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Protected areas are a primary instrument for biodiversity conservation, and area-based targets have become a
hallmark of global efforts with the 2022 Kunming-Montreal Global Biological Framework recommending at
least 30 percent of land and water be protected by 2030. In parallel, the United States has implemented
“America the Beautiful,” a call for local, state, and regionally led efforts to conserve, connect, and restore 30
percent of U.S. lands and waters by 2030. Achieving these goals is complicated, however, by the multiple
policy scales at which conservation decisions are made and governed and the limited guidance provided on
how gains to protected and connected areas should be evaluated. We assess the connectedness of U.S.
protected areas at multiple scales and find that less than 3 percent of the United States is protected and
connected. Connectedness increases when the area under investigation is partitioned into smaller policy
units (e.g., counties), a product of the modifiable areal unit problem. Similarly, connectedness values
increase by an order of magnitude when assessed relative to the protected area network rather than
considering all land area. Both findings support the need for standardized reporting frameworks and highlight
the challenges in coordinating conservation goals across administrative units. Key Words: connectivity,
landscape ecology, landscape metrics, scale, spatial planning.

rotected areas (PAs)—locations where human

presence is limited to preserve natural, ecologi-

cal, and cultural value—are a primary instru-
ment for biodiversity conservation and one
component of larger efforts to slow mass extinction
of wildlife and curb global warming. Area-based tar-
gets for protection have become a hallmark of global
conservation efforts and provide concrete, measur-
able goals against which governments and organiza-
tions can be held accountable. For example,
the 2022 Kunming-Montreal Global Biodiversity
Framework (GBF) was adopted by nearly 200 coun-
tries and contains the keynote target to protect at
least 30 percent of global land and water by 2030
(Convention on Biological Diversity 2023). This tar-
get, colloquially known as 30 by 30 (or 30 x 30), has
already resulted in actions to protect more land
around the world. In parallel, the United States
implemented “America the Beautiful” (ATB)
through an executive order (Biden 2021), which is a

call for local, state, and regionally led efforts to con-
serve, connect, and restore 30 percent of U.S. lands
and waters by 2030. These 30 x 30 targets are
intended to elevate conservation beyond the 17 per-
cent targets established by the Aichi convention in
2010 and better address warnings that humankind
needs to protect half of Earth’s surface to stave off
mass extinction (Odum and Odum 1972; Noss et al.
2012; O’Leary et al. 2016; Wilson 2017).
Commitments from countries to protect additional
land area is a start, but establishing isolated reserves
is not sufficient for conserving biodiversity.
Protected areas must be well connected to achieve
biodiversity outcomes and effectively increase the
resilience of conservation networks (Rudnick et al.
2012). Habitat areas that are connected directly
or are near enough for species to disperse between
them are key for population viability because
they facilitate movement and gene flow (Gilbert-
Norton et al. 2010; Krosby et al. 2010; Minor and
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Lookingbill 2010) and improve the chances that spe-
cies will be able to migrate and repopulate areas in
response to climate change (DeFries et al. 2005;
Heller and Zavaleta 2009). Together, these benefits
reduce extinction risks and minimize the effects that
climate and environmental variability might have on
small populations (Brown and Kodric-Brown 1977;
Newmark 1996).

Both the Kunming-Montreal GBF and the U.S.
ATB plan underscore protecting land through “well-
connected” areas, but actually achieving these targets
has proven difficult in the past. When these efforts
fail (see, e.g., Brondizio et al. 2019; Diaz et al. 2019;
Secretariat of the Convention on Biological Diversity
2020), it is generally attributed to breakdowns in
implementation, monitoring, and reporting rather
than apathy or lack of resources. Reinforcing this
point, the ATB plan explicitly acknowledges that the
means for evaluating and monitoring the country’s
progress toward this ambitious and urgent goal have
not yet been determined. Another factor hindering
efforts is that targets such as 30 x 30 are often
adopted at the national level, but decisions about
how much and which land to preserve are often left
to local, regional, and tribal governments, or even
individual landowners. This mismatch in the top-
down scale of policy creation versus the bottom-up
scale of implementation makes it difficult to align
action with goals and can complicate reporting struc-
tures. For example, the United States currently lacks
a baseline understanding of protected area connectiv-
ity, which is key for ultimately achieving biodiversity
targets (Dreiss and Malcom 2022) and makes it diffi-
cult to design network improvements at local scales
and nearly impossible to assess and report progress
toward larger conservation agenda goals. A solid
understanding of baseline protected and connected-
ness along with practical and meaningful ways to
measure and report progress toward conservation tar-
gets are needed (Geldmann et al. 2021).

The objective of this study is to establish a base-
line understanding of PA status and connectivity at
multiple policy and administrative scales, and then
assess how the administrative level of analysis
adopted could affect area-based reporting metrics.
This analysis represents an important first step in
achieving policy goals while also developing an
assessment framework for measuring, monitoring,
and managing the connectivity of the PA network
of the United States. We begin by highlighting the

importance of landscape connectivity in conserva-
tion planning. To assess connectivity in the United
States, we then compile a database of PAs that sup-
port biodiversity conservation and use this database
to compute PA amount and connectedness at four
administrative levels relevant for policymaking
including: (1) the continental United States
(CONUS); (2) the twelve Department of Interior
(DOI) regions (which are based on watersheds but
generally drawn along state/county lines to simplify
coordination); (3) the fifty-six states and territories
including Puerto Rico, the Virgin Islands, and the
Pacific Island territories of Guam, American Samoa,
and the Northern Mariana Islands; and (4) the
3,113 counties that comprise the fifty states and
Puerto Rico. We also analyze (5) the twenty-one
Environmental Protection Agency (EPA) Level 2
ecoregions as these units are relevant for biodiversity
preservation. We assess the percentage of each unit
that is protected and connected, demonstrate how
the focal scale affects measurements, and indicate
where deficiencies in connectivity result from net-
work design, which suggest where future improve-
ments can be made. We end with a discussion of
how connectivity efforts and measures can be
improved in support of ATB and global targets.

