
overlaps with a county, median household income in
2018, and the percentage of the adult population over
age 25 with a bachelor’s degree (five year average from
2013–2017). Spatial variables included county size, lon-
gitude, and latitude. Details about how we put together
our data set are in Appendix S1: Table S2. A description
of correlations among socioenvironmental predictors
can be found in Appendix S1: Fig. S1.
This set of socioenvironmental variables was chosen

because we had a priori hypotheses about the relation-
ship between protected area types and socioenvironmen-
tal values that we sought to test. We examined the
relationship of socioenvironmental variables to both
land protection communities and individual protected
area types. We developed seven hypotheses, five based
on literature and two based on our own intuition.

(1). The higher the elevation the greater the strictness of
protection (GAP status) (as was found in Aycrigg
et al. 2013).

(2). The higher the soil productivity, the lower the strict-
ness of protection (as was found in Aycrigg et al.
2013); CRP rental contracts will be associated with
high soil-productivity because CRP rental contracts
target agricultural land. (We say this even though
FSA often targets marginally productive land,
because counties with marginally productive agri-
cultural land are still likely to have higher average
soil productivity than land in non-agricultural
counties).

(3). NGO, USFS, and federally managed land is associ-
ated with more threatened species per county (as
was found in Groves et al. 2000).

(4). The number of threatened species does not predict
GAP status (similar to Jenkins et al. 2015).

(5). More non-federal protection is positively predicted
by education and, to a lesser extent, household
income (as in Fovargue et al. 2019).

(6). State population size in 1900 is a stronger predictor
of lack of protection than longitude or current pop-
ulation size (see next hypothesis).

(7). State population in 1900 is a negative predictor of
federal protection, especially USFS, FWS, NPS,
and BLM. Protection by USFS, FWS, and NPS
greatly expanded in the late 19th and early 20th cen-
tury, likely into land not yet distributed out of the
public domain. We do not have data on the amount
of land held in the public domain in 1900. However,
we use state population density at that time as a
negative indicator of the amount of public land in a
state. We return to this issue in Discussion.

Analysis

Defining communities of land protection.—Our approach
examined multiple dimensions of protection to synthe-
size the richness of 116 distinct land protection types.
We adapted techniques community ecologists use to
identify distinct assemblages of land protection activity,
our “land protection communities” (i.e., clusters). Specif-
ically, we transformed the relative abundances of pro-
tected area types, submitted the transformed data to
cluster analyses, and used the cluster analysis to catego-
rize each county according to a land protection commu-
nity.
The relative abundances were transformed using the

Hellinger transformation (Rao 1995), which makes dou-
ble zeroes (i.e., absences in multiple counties) amenable
to common linear community analyses such as PCA and
RDA (Legendre and Gallagher 2001). Euclidean dis-
tances among Hellinger-transformed data were used in
our cluster analyses.
We used a fuzzy clustering method to identify land

protection communities. Fuzzy c-means clustering (pp-
clust package in R; Cebeci et al. 2019) is like the more
well-known k-means clustering method, but has the
additional benefit of providing an estimate of how well a
county fits within a given cluster. Instead of being
assigned to a single cluster, a county is “spread out”
among clusters with membership scores indicating the
degree to which a county belongs to each cluster, with
the membership scores for a county adding up to one.
The closer a county’s maximum membership score is to
1, the more centrally located within the cluster is the
county. At the other extreme, if a county’s cluster mem-
bership is perfectly fuzzy, it will have equal membership
scores for all clusters. In developing our typology of land10 https://www.sciencebase.gov/catalog/item/5b043619e4b0da

30c1c367e3
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protection communities, we needed to decide how many
communities to describe. We considered multiple possi-
ble partitions (or numbers of land protection community
types) and cluster performance metrics (partition
entropy [Bezdek 1981], average silhouette width [Rous-
seeuw 1987], modified partition coefficient [Dave 1996],
Dunn index [Halkidi et al. 2001], fuzzy silhouette index
[Campello and Hruschka 2006]). For reasons described
in the results, we focus many of our analyses on a classi-
fication of five distinct land protection communities (i.e.,
clusters). We compare this five land protection commu-
nity classification with more finely and coarsely resolved
classifications. More details about our clustering
approach are reported in the Appendix, including a dis-
cussion of other clustering methods we considered, a
summary of cluster validity metrics, and outcomes from
more finely and coarsely resolved partitions (see
Appendix S1: Figs. S3–S7).