Landscape Connectivity in Conservation
Planning

Landscape, or habitat, connectivity is a central
and explicitly spatial component of conservation
planning (Boitani et al. 2007; Jennings et al. 2020;
Beger et al. 2022) that has long been recognized as
key for successful habitat restoration and preserva-
tion. Landscape connectivity is the degree to which
the landscape facilitates or impedes movement
among resource patches (Taylor et al. 1993; With,
Gardner, and Turner 1997). The composition and
spatial arrangement of habitat patches affect species
movement, ultimately influencing  population
dynamics and community structure (Taylor, Fahrig,
and With 2006). Landscapes with high connectivity
facilitate movement of organisms among habitat
patches (Taylor et al. 1993), whereas those with low
connectivity impede movement (Figure 1). The rea-
sons for movement vary but often involve dispersal
for reproduction, seasonal migrations, or establishing
new food, breeding, or nesting sites (Frazier et al.

2021; Fahrig et al. 2022). Additionally, movement
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Figure 1. Conceptualization of connectivity from fragmented and isolated habitat patches (left) to well-connected patches (right). Small
patches connecting larger patches are referred to as stepping-stone patches (middle).

increases individual fitness by supporting reproduc-
tion (Fahrig et al. 2022), linking successful move-
ment to natural selection through greater population
abundance, distribution, and persistence (Bowne and
Bowers 2004).

In recent decades, habitat fragmentation has been
increasing due to conversion of natural land covers
to urban, agriculture, and other developed uses,
thereby reducing landscape connectivity. In frag-
mented landscapes, local populations can become
isolated and unable to disperse to other suitable hab-
itat for vital activities. This fragmentation can result
in local extinctions (Fahrig and Merriam 1994) as
species might only be able to survive within larger
patch networks that can be reached by dispersing
individuals (Adler and Nuernberger 1994; Hanski
1999; Bowne and Bowers 2004). Research has shown
that individual PAs are often too small to harbor
stable and resilient populations, particularly for
wide-ranging species or large carnivores (Di Minin
et al. 2013; Dutta et al. 2016).

Because PAs are a cornerstone of efforts to conserve
biological diversity (Soulé and Terborgh 1999;
Gaston et al. 2008; Maxwell et al. 2020), ensuring
there is connectivity among them is essential to pro-
moting species movement and preventing local
extinctions. Well-designed PA networks that foster
connectivity are also needed to preserve healthy eco-
systems and safeguard the delivery of ecosystem serv-
ices (Saura et al. 2017). Although scientific evidence

on the importance of PA connectivity has translated
loosely into global commitments, the concept remains
underexplored, and there are very few studies that
have quantified the spatial connectivity of terrestrial
PA networks (Saura et al. 2017) or examined how the
spatial scale at which PA network connectivity is
measured and monitored could affect administration
and design. This gap in the existing literature relates
to the modifiable areal unit problem (MAUP;
Openshaw 1984), which is a general term for the sta-
tistical biases that are generated when the size, shape,
or scale of geographic units is altered. As spatial data
lends itself to aggregation, these types of fallacies can
be unintentionally introduced into geographic analy-
ses. This study also addresses how neglecting nuances
in the measurement of spatial relationships could
affect real-world outcomes and adds this important
spatial perspective to the body of knowledge on PA-
based conservation. Together, these contributions
provide support for including explicit connectivity
targets into global agreements.

Methods

We constructed a database of terrestrial PAs for the
United States, Mexico, and Canada using the U.S.
Protected Areas Database (U.S. Geological Survey
PAD-US v2.1) and the World Database of Protected
Areas (WDPA, May 2021). We selected PAs with



4 Frazier et al.

permanent protection for conversion of natural land
cover and managed for the preservation of biological
diversity without being subject to extractive uses.
These areas are attributed as GAP Status 1 and 2 in
the PAD-US. The WDPA was used to supplement
PAs that are outside the official administrative bound-
aries of the United States but can be used as “stepping
stone” patches to connect PAs within the administra-
tive unit of analysis (described later).

We removed all PAs smaller than 1km? (based on
a Mollweide projection) and simplified polygons to a
100-m tolerance to improve computational efficiency
following prior studies (Saura et al. 2017; Saura et al.
2018). We selected PAs for each unit at each level of
analysis (e.g., each county, state/territory, DOI region,
ecoregion, and CONUS) using administrative bound-
ary files from the U.S. Census, DOI, and EPA. We
buffered each unit by 230 km based on typical species’
dispersal distances (Bowman, Jaeger, and Fahrig 2002;
Minor and Lookingbill 2010; Santini et al. 2013) to
allow for transboundary “stepping stone” connectivity
that might contribute to connectivity between the
PAs within a unit. For each unit, we calculated mini-
mum pairwise distances between all PA edges, creat-
ing distance matrices for each of the 3,113 counties,
fifty-six states and territories, twelve DOI regions,
twenty-one ecoregions, and CONUS, which are used
in the calculations that follow. Full data preprocessing
details are in the Supplemental Material.

“Protected and Connected” Analyses

The amount of protected and connected land for
each unit at each analysis level was computed using
the %Protected and protected-connected (ProtConn)
metrics (Saura et al. 2017; Saura et al. 2018).
ProtConn is a graph-based, landscape metric that
measures the percentage of a region covered by areas
that are both protected and connected (Hughes
et al. 2023) in terms of species dispersal capabilities.
ProtConn has been used in global assessments of con-
nectedness of ecoregions and country-level targets
(Saura et al. 2017; Saura et al. 2018, 2019) and is
one of two connectivity metrics recommended for
global target reporting by the Protected Planet
Report (UNEP-WCMC and IUCN 2021). Although
ProtConn does not consider the condition of the
intervening landscape between protected patches
(Naidoo et al. 2019), it does capture both structural

and functional connectivity as links between PAs
are weighted by the probability of dispersal from one
protected patch to another.

We first computed the percentage of the land-
scape that is protected in each unit as:

%Protected = 100 x M (1)

AL
where q; is the area of each individual PA patch i,
and A; is the total area of the focal unit. We then
assessed the percentage of the total unit area that is
both protected and connected using ProtConn (Saura

et al. 2017; Saura et al. 2018):

ECA
Ar

where ECA is the equivalent connected area, or size
a single PA would need to be to provide the same
area of reachable protected land as the entire net-
work of PAs in the unit. Full details of ECA are
included in the Supplemental Material. The compu-
tation of ECA includes a user-defined dispersal dis-
tance, which represents how far a species can
disperse to another PA patch. We considered three
dispersal distances of 1, 10, and 100km to account
for a large range of terrestrial vertebrates (Stevens
et al. 2014) consistent with prior studies (Minor and
Lookingbill 2010; Santini, Saura, and Rondinini
2016; Saura et al. 2017).

The amount of land that is protected but not con-
nected (i.e., isolated) in the network is the inverse
of ProtConn:

ProtConn = 100 x (2)

ProtUnconn = %Protected — ProtConn (3)

Metric Partitioning for Network Assessment

ProtConn can be partitioned into the proportion
of the network connected via different conditions
including through PAs [Prot], unprotected areas
[Unprot], and transboundary areas [Trans]:

ProtConn = ProtConn[Prot] + ProtConn[Unprot]
+ ProtConn[Trans] (4)

The amount of land that is protected and con-
nected but for which connectivity occurs through
unprotected areas (ProtConn[Unprot]) is relevant for
understanding where species might be vulnerable
when moving and migrating between patches.
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ProtConn can be adjusted to give the percentage of
the PA network that is connected, rather than the
percentage of all land in the unit (ProtConny.g; akin
to RelConn in Saura et al. 2017). We present a similar
adjustment of ProtUnconn, called ProtUnconny,,, that
builds from this concept of relative connectivity
(Saura et al. 2017) and assesses the land that is
unconnected relative to the amount of land in the PA
network. Although having higher ProtConn at the
expense of lower relative connectivity is preferable
from a conservation standpoint (Saura et al. 2017),
understanding where there might be high relative
connectivity is important for units that might have an
optimized starting point for adding new PAs, espe-
cially when establishing baselines for future monitor-
ing and progress assessment.

ECA
Z?:l a

ProtUnconnyy,, = %Protected — ProtConny,,  (6)

(5)

ProtConnp,, = 100 x

Both ProtConn and ProtUnconn, and their relative
adjustments ProtConny,, and ProtUnconny,, can be
partitioned into fractions representing the proportion
of the network that is connected via unprotected
land or transboundary regions. These variants repre-
sent the various structural reasons that a network
could be unconnected, including fragmentation by
the sea, outland areas, or network design, and can
be used to understand what is causing network defi-
ciencies. We compute ProtUnconny./Design], which
represents the portion of the PA network that is
unconnected due to arrangement of PAs inside an
administrative area. This measure can be loosely
interpreted as the portion of PA connectedness for
which an administrative unit can be held account-
able. Full equations for ProtUnconnny/Design] and
other variants of ProtConn are in the Supplemental
Material. Full details of ProtConn with illustrative
examples can be found in Saura et al. (2017; Saura
et al. 2018).

For all metrics, we present individual-level find-
ings as well as summarized results across analysis lev-
els using area-weighted averages. All data processing
was completed in R using the sf package and Python
using the arcpy package. Analyses were completed
using the Conefor 2.6 (Saura and Torné 2009) com-
mand-line interface for Windows and R. Links to
the publicly available code are given in the Data
Availability section.

Results

We first provide descriptive results for the amount
of land that is protected (%Protected) to report on
progress toward 30 x 30 and provide context for pro-
tected and connected findings. Less than 8 percent
of CONUS is protected through areas managed for
biodiversity, meaning an additional 22 percent of
CONUS land area needs to be conserved before
2030 to reach 30 x 30 targets. Globally, about 17
percent of terrestrial land is protected (UNEP-
WCMC and IUCN 2021), putting CONUS well
below other areas. Alaska is the only state or DOI
region that has already met the 30 x 30 target (35.7
percent protected; Figure 2A,C). California is the
next closest with 22.6 percent of its land protected.
Twenty-nine states and territories have less than 5
percent of their land protected, and seven
Midwestern states have less than 2 percent of their
land protected: Texas, Kansas, Nebraska, Ilowa,
Ohio, Indiana, and Kentucky (Figure 2C).

Geographically, more land is protected in the
western United States and northern Great Lakes
compared to other parts of the country. These biases
are particularly noticeable at the county level, where
clusters emerge for counties protecting at least 30
percent of land (Figure 2D). Other clusters are evi-
dent in the upper Great Plains, central Arkansas,
Appalachians, mid-Atlantic coast, upstate New
York, and southern Florida. They typically coincide
with the locations of U.S. National Forests and
Grasslands, which steward an impressive portfolio of
protected land in the public trust. Notably, though,
many counties in the Midwest and Texas have no
land protected (Figure 2D, white areas).