Characterizing land protection communities.—We con-
ducted four permutation tests to determine the expected
relative abundances of protection types in each county.
For all permutation tests, cluster membership was
described by a county (n = 3,108) by cluster (n = 5)
matrix with cluster membership scores identifying the
extent to which each county belonged to each cluster.
The four permutation tests compared cluster member-
ship to a matrix with values indicating the relative abun-
dance under different forms of protection but differed in
how protection was described. Protection was described
by (1) a county by strictness (n = 5) matrix, (2) a county
by protection mechanism (n = 5) matrix, (3) a county by
managing agency (n = 15) matrix, and (4) a county by
protected area type (defined by combined strictness,
agency, and mechanism; n = 116) matrix. For each test,
we calculated the cluster centroid (a weighted average) of
coverage of each form of protection within each cluster
by weighting protection coverage by cluster membership
score. In other words, counties that are more core to a
cluster have a greater influence on the estimated cluster
centroid. With the permutation test, we randomly reor-
dered the counties and their protection coverage while
holding the cluster membership score matrix constant.
We then recalculated the centroid for each cluster. We
repeated this procedure 10,000 times for each test and
used the distribution of randomly generated centroids to
evaluate whether observed centroids were different than
expected by chance. We checked the robustness of our
clustering methods by comparing results with those of a
principal components analysis (Appendix S1: Fig. S8).

Socioenvironmental characteristics of protection commu-
nities and protection types.—We tested our hypotheses
concerning the relationships between socioenvironmen-
tal characteristics and land protection in two ways: (1)
by using a permutation test to identify which socioenvi-
ronmental characteristics were associated with different
land protection communities and (2) by using

multivariate regression to measure the relationship
between socioenvironmental characteristics and different
individual land protection types.
We used a permutation test similar to those described

above to describe how socioenvironmental values varied
across clusters, except that instead of calculating cen-
troids using a county (n = 3,108) by land protection
(n = 116) matrix we used a county (n = 3,108) by
socioenvironmental matrix (n = 10).
To test our hypotheses about associations between

protected area types and socioenvironmental variables,
we conducted three separate multivariate regressions for
which the response matrix consisted of the relative abun-
dance of land protected by (1) GAP statuses (n = 5), (2)
mechanisms (n = 5), and (3) agencies (n = 15). Eleva-
tion, both population density metrics, % of adults with a
bachelor’s degree, median household income, county
area, and latitude were log10(n + 1) transformed to bet-
ter meet the assumptions of linear regression. We used
the magnitude and direction of the standardized partial
regression coefficients to compare the relative impor-
tance of socioenvironmental variables (Smith et al.
2009). These coefficients indicate by how many standard
deviations coverage of a county by a particular land pro-
tection type would increase for each standard deviation
increase in a particular socioenvironmental variable.
For each model, the predictor was a matrix of seven

socioenvironmental variables, three spatial descriptors
(latitude, longitude, and county area), and one variable
describing spatial autocorrelation. Unlike the cluster
analysis, which was purely descriptive, the socioenviron-
mental analysis relies on tests whose inferential power
depends on the number of independent samples. To
account for likely non-independence among nearby
counties, a different autocorrelation variable was calcu-
lated for each model by creating a Moran’s Eigenvector
Map (Dray et al. 2006) from the residuals of the corre-
sponding non-spatial-autocorrelation model using the
adespatial package in R (Dray et al. 2019). By account-
ing for spatial autocorrelation, the effects of proximity
(Tobler 1970) are less likely to be confused with the
effects of socioenvironmental variables. An assumption
of tests for spatial autocorrelation is a lack of systematic
spatial trend (such as with latitude or longitude; Dray
et al. 2012), which is why those spatial characteristics
were accounted for before estimating spatial autocorre-
lation. We took county area into account because it is
another spatial characteristic that can be confounded
with socioenvironmental traits.

RESULTS

Univariate distributions of protection types

Individual protected area types vary widely in the area
they cover and in how they are distributed across the
United States (Appendix S1: Table S1). The protected
area type covering the largest area is GAP 3 Bureau of
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Land Management (BLM) designations, which covers
over 113 million of the 808 million hectares in the coter-
minous United States. But its distribution is highly
skewed; only 13% of counties contain this protection
type, mostly in the intermountain west. The next four
protected area types covering the most area are, in order,
GAP 3 BLM fee-owned (70 million hectares), GAP 3
United State Forest Service (USFS) fee-owned (66 mil-
lion hectares), GAP 4 Bureau of Indian Affairs (BIA)
fee-owned (28 million hectares), and Conservation
Reserve Program (CRP) rental contracts (24 million hec-
tares). The most extensive protected area type is CRP
rental contracts; 81% of counties have some CRP rental
contract land. The next four most extensive protected
area types are, in order, GAP 2 state fee-owned (65% of
counties), GAP 3 state fee-owned (53%), GAP 2 other
federal easement (52%), and GAP 4 state fee-owned
(51%). All 3,108 counties have areas with no recorded
protection (median proportion of a county = 89%,
IQR = 77%–95%). See Table 1 and Appendix S1:
Table S1 for a reminder of protected area type abbrevia-
tions.