As noted, protected land must also be well con-
nected to facilitate biodiversity outcomes. When a
PA network is completely connected, all patches are
reachable by a species with a given dispersal capabil-
ity, and ProtConn will equal %Protected. Target
ProtConn values for ATB are therefore 30 percent
(or greater). ProtConn results show that just 3 per-
cent or less of CONUS land is protected and con-
nected (Table 1, top left), even when considering
the largest dispersal capability (100km), which is
arguably beyond the typical movement behavior of
many terrestrial species in the United States, includ-
ing mammals (Bowman, Jaeger, and Fahrig 2002;
Minor and Lookingbill 2010; Schloss, Nunez, and
Lawler 2012; Saura et al. 2017). Prior studies using
ProtConn with a 100-km dispersal distance found
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Table 1. Percentage of land in the contiguous United States that is protected and connected, measured at three dispersal
distances for five analysis levels

Percent of land that is protected and connected (ProtConn)

Percent of the protected area network that is
connected (ProtConny,)

Analysis level 1-km 10-km 100-km 1-km 10-km 100-km

CONUS 0.8% 1.2% 3.0% 9.5% 15.6% 38.1%

DOI Regions® 2.0% 2.8% 5.2% 25.0% 35.0% 65.8%

Ecoregions® 2.0% 2.9% 5.2% 25.2% 36.3% 65.9%

States and 2.8% 3.9% 6.3% 36.1% 49.6% 80.3%
territories”

Counties® 6.1% 7.0% 8.1% 73.5% 84.0% 96.2%

Percent of land that is protected and unconnected (ProtUnconn) Percent of the protected area network that is

inconnected (ProtUnconny,,)

Analysis level 1-km 10-km 100-km 1-km 10-km 100-km

CONUS 7.1% 6.7% 4.9% 90.7% 84.5% 61.9%

DOI regions® 5.9% 5.1% 2.71% 75.0% 65.0% 34.2%

Ecoregions® 5.9% 5.0% 2.71% 74.8% 63.7% 34.1%

States and 5.0% 4.0% 1.6% 63.9% 50.4% 19.7%
territories”

Counties® 2.2% 1.3% 0.3% 26.5% 16.0% 3.8%

Note: CONUS = continental United States; DOI = Department of Interior.

?Area-weighted averages for all units within CONUS. Full results including Alaska and Pacific Island territories are included in Supplemental Table S.1

and Figure S.1.

that 9.7 percent of global land area is protected and
connected (Saura et al. 2017), which again places
CONUS well below the global average.

ProtConn increases considerably when the area
under investigation is partitioned into smaller analy-
sis units (i.e., DOI regions, ecoregions, states and
territories, counties), as it is easier to deploy a con-
nected network across smaller areas (Saura et al.
2018). These reporting differences occur because the
relative area covered by the PA network increases as
unit area decreases. These differences, however,
highlight the importance of standardizing reporting
units so values are not inflated (Table 1). There are
also considerable differences when comparing
ProtConn (or ProtUnconn) to its relative counterpart
ProtConnpy,e (or ProtUnconnpy,; Table 1, right).
Values increase by an order of magnitude from a rel-
ative standpoint (Table 1, top right), yet connectiv-
ity is still quite low. These relative versions can
provide indications of connectivity at local scales
but should not be used for overall reporting.

Although the aggregate results for CONUS-level
ProtConn are concerning, certain individual units
have connected their PA networks more successfully
than others. Alaska has almost 26 percent of its land
preserved in a well-connected PA network at 100-
km dispersal distance, and California has about 19

percent of its land protected and connected at 100-
km dispersal (Supplemental Figure S.1C). Nine
states and territories (Idaho, Michigan, Nevada,
New Jersey, North Dakota, Utah, Washington,
Hawaii, and the Northern Mariana Islands) all have
more than 10 percent of their land preserved in
well-connected PAs at 100-km dispersal. Gains can
be made, however, in the seventeen states with less
than 2 percent of their land protected and con-
nected (Supplemental Figure S.1C).

Even when small amounts of land are protected, a
PA network can and should be optimized for con-
nectivity to support movement and migration.
Results for ProtConnyy,, and ProtUnconnyy,, show that
most PA networks in the United States, regardless
of their size, are highly unconnected (Table 1,
right). For instance, at 1-km dispersal distance, the
CONUS network is almost 90 percent unconnected,
meaning most reserves are isolated and not reachable
by species that can only disperse up to 1km. At 10-
km dispersal, that number improves only by about 5
percent.

Understanding why PAs are unconnected can aid
in developing effective solutions and interventions.
The amount of the network that is unconnected due
to the network design (ProtUnconnpy./Design]) is an
important metric when implementing policies such
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% Unconnected due to:
Design [ Other Reasons

DOI Regions

% Unonnected due to Design/Other

Arkansas/Rio Grande/Texas 73/27
Upper Colorado Basin 73/27

1 NorthAtlantic/Appalachian  68/31
"2 South Atlantic-Gulf 71/25
w3 Great Lakes 63/37
4 Mississippi Basin 75/25
.5 Missouri Basin 62/38

6

7

8

Lower Colorado Basin 45/¢

9 Columbia/Pacific Northwest 70/:
10 California/Great Basin 61/
11 Alaska 571/
12 Pacific Islands 3/97

Figure 3. Portion of the protected area network for states and territories (left) and Department of Interior (DOI) regions (right) that is
unconnected due to design. Note: American Samoa (AS) does not have any protected land that is unconnected.

as ATB. We find that for most states and DOI
regions, the unconnected aspects of the network are,
in fact, due to the design of the network rather than
fragmentation that occurs due to natural barriers like
the sea or administrative partitioning (Figure 3). For
thirty-one states and territories, network design is
responsible for more than half of the network
unconnectedness. These areas can be improved,
however, with strategic PA placement.