Defining communities of protection

A classification into five major land protection com-
munities describes U.S. counties well. Before arriving at
a five-community classification, we considered both
finer and coarser classifications. For example, cluster
validity metrics consistently supported a two-cluster
classification that divided heavily protected counties,
mostly including counties to the west of and including
the Rocky Mountains, from less protected counties,
including most of the Great Plains and eastward
(Fig. 1A, Appendix S1: Figs. S2–S4). Depending on the
metric, secondary peaks in cluster validity are found
with classifications of four, eight, and nine clusters
(Fig. 1B, Appendix S1: Fig. S2). With up to five clusters
in a classification, all clusters contain core counties,
defined here as counties with membership scores greater
than 0.5. However, when land protection communities
are more finely resolved, two or more clusters display
similar membership score profiles and the maximum
membership scores of counties decrease (Fig. 1C,
Appendix S1: Fig. S5). In subsequent analyses, we focus
on the five-cluster classification, the classification giving
the largest number of clusters that have unique member-
ship score profiles; more details of finer and coarser clas-
sifications are given in Appendix S1: Figs. S5–S7.
We named each land protection community (cluster)

after the dominant protected area type(s) and socioenvi-
ronmental characteristics in that community, giving us
the multi-use open space, public forest, agricultural
heartland, low formal protection, and diversified low-
lands clusters. Fig. 1D maps counties according to land
protection community with which they have the stron-
gest membership. Some counties are very clearly identi-
fied with a particular land protection community while

the membership of others is more evenly distributed
among communities (i.e., their maximum membership
score is low, Fig. 1C, Appendix S1: Figs. S5, S6). When
we resolve land protection community types beyond our
five-way classification, membership of the multi-use
open space, agricultural heartland, and low formal pro-
tection land protection communities remains stable.
However, the diversified lowlands land protection com-
munity becomes fuzzier, and there is some crossover of
counties from the diversified lowlands cluster to the pub-
lic forest cluster (Appendix S1: Fig. S7).
Our five land protection community types group

together in principal components analysis. Consistent
with the concept of fuzzy clusters, the boundaries of dif-
ferent communities do not have discrete spaces between
them (Appendix S1: Fig. S8).

Characterizing land protection communities

The five land protection communities are character-
ized by differences in the strictness of land protection
measures, mechanisms used to achieve this protection,
and managing agencies. We used four permutation tests
to estimate the expected relative abundance of protection
types in a county. The typical county in the multi-use
open space cluster has greater overall protection than
those in any other cluster, much of it provided by BLM
(Bureau of Land Management) and managed for multi-
ple uses (GAP 3) using designations and fee-ownership.
Here we report the amount relative to the median
expected relative abundance with P < 0.0001 unless
otherwise noted. The multi-use open space cluster has
more than the median expected abundance of protection
by BLM (15.19), designation (9.09), GAP 3 status
(7.19; managed for multiple uses), BIA (4.99; Bureau
of Indian Affairs), fee-ownership (3.59), USFS (3.59;
U.S. Forest Service), GAP 1 (3.19; strict protection for
biodiversity), GAP 4 (2.29; protection with no biodiver-
sity objectives), NPS (2.89; P < 0.05; National Park
Service), and GAP 2 (1.69; P < 0.05; strict protection
but disturbances suppressed; Fig. 2). The top five pro-
tection types with the most unexpectedly high relative
abundances per county within the multi-use open space
cluster are GAP 3 BLM designated, GAP 3 BLM fee-
owned, GAP 2 BLM designated, GAP 1 BLM desig-
nated, and GAP 3 USFS designated (Fig. 3).
The typical county in the Public Forest land protec-