Even in a well-designed and connected network,
species might still need to move through unprotected
land to reach functionally “connected” PAs, repre-
sented by ProtConn[Unprot]. Visualizing the intersec-
tion of %Protected and ProtConn[Unprot] can show
where PA amounts are high but species likely have to
move through exposed or highly modified areas to
reach another PA (Figure 4). The western United
States, which had high %Protected (Figure 2) also has
low ProtConn[Unprot] (shown in yellow in Figure 4),
which means most connectivity is through PAs, safe-
guarding species. Blue areas, notably in the Midwest
and Northeast, indicate areas where %Protected is low,
and connectivity between PAs requires traversing
unprotected land. Green-hued areas have a high per-
centage of land protected that is functionally con-
nected, but that connectedness requires species to
travel through unprotected areas. These regions are

places where small investments to add well-positioned
PAs could have an outsized impact on connectivity
and conservation.

Discussion

Protecting land while also ensuring it is function-
ally connected to support biodiversity outcomes are
interlinked goals that must be pursued in tandem.
The Kunming-Montreal GBF and the U.S. ABF
plan both recognize and prioritize this dual need. As
these agreements evolve from “target setting” to
“target getting,” it is an opportune time to establish
“protected and connected” baselines against which
progress toward 30 x 30 can be measured and frame-
works that facilitate monitoring and reporting. To
date, there has been little guidance on these items,
so this study contributes to these needs in two ways.
First, it provides a foundational understanding of
how much land in the United States is currently
protected and connected as a means for comparing
the United States to other areas of the world and
also measuring future improvements to the PA net-
work. Second, the study demonstrates how the
administrative level at which monitoring and report-
ing is completed will affect measurements of
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connectedness and stresses the need for standardized
reporting frameworks not only for the United States
but also for international signatories of the GBF.

The findings from this study highlight the need to
protect more land in the United States that is function-
ally connected. With less than 8 percent of CONUS
land protected for biodiversity, and only 3 percent of
that land protected and connected (at 10-km dis-
persal), the United States is well behind the global tal-
lies of 17 percent protected and 9.7 percent protected
and connected (Saura et al. 2019). Given these results,
focusing on optimizing new PAs in locations that will
improve network connectivity rather than simply add-
ing isolated or fragmented areas can help achieve
30 x 30 targets. Various algorithms have been devel-
oped specifically for this purpose (Christensen,
Ferdana, and Steenbeek 2009; Andrello et al. 2015;
Hanson et al. 2019), and can be leveraged to help with
optimization. Given the high social, political, and
sometimes financial costs for acquiring, upgrading (i.e.,
strengthening the management level on tracts by
reducing allowable uses), and directly managing public
lands for biodiversity outcomes, efforts to preserve eco-
systems on private lands are increasingly necessary for
creating functionally connected PA networks (Bargelt,
Fortin, and Murray 2020; Dreiss and Malcom 2022;
Chapman, Boettiger, and Brashares 2023). These
efforts, which are sometimes referred to as other effec-
tive area-based conservation measures (OECMs), have
the potential to lead to important gains for biodiversity
conservation and climate mitigation objectives, partic-
ularly where existing PAs and public lands do not coin-
cide with biodiversity hot spots or important migratory
corridors. Moving forward, private efforts and OECMs
will likely be critical for optimizing network design.
Valuation tools also exist to support this purpose
(Nolte 2020) and can be used to help prioritize these
parcels for protection.

The findings from this study also highlight the dis-
crepancies that can result from varied reporting struc-
tures and the importance of establishing clear
reporting levels and norms for measuring and monitor-
ing network gains. Connectedness values were an
order of magnitude larger when connectivity was
assessed in terms of the PA network (Table 1, right)
rather than the entire land area (Table 1, left). These
disparities highlight the potential for differential
administrative reporting strategies if clear guidelines
are not set, even when a common metric such as
ProtConn is adopted. Because the onus for identifying

and conserving land in the ATB plan is distributed
across many different levels of administration, includ-
ing states, local governments, Indigenous territories,
and private landowners, interagency coordination and
collaboration will be needed to not only ensure that
added PAs meet ecosystem needs (Dreiss and Malcom
2022; Keeley et al. 2022) but that measurement and
reporting norms are established and followed.

We advocate for connectedness to be computed
at the national level rather than aggregated from
smaller administrative units. First, as demonstrated
earlier, aggregation of areal units can inflate values
due to the statistical biases introduced through
MAUP. As the size of the areal units (e.g., states)
are partitioned into smaller and smaller units (e.g.,
counties), the metric value can naturally grow simply
because the area of PAs is greater relative to the
total land area of the unit, and the number of PAs
that are considered connected also increases
(Figure 5). Second, distributing reporting responsibil-
ities to counties, states, or even DOI regions could
lead to fragmentation of governance and siloed
attempts to increase connectivity in small areas
without considering the impacts of PA additions to
the network as a whole beyond the unit. For
instance, even though ProtConn incorporates pro-
tected areas from neighboring units as “stepping
stones,” when computed at small scales (e.g., coun-
ties), the metric will not reflect changes in a
national-scale PA network. Reporting connectedness
values at the national level is also compatible with
GBF reporting. Third, the amount of habitat that
needs to be conserved in each region will vary, and
assigning reporting at finer levels runs the risk of
places designating protected land solely for the sake
of meeting targets rather than optimally siting the
network to serve the areas with the greatest need.
Site selection is equally important as reaching targets
for achieving conservation outcomes (Margules and
Sarkar 2007; Dinerstein et al. 2017).

There are two caveats to our recommendation.
First, national-level reporting is complicated when a
country contains “outland” areas that are uncon-
nected to the mainland by the sea, such as Hawaii
and Puerto Rico, or separated by another country,
such as Alaska is disconnected from the United
States through Canada. These outland areas can
result in spuriously lowered connectedness. Second,
successful biodiversity conservation is strongly linked
to ecoregions or migration pathways that often span
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Country
A = 100km?