tion community has over twice as much land with no
formal protection as the multi-use open space commu-
nity. Even so, over 50% its area is protected. While most
of its protection is also provided by federal actors,
mostly USFS (U.S. Forest Service), the Public Forest
cluster has significant protection from smaller actors
and relies more on easements, similar to the diversified
lowlands community discussed below. Specifically, it has
significantly more than the median expected amount
protected by USFS (7.19), GAP 1 (5.49), GAP 3
(4.09), designation (3.59), NPS (3.59), fee-ownership
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(3.19), BIA (2.69), GAP 4 (1.79), GAP 2 (1.69), NGO
(1.69; non-government organizations), state (1.69),
unknown agency (2.69; P < 0.05), and easement (1.39;
P < 0.05; Fig. 2). The five protection types with the
most extreme relative abundances within the Public For-
est cluster are GAP 3 USFS fee-owned, GAP 1 USFS
designated, GAP 3 USFS designated, GAP 2 USFS
designated, and GAP 1 NPS designated lands (Fig. 3).
Like other land protection communities that are pre-

dominantly east of the Rocky Mountains, the agricul-
tural heartland cluster has more land with no recorded
protection than expected by chance (1.19 the median
expected amount; Fig. 2). Even so, the typical county in
the agricultural heartland cluster has 2.59 the median
expected amount of CRP rental contract land. Although
when all easement lands are combined there is not an
exceptional amount of them (Fig. 2), easement-

protected lands make up four of the five individual pro-
tection types with the most unexpectedly high relative
abundance: CRP rental contracts, GAP 2 state
easements, GAP 2 other federal easements, no recorded
protection, GAP 3 FWS fee-owned (Fig. 3).
The single most notable attribute of the typical county

in the low formal protection land protection community
is the amount of land with no recorded protection (1.29
the median expected amount; Fig. 2). No recorded
protection is the only individual protection type in this
cluster with a high relative abundance at p < 0.05 signifi-
cance (Fig. 3).
The typical county in the diversified lowlands land

protection community has more protection than
those from the other two east-of-the-Rockies clusters,
with protection coverage managed by a variety of agen-
cies, mostly nonfederal (Fig. 2). Significantly more

FIG. 1. Land protection communities (clusters) by county under different cluster classifications. States are outlined in heavy
white. (A) Land protection communities with two clusters. Counties are colored according to the cluster with which they have the
highest membership score. (B) Land protection communities with nine clusters. Counties are colored according to the cluster with
which they have the highest membership score. (C) Fuzziness with five clusters. Each county had five membership scores, one for
each cluster. We take the highest of the five membership scores for each county and plot them here according to the associated clus-
ter. Box edges show the interquartile range (IQR); center heavy line is the median; whiskers are 95% confidence intervals (1.58 9
IQR); dots are values more extreme than 95% CI. (D) Land protection communities with five clusters. Counties are colored accord-
ing to the cluster with which they have the highest membership score.
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protection than expected is provided by local government
(1.79 relative to median random cluster), regional dis-
trict (1.79), state (1.59), NGO (1.59), private entities
(1.59), easement (1.49), GAP 2 (1.39), other federal
(1.39), GAP 4 (1.29), no recorded protection (1.19),
and FWS (1.29; P < 0.05; U.S. Fish and Wildlife
Service). The five individual protection types with the
most unexpectedly high relative abundance in the diversi-
fied lowlands cluster are GAP 2 state fee-owned, GAP 3
NGO fee-owned, GAP 3 local government fee-owned,
GAP 3 state fee-owned, and GAP 4 local easement
(Fig. 3).

Socioenvironmental characteristics of protection
communities

Permutation analysis relating cluster membership
scores to socioenvironmental characteristics of clusters
shows that land protection communities are not ran-
domly distributed across the socioenvironmental spec-
trum but are instead associated with distinct
socioenvironmental profiles (Fig. 4). Multi-use open
space is the most extreme cluster, with 7 of 10 centroid
values for socioenvironmental variables falling com-
pletely outside of their expected range (from most to
least extreme: low historic state population size, low cur-
rent county population size, large county size, high ele-
vation, low numbers of threatened species, western
longitude, northerly latitude, and low soil productivity).
Though less extreme than multi-use open space, the
public forest cluster is also characterized by high

elevation, low historic population size, low current pop-
ulation size, large county size, western longitude, low
soil productivity, and northerly latitude. In contrast to
multi-use open space, its education levels are higher
than expected. Low current population size is the most
extreme feature of the agricultural heartland, followed
by small county area, high soil productivity, low eleva-
tion, large numbers of threatened species, low education
levels, western longitude, and northern latitude. The
Low formal protection community’s most extreme attri-
bute is low elevation followed by small county area,
high current population density, low soil productivity,
eastern longitude, large numbers of threatened species,
southern latitude, and high historic population size.
Most similar to the low formal protection cluster, the
diversified lowlands cluster is also characterized by low
elevation, high historic population size, small county
area, high current population size, eastern longitude,
large numbers of threatened species, and southern lati-
tude. Unlike the low formal protection cluster, it is
extreme in terms of high education levels and high
household income.
The results of a multivariate model relating the matrix

of individual protected area types to socioenvironmental
characteristics add nuance to, and in some cases refutes,
our hypotheses (Fig. 5). While discussing our hypotheses
here, we use the words “very strong,” “strong,” “moder-
ate,” and “weak” to describe standardized regression
coefficients with absolute values of greater than 0.3,
between 0.2 and 0.3, between 0.1 and 0.2, and less than
0.1, respectively.

FIG. 2. Percentage land area of the typical county in a cluster protected by different (A) strictness levels, (B) protection mecha-
nisms, and (C) managing agencies, given a partition of five clusters. “Not GAP” includes CRP rental payments (because they are
not included in GAP classification by PAD-US), but “no recorded protection” does not. Bars and values indicate the weighted aver-
age relative abundance of protection in a cluster. Notches at the tops and bottoms of plots indicate the median expected value based
on 10,000 random permutations. Abbreviations “govmt.”, government; reg., regional. Asterisks indicate how much more or less
extreme than expected the observed centroid is, with symbols on the left indicating that the value is lower than expected and those
on the right indicate the value is greater than expected: * P < 0.05, *** P < 0.0001.
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(1). Low elevation is a very strong predictor of no
recorded protection, but even more strongly pre-
dicts FWS protection. It is also a moderate predic-
tor of GAP 2 protection (a strict protection). High-
elevation counties are very strongly associated with
USFS and designated protection.

(2). Soil productivity is very strongly associated with no
recorded protection, and yet the strongest associa-
tion with soil productivity is the abundance of CRP
rental contract land. Protection by fee-ownership
and USFS are very strongly negatively correlated
with soil productivity.

(3). Regional districts are the only agency group
strongly positively associated with threatened spe-
cies, and that association is very strong.

(4). The number of threatened species in a county is
associated with more and stricter protection. In
fact, the best predictor of the strictest protection
(GAP 1) is the number of threatened species, fol-
lowed by high elevation.

(5). Except for a strong positive relationship between
education and easements, education and income are
only moderate or weak predictors of protection.

(6). Along with low elevation and high soil productivity,
state population size in 1900 is a strong predictor of
no recorded protection, much stronger than longi-
tude or current population size. Eastern longitude is
a very strong predictor of easement and state pro-
tection, while western longitude is a very strong pre-
dictor of USFS protection.

(7). BLM and FWS are the only federal agencies that
have the expected very strong (BLM) or strong
(FWS) negative association with historic popula-
tion size. Bureau of Indian Affairs and regional dis-
trict land are also very strongly negatively
associated with historic population size.

DISCUSSION

Land protection comprises a complex mosaic of con-
servation organizations pursuing different goals and
using different land protection mechanisms. However,
research into protected areas often simplifies this rich-
ness down to a single dimension (protected or not)
(Scott et al. 2001, Rodrigues et al. 2004, Chape et al.
2005, Goettsch et al. 2019). An important step in

FIG. 3. The five protected area types with the most extremely high relative abundances (%) in the (A) multi-use open space clus-
ter, (B) public forest cluster, (C) agricultural heartland cluster, (D) low formal protection cluster, and (E) diversified lowlands clus-
ter. The low formal protection cluster only had four protected area types with extremely high relative abundances (P < 0.05). These
are based on the same data as Fig. 2, but instead of aggregating information along three separate axes (strictness, agency, and mech-
anism of protection), individual protected area types are retained. See Appendix S1: Table S1 for explanation and description of
each protected area type. Bars and values indicate the weighted average relative abundance in a cluster. Notches at the tops and bot-
toms of plots indicate the median expected value based on 10,000 random permutations. Asterisks indicate how much more or less
extreme than expected the real centroid is, with symbols on the left indicating that the value is lower than expected and those on the
right indicate the value is greater than expected: * P < 0.05, *** P < 0.0001.
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bridging gaps between conservation science and practice
involves paying greater attention to the role of institu-
tions in conservation and how overlaps and differences
among institutions enable or inhibit effective manage-
ment (Keppel et al. 2012, Guerrero et al. 2014, Meretsky
and Fischman 2014). Here, we focused on institutions
active in land protection. We sought to map these in
ways that could inform conservation programs and pri-
ority setting over large spatial scales. To do so, we
adapted techniques usually used to study ecological
communities, and applied them to delineate, map and
begin to describe communities of land protection in the
coterminous United States.
Our approach of describing land protection communi-