State A
A = 50km?

State B
A = 50km?

Figure 5. A hypothetical country (left) with four protected areas (PAs) that is equally divided into two states, A and B (right). At the
country level, the three small PAs (each with area a) in the upper left are near each other and considered connected (distance decay
terms = 1; see Equation 3C in Supplemental Material), and the singular large PA in the bottom right is unconnected from the other
three (distance decay term ~ 0). When ProtConn is computed at the country level, the PA network covers 16 percent of the total land
area (a), but only 11.1 percent of the land is both protected and connected. When the country is partitioned into its two states (left),
the area covered by the PA network in State A is 12 percent, and the network is 9.8 percent connected. In State B, the area covered by
the PA network is 20 percent, and the network is also fully connected (20 percent) because there is only a single PA. A weighted
average of the two states indicates that ProtConn is 14.9 percent when computed using the state-level units compared to 11.1 percent

using the country-level unit.

multiple states or countries, and there can be mis-
matches between the ecological units relevant for
conservation and the administrative units relevant
for policymaking (Henle et al. 2010). Partitioning
metrics for an ecologically relevant unit to an
administrative unit could fail to capture how well a
unit is coordinating with other units or balancing
ecosystem needs. Integrating ecoregion-level analyses
into country-level reporting will better align the
realities of federal and state administration of the
PA systems with the ecological processes relevant to
biodiversity conservation. Creating administrative
pathways to planning and monitoring PAs at an
ecosystem scale has the additional advantage of
opening channels to localized expertise about
species, landscapes, land-use practices, and political
environments.

Other Considerations for Moving Connectivity
Research Forward

Connectivity can be measured in multiple ways
(see reviews by Kindlmann and Burel 2008; Keeley,
Beier, and Jenness 2021), and there has been limited
empirical guidance for which metrics should be used

for target reporting, both in the United States and
globally (Yang, Kedron, and Frazier 2024). The GBF
recommends two metrics—ProtConn and PARC-
Connectedness (Drielsma, Ferrier, and Manion
2007)—and we adopted ProtConn here because
PARC-Connectedness does not evaluate connectivity
from one PA to another and confounds the propor-
tion of PA with primary vegetation from land cover
(Theobald et al. 2022). ProtConn is also easier to
compute and can be computed at different levels,
whereas PARC-Connectedness is a global measure.
ProtConn does have limitations, though (Saura et al.
2018). First, it does not consider land use heteroge-
neity or account for movement costs (e.g., over
human-modified areas; Parks et al. 2020; Ward et al.
2020; Figure 6). The use of ProtConn[Unprot] (see
Figure 4) can help capture where species might be
vulnerable as they move through unprotected lands,
but incorporating more spatially explicit measures of
the permeability of the land around PAs, through,
for example, human footprint layers (e.g., Venter
et al. 2016; Theobald et al. 2020), can help better
capture the functional connectivity of a landscape
for species movement (Belote et al. 2016; Belote and
Wilson 2020). Second, ProtConn is computationally
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Protected Protected

Area

Protected
Area

Protected - Protected
Area Area

Protected
Area

Figure 6. Conceptual illustration of how ProtConn may consider a set of protected areas “connected” based only on their areas and
distance (left), without considering the condition of the intervening land. The situation in the real world (right) could include natural
or anthropogenic barriers to movement between protected areas that are considered connected.

intensive, and Yang, Kedron, and Frazier (2024)
showed that simpler metrics could be reasonable sub-
stitutes in certain reporting contexts. Third,
ProtConn cannot identify where more effective PA
management or administrative coordination is neces-
sary (Saura et al. 2018). Thus, results derived from
ProtConn should be regarded as liberal estimates of
connectedness, as incorporating the suitability or
permeability of interposing areas would likely
decrease the amount of land considered protected
and connected. As human pressures reduce the qual-
ity of PAs and transitional areas (Geldmann et al.
2019), it will be important to identify and adopt
metrics that account for species-specific dispersal and
movement costs when planning specific functions of
the PA network. A single-metric approach like
ProtConn is attractive, but monitoring and bench-
marking will be improved if that metric is comple-
mented by species- and resistance-based metrics and
local knowledge.

Moving beyond metrics, we continue to lack a
solid scientific understanding of how much connec-
tivity is needed to achieve desired global biodiversity
impacts. Climate change will continue to shift eco-
systems (Williams, Jackson, and Kutzbach 2007;
Fitzpatrick and Dunn 2019) and undermine the
effectiveness of existing PAs (Dobrowski et al.
2021). Policies must prioritize the protection of areas
that can act as refugia or corridors for migrating spe-

cies (Carroll et al. 2018; Michalak et al. 2018;

Graham et al. 2019; Stralberg, Carroll, and Nielsen
2020). Accurately predicting which ecoregions will
change and at what rates is key to guiding PA net-
work expansion. Recent findings project large cli-
matic shifts across the northern midlatitudes in the
United States (Cui et al. 2021), and these shifts will
invariably affect PAs. PA network design must also
consider where and how species will need to migrate
to locate new areas of suitable climate. Efforts to
forecast where PAs are needed in the future should
also consider the potentially negative consequences
of connectivity (Keeley et al. 2022), such as foster-
ing the spread of invasive species.