ties as if they were ecological communities provided a
way to synthesize rich, high dimensional data on land
protection. Previous studies document geographic pat-
terns in land protection but ignore covariation among
protection types (Groves et al. 2000, Merenlender et al.
2004, Chape et al. 2005, Aycrigg et al. 2013, Jenkins
et al. 2015, Villamagna et al. 2017). Our method focuses
on that covariation, making clear that land protection
types are not randomly distributed with respect to each
other. Instead, there are identifiable communities of land
protection in which unique combinations of managing
agencies, mechanisms, and strictness of protection are
likely to co-occur. Moreover, the resulting set of land
protection communities could not have been predicted
without performing cluster analysis, nor could the maps
have been produced based on knowledge of a single pro-
tection type. In addition, the land protection communi-
ties we find are associated with underlying
socioenvironmental variables, suggesting some common
enabling factors may be at work. Taken together, these
aspects of our results make us confident that our
approach is providing a meaningful dimension reduction
of land protection data while retaining more of the rich-
ness of land protection communities than past
approaches have allowed. Importantly, while we chose to
work on the coterminous United States, everything we
did could readily be replicated in other locations and

over different scales. Replication of our method is made
easier because we used methods well-known to conserva-
tion biologists and because our output can be readily
mapped. In addition, results can be overlain with data
on biodiversity and other features routinely considered
in planning and evaluating conservation programs.
Differences among land protection communities go

beyond differences in the amount of overall protection,
and extend into how strict that protection is, how it is
accomplished, and who is responsible for managing pro-
tected sites. In our U.S. application, for example, the
multi-use open space and public forest clusters are simi-
lar at first glance. They both have more than 50% of
their area under protection with plenty of protection by
large federal agencies. Even so, these clusters differ from
each other in protection amount, mechanisms and agen-
cies. Multi-use open space has over 1.59 more protected
land, in general, and 2.59 more designated land, in par-
ticular. It has 139 the amount of Bureau of Land Man-
agement (BLM) managed land. The public forest cluster,
however, is more diverse, with more than double the rel-
ative abundance of land under easement and land man-
aged by unknown entities, regional districts, local
governments, non-government organizations (NGOs),
and U.S. Forest Service (USFS). The greater relative
contribution of smaller actors in the Public Forest clus-
ter could be due in part to differences in current and his-
toric population size and the amount of land in the
public domain. With one-quarter the population density
in 1900, the multi-use open space cluster likely had more
land in the public domain that was available for easy
protection by the federal government at crucial times
when land protection was a priority. With 49 the current
population density, the public forest cluster has more
people to support small actors, such as municipalities,
water districts, and NGOs.
These land protection communities show intriguing

associations with socioenvironmental variables, shedding
light on what landscape features they can protect, how
they complement one another and, perhaps, how they
came to be found in the locations where they are found

FIG. 4. Average socioenvironmental conditions in each cluster. Bars and written numbers indicate the weighted average of the
socioenvironmental variable in a cluster. Notches at the tops and bottoms of plots indicate the median expected value based on
10,000 random permutations. Asterisks indicate how much more or less extreme than expected the real centroid is, with symbols on
the left indicating that the value is lower than expected and those on the right indicate the value is greater than expected: *
P < 0.05, *** P < 0.0001.
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today. For example, in terms of broad habitat character-
istics, “rocks and ice” are indeed better protected than
areas of high soil productivity and low elevation as pre-
viously reported for the United States (Scott et al. 2001,
Aycrigg et al. 2013) and elsewhere (Joppa and Pfaff
2009). However, two attributes of protection are more
abundant in low-elevation areas: GAP 2 (a strict protec-
tion) and Fish and Wildlife Service (FWS) management.
Multiple factors are likely at play here, but one reason
the FWS may be overrepresented in low--elevation areas
is because the Emergency Wetlands Resources Act gives
FWS responsibility for restoration of wetlands. As a
result, wetlands comprise 25% of the Refuge System
(U.S. Fish and Wildlife Service 2013). Meanwhile, CRP

rental contracts to landowners (mostly farmers) are
strongly associated with counties having high soil pro-
ductivity (and, consequently, high agricultural coverage).
Because CRP rental contracts are temporary, they have
been ignored in most descriptions of overall land protec-
tion. Yet they protect more land in the lower 48 states
than either the National Park Service or the Fish and
Wildlife Service (Table 1), much of it in the most fertile
counties in the country. In terms of threatened or vulner-
able species, past studies have found significant gaps in
protected area coverage in the United States (Jenkins
et al. 2015) and elsewhere (Rodrigues et al. 2004).
Instead of asking how many threatened species are
unprotected, we asked what type of protection is

FIG. 5. Standardized partial regression coefficients from three multivariate linear models in which socioenvironmental variables
predict the relative abundance of (A) strictnesses of protection, (B) protection mechanisms, and (C) managing agencies. Socioenvi-
ronmental variables averaged over a county include average elevation, average soil productivity score, statewide population density
in 1900, county population size in 2010, number of IUCN red-listed species in a county, percentage of adult population over age 25
with a bachelor’s degree or higher, county median household income, area of county, longitude of county centroid, and latitude of
county centroid (decimal degrees). The t tests for all standardized regression coefficients with absolute value greater than 0.12 have
P values of less than 0.0001.
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associated with the number of threatened species in a
county. We found that all else being equal, counties with
more threatened species have more protection and espe-
cially more of the strictest protection (see also Coetzee
et al. 2014). Moreover, regional districts disproportion-
ately manage land in counties with large numbers of
threatened species, perhaps because most regional dis-
tricts manage watersheds, and freshwater species are the
most likely taxa to be endangered in the United States
(Wilcove and Master 2005). This association highlights
regional districts as an important potential conservation
partner in the growing area of collaborative watershed
management (Imperial 2005) and emphasizes the com-
mon interests of biodiversity and municipalities in need
of clean water (Goldman-Benner et al. 2012). We note
however that our understanding of where threatened
species are found is incomplete and subject to sampling
bias based on accessibility (Dennis and Thomas 2000,
Reddy and D�avalos 2003). Our analysis suggests that
the location of land protection communities is related to
population density in 1900. As conservation became a
growing national priority starting in the early 1900s, it
was land with low population density (likely held in the
public domain and likely in western areas) that was most
easily protected by government agencies. This likely
explains the strong negative relationship between his-
toric population size and lands protected by BLM,
Bureau of Indian Affairs, FWS, states, and districts. We
expect that the amount of land in the public domain in
1900 would be a more direct predictor of government
protection than historic population size, but we do not
have those data. Indeed, the current proportion of a
county fee-owned by government agencies is a stronger
predictor of cluster membership than any of our other
socioenvironmental measures (analysis not shown), but
using this measure as a predictor would introduce spuri-
ous correlations by including parts of the response vari-
ables as a predictor (Brett 2004). As such, a worthwhile
priority for future work would be to repeat these analy-
ses using better indicators of early public land allocation
that do not overlap the period of protection under con-
sideration. U.S. census count numbers in 1900 were a
stronger predictor of low overall protection than current
population size or longitude, emphasizing the legacy of
social conditions at the time many protection decisions
were made decades ago.
There are several caveats to our interpretation of land

protection communities in the United States. First, the
PAD-US data set is incomplete, especially for local and
NGO agencies and easements, but also for some state
agencies. Fortunately, much of the variation among clus-
ters is driven by federally managed land (Appendix S1:
Fig. S8), for which the data are most complete. It is pos-
sible that some of the fuzzy cluster membership shared
among clusters, especially the diversified lowlands and
public forests clusters (Fig. S5) where easements are
more abundant (Fig. 2), could be resolved with more
complete easement data. We emphasize that these data

are dynamic, and periodic reassessments of protection
communities are likely needed as better data become
available. This paper establishes the methodology and
documents the relevance for doing so. Second, this
description of the community of protection is a geo-
graphical map of protection that names only those agen-
cies that are directly managing land. The many agencies
that advocate for, educate about, facilitate, and monitor
land protection are not considered here, but are consid-
ered, albeit at smaller spatial scales by other initiatives
(e.g., the USFS STEW-MAP project [U.S. Forest Service
2020], the Atlas of Collaborative Conservation in Color-
ado [available online]).11 Another approach that
accounts for conservation activities beyond protected
areas is to map the approximate locations of conserva-
tion initiatives or plans (�Alvarez-Romero et al. 2018,
Malhado et al. 2020). Complementary information is
also provided by growing literature analyzing social net-
works among conservation actors (e.g., Ernstson et al.
2010, Ruseva et al. 2016, Yamaki 2016, Guerrero et al.
2020). Third, by aggregating 3,108 counties into just five
major clusters, clustering necessarily obscures variation
among those counties. As our fuzzy clustering approach
makes clear, counties vary in how tightly they adhere to
characteristics of the land protection community to
which they were matched. Of the five land protection
communities we described, the diversified lowlands clus-
ter is the only one that had no strong “core” counties
(counties with membership scores close to 1, Fig. 1C).
The fuzziness of the diversified lowlands cluster is likely
due to the fact that protection seems to be defined not
by the dominance of a few, distinct federal land man-
agers, but by a diversity of non-federal land managers.
The lack of strong federal protection is likely due to the
fact that relatively little land in these counties was held
in the public domain (as measured by historic popula-
tion size in 1900) when the federal government became
interested in land protection in the 1900s.
As with any descriptive conservation science study, an