PAs often serve a dual role both as refuges for biodi-
versity conservation and also places for human enjoy-
ment and other ecosystem services. Ensuring “more
equitable access to nature and its benefits for all peo-
ple in America—no matter their zip code” is an
explicit goal of the ATB plan (Biden 2021), so that
all residents can benefit from cleaner air, water, and
the other benefits that nature provides. Although we
did not explicitly analyze access to PAs, our results do
permit some general observations. The county-level
PA map (Figure 2D) shows that there are areas of the
country, notably in the Midwest and Great Plains,
that do not have any PAs. Future site prioritization
work should consider benefits to both people and bio-
diversity, and determine whether both goals can be
part of prioritizations. It is important to also meter
these discussions with an understanding that parks
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and PAs will often attract development at their
boundaries as people are drawn to the natural, scenic,
cultural, or recreational amenities (Joppa, Loarie, and
Pimm 2008; Radeloff et al. 2010; Vukomanovic et al.
2020). This development can jeopardize the effective-
ness of PAs for biodiversity conservation (Gimmi
et al. 2011). Building in buffers around ecologically
sensitive areas or habitat for endangered and threat-
ened species can help alleviate these pressures while
safeguarding the range of ecosystem services provided
by protected areas.

Conclusions

This is the first study to present connectedness
results for PAs in the United States at multiple, pol-
icy-relevant scales where PA network design is being
administered. We found that while the percentage of
land that is protected and connected increases with
decreasing levels of analysis, values at all scales are
below the Aichi and Kunming-Montreal GBF targets
and below global, country-level amounts. We found
that these deficiencies are largely due to PA network
design, and because network design is within the
purview of counties, states, regional agencies, tribal
governments, and local stakeholders, it is possible to
ultimately increase PA connectedness in the United
States. Increasing connectedness, however, will
depend on cooperative spatial planning that spans
administrative boundaries and integrates multiple
levels of government and private stakeholders. The
scale mismatches between ecological processes and
administrative units along with the nested nature of
administrative units will require better network gov-
ernance, coordination, and interagency collaboration
to ensure PA additions meet cross-scale ecosystems.

Disclosure Statement

No potential conflict of interest was reported by
the authors.

Funding

This research was supported by a U.S. National
Science Foundation grant to Amy E. Frzaier (Award

#2416164).

Supplemental Material

Supplemental data for this article can be accessed

on the publisher’s site at: https://doi.org/XXXXXX

ORCID

Amy E. Frazier (® http://orcid.org/0000-0003-4552-
4935
Peter Kedron
3416
Wenxin Yang

4500

http://orcid.org/0000-0002-1093-

http://orcid.org/0000-0002-9332-

Data Availability Statement

All data used in the analysis are publicly available
through the U.S. Protected Areas Database (https://
Www.usgs.gov/programs/gap-analysis-project) and the
World Database of Protected Areas (https://
www.protectedplanet.net). Our code is available
through an Open Science Framework Repository
called “U.S. Protected Area Connectivity” (https://
osf.io/sm9nr/). The county-level analyses also used
code that is openly available on GitHub through
connectscape.github.io/Makurhini/.

Literature Cited

Adler, F. R., and B. Nuernberger. 1994. Persistence in
patchy irregular landscapes. Theoretical Population
Biology 45 (1):41-75. https://[www.sciencedirect.com/
science/article/pii/S0040580984710033. doi: 10.1006/
tpbi.1994.1003.

Andrello, M., M. N. Jacobi, S. Manel, W. Thuiller, and
D. Mouillot. 2015. Extending networks of protected
areas to optimize connectivity and population growth
rate. Ecography 38 (3):273-82. https://onlinelibrary.
wiley.com/doi/10.1111/ecog.00975. doi: 10.1111/ecog.
00975.

Bargelt, L., M.-J. Fortin, and D. L. Murray. 2020.
Assessing connectivity and the contribution of pri-
vate lands to protected area networks in the United
States. PLoS ONE 15 (3):e0228946. doi: 10.1371/
journal.pone.0228946.

Beger, M., A. Metaxas, A. C. Balbar, J. A. McGowan, R.
Daigle, C. D. Kuempel, E. A. Treml, and H. P.
Possingham. 2022. Demystifying ecological connectiv-
ity for actionable spatial conservation planning.
Trends in Ecology & Ewvolution 37 (12):1079-91. doi:
10.1016/j.tree.2022.09.002.


https://doi.org/XXXXXX
https://www.sciencedirect.com/science/article/pii/S0040580984710033
https://www.sciencedirect.com/science/article/pii/S0040580984710033
https://doi.org/10.1006/tpbi.1994.1003
https://doi.org/10.1006/tpbi.1994.1003
https://onlinelibrary.wiley.com/doi/10.1111/ecog.00975
https://onlinelibrary.wiley.com/doi/10.1111/ecog.00975
https://doi.org/10.1111/ecog.00975
https://doi.org/10.1111/ecog.00975
https://doi.org/10.1371/journal.pone.0228946
https://doi.org/10.1371/journal.pone.0228946
https://doi.org/10.1016/j.tree.2022.09.002

14 Frazier et al.

Belote, R. T., M. S. Dietz, B. H. McRae, D. M. Theobald,
M. L. McClure, G. H. Irwin, P. S. McKinley, J. A.
Gage, and G. H. Aplet. 2016. Identifying corridors
among large protected areas in the United States.
PLoS ONE 11 (4):e0154223. doi: 10.1371/journal.
pone.0154223.

Belote, R. T., and M. B. Wilson. 2020. Delineating
greater ecosystems around protected areas to guide
conservation. Conservation Science and Practice 2
(6):1-10.  https://conbio.onlinelibrary.wiley.com/doi/
10.1111/csp2.196. doi: 10.1111/csp2.196.

Biden, J. R. 2021. Executive order on tackling the climate cri-
sis at home and abroad. https://www.journal-advocate.
com/wp-content/uploads/2021/05/Executive-Order-on-
Tackling-the-Climate-Crisis-at-Home-and-Abroad-_-
The-White-House.pdf.