obvious question is how might someone use a classifica-
tion and geographic map of land protection communi-
ties? While we believe quantitative methods for
describing and mapping conservation institutions like
this have many applications, we choose to exemplify
potential uses by revisiting the three applications men-
tioned in the Introduction. We first suggested that an
ability to identify and map land protection community
types would allow national-scale policymakers to tailor
policies and programs to particular regional conserva-
tion contexts. Land management programs are increas-
ingly moving towards collaborative models for
managing large landscapes (Meretsky and Fischman
2014, Meyer et al. 2014, Bodin 2017). Several formal ini-
tiatives are built around the concept of collaborative
conservation (Sentinel Landscapes Partnership in the

11 https://collaborativeconservation.org/program/discover/atlas-
of-collaborative-conservation/
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United States [Sentinel Landscapes Partnership n.d.];
Joint Chiefs’ Landscape Restoration Partnership in the
United States [U.S. Department of Agriculture Natural
Resources Conservation Service 2021]; Migratory Bird
joint ventures in the United States [U.S. Fish and Wild-
life Service 2021]; Large-Scale Conservation Initiatives
in the UK [Large-Scale Conservation Initiatives n.d.];
African Forest Landscape Restoration Initiative [Afri-
can Union Development Agency 2021]). By coordinat-
ing their activities with one another and with state and
local conservation actors these agencies hope to leverage
their investments and scale up conservation efforts. The
ability to overlay maps summarizing communities of
land protection with an agency’s management priorities
could help inform a federal agency looking to add an
additional landscape to an existing collaborative man-
agement program or to build new partnerships in a land-
scape where they already work.
The second illustrative application we suggested con-

cerned local conservation organizations, such as local
land trusts. In the United States, these organizations
share resources and materials to help one another repli-
cate land protection models that have proven successful
elsewhere (e.g., Yonavjak and Gartner 2011, Land Trust
Alliance 2021). Often, resulting communities of practice
will form around convenient geographies (e.g., South-
eastern Land Trusts, Diablo Trust in Arizona). However,
by identifying and mapping land protection communi-
ties we can start to identify situations where the conser-
vation context facing land trusts in some locations has
more in common with quite distant parts of the country
than it does with surrounding areas. For example, the
land protection communities of several counties in
southern Mississippi have more in common with coun-
ties typical of the public forest cluster than with the sur-
rounding counties, probably due to the high coverage of
fee-owned land under GAP 3 protection by U.S. Forest
Service in southern Mississippi.
The final user group we identified for a classification

of land protection communities were conservation scien-
tists researching other topics. Understanding differences
in land protection communities can help contextualize
results of local scale studies and may suggest how
broadly they could be expected to generalize. Our classi-
fication can also suggest where, and over what scales, to
look if seeking to examine particular phenomena. For
example, our focus on how land protection mechanisms
covary is immediately relevant to researchers seeking to
understand how conservation interventions interact with
one another (Lawley and Yang 2015, Lang et al. 2018,
Graves et al. 2019). Obviously, our mapping identifies in
which counties particular protection types do and do
not co-occur. But it also suggests where to look for evi-
dence of interactions across protection types over larger
scales as well. For example, counties in the diversified
lowlands cluster often surround pockets of counties in
the public forest cluster. This pattern lends itself to a
number of hypotheses. Ecologically, it may suggest that

land protection efforts of private, non-profit, local, and/
or state agencies, which are especially abundant in the
diversified lowlands cluster, may buffer or aid connectiv-
ity to larger tracts of land being protected by federal
actors in the public forest cluster. From an economic
perspective, it may suggest that investments by federal
actors in the public forest cluster are “crowding-in” (or
attracting) investments in land protection from those
local or state actors (e.g., Parker and Thurman 2011).
Together these are just three examples chosen from

among myriad possibilities to highlight the diversity of
ways our method for mapping land protection commu-
nities could be used by different audiences. Just as view-
ing species without reference to their ecological
community leaves out important insights into ecological
dynamics, so too does viewing individual land protection
activities without reference to the wider communities of
land protection within which these activities take place.
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