Boitani, L., A. Falcucci, L. Maiorano, and C. Rondinini.
2007. Ecological networks as conceptual frameworks
or operational tools in conservation. Conservation
Biology 21 (6):1414-22.

Bowman, J., ]J. A. G. Jaeger, and L. Fahrig. 2002.
Dispersal distance of mammals is proportional to
home range size. Ecology 83 (7):2049-55. https://esa-
journals.onlinelibrary.wiley.com/doi/abs/10.1890/0012-
9658(2002)083[2049:DDOMIP]2.0.CO;2.  doi:  10.
2307/3071786.

Bowne, D. R., and M. A. Bowers. 2004. Interpatch move-
ments in spatially structured populations: A literature
review. Landscape Ecology 19 (1):1-20. doi: 10.1023/
B:LAND.0000018357.45262.b9.

Brondizio, E. S., ]. Settele, S. Diaz, and H. T. Ngo.
2019. The global assessment report of the intergovern-
mental science-policy platform on biodiversity and eco-
system services. Bonn, Germany: Intergovernmental
Science-Policy  Platform on  Biodiversity — and
Ecosystem Services (IPBES). https://play.google.com/
store/books/details?id
=egFTzwEACAA].

Brown, J. H., and A. Kodric-Brown. 1977. Turnover rates
in insular biogeography: Effect of immigration on
extinction. Ecology 58 (2):445-49. doi: https://doi.org/
10.2307/1935620.

Carroll, C., S. A. Parks, S. Z. Dobrowski, and D. R. Roberts.
2018. Climatic, topographic, and anthropogenic factors
determine connectivity between current and future cli-
mate analogs in North America. Global Change Biology
24 (11):5318-31. doi: 10.1111/gcb.14373.

Chapman, M., C. Boettiger, and J. S. Brashares. 2023.
Leveraging private lands to meet 2030 biodiversity
targets in the United States. Conservation Science and
Practice 5 (4):1-11. https://conbio.onlinelibrary.wiley.
com/doif10.1111/csp2.12897. doi: 10.1111/csp2.12897.

Christensen, V., Z. Ferdana, and ]. Steenbeek. 2009. Spatial
optimization of protected area placement incorporating
ecological, social and economical criteria. Ecological
Modelling 220 (19):2583-93. https://www.sciencedirect.
com/science/article/pii/S0304380009004384. doi: 10.
1016/j.ecolmodel.2009.06.029.

Convention on Biological Diversity. 2023. Report of the
conference of the parties to the convention on biological
diversity on the second part of its fifteenth meeting,

Montreal, Canada and Nairobi, Kenya. https://www.
cbd.int/doc/c/f98d/390c/d25842dd39bd8dc3d7d2ae14/
cop-15-17-en.pdf.

Cui, D., S. Liang, D. Wang, and Z. Liu. 2021. A 1km
global dataset of historical (1979-2013) and future
(2020-2100) Koppen—Geiger climate classification
and bioclimatic variables. Earth System Science Data
13 (11):5087-114. https://essd.copernicus.org/articles/
13/5087/2021/. doi: 10.5194/essd-13-5087-2021.

DeFries, R., A. Hansen, A. C. Newton, and M. C. Hansen.
2005. Increasing isolation of protected areas in tropical
forests over the past twenty years. Ecological Applications
15 (1):19-26. doi: 10.1890/03-5258.

Diaz, S., ]. Settele, E. S. Brondizio, H. T. Ngo, J. Agard,
A. Arneth, P. Balvanera, K. A. Brauman, S. H. M.
Butchart, K. M. A. Chan, et al. 2019. Pervasive
human-driven decline of life on Earth points to the
need for transformative change. Science 366
(6471):eaax3100. doi: 10.1126/science.aax3100.

Di Minin, E., L. T. B. Hunter, G. A. Balme, R. J. Smith,
P. S. Goodman, and R. Slotow. 2013. Creating larger
and better connected protected areas enhances the
persistence of big game species in the Maputaland-
Pondoland-Albany biodiversity hotspot. PLoS ONE 8
(8):€71788. doi: 10.1371/journal.pone.0071788.

Dinerstein, E., D. Olson, A. Joshi, C. Vynne, N. D.
Burgess, E. Wikramanayake, N. Hahn, S. Palminteri,
P. Hedao, R. Noss, et al. 2017. An ecoregion-based
approach to protecting half the terrestrial realm.
Bioscience 67 (6):534—45. doi: 10.1093/biosci/bix014.

Dobrowski, S. Z., C. E. Littlefield, D. S. Lyons, C.
Hollenberg, C. Carroll, S. A. Parks, ]J. T. Abatzoglou,
K. Hegewisch, and ]. Gage. 2021. Protected-area tar-
gets could be undermined by climate change-driven
shifts in ecoregions and biomes. Communications Earth
& Environment 2 (1):1-11. https://www.nature.com/
articles/s43247-021-00270-z. doi: 10.1038/s43247-021-
00270-z.

Dreiss, L. M., and J. W. Malcom. 2022. Identifying key
federal, state, and private lands strategies for achiev-
ing 30 x 30 in the United States. Conservation Letters
15 (1):1-12. doi: 10.1111/conl.12849.

Drielsma, M., S. Ferrier, and G. Manion. 2007. A raster-
based technique for analysing habitat configuration:
The cost-benefit approach. Ecological Modelling 202
(3—4):324-32. https://www.sciencedirect.com/science/
article/pii/S0304380006005291. doi: 10.1016/j.ecol-
model.2006.10.016.

Dutta, T., S. Sharma, B. H. McRae, P. S. Roy, and R.
DeFries. 2016. Connecting the dots: Mapping habitat
connectivity for tigers in central India. Regional
Environmental Change 16 (Suppl. 1):53-67. doi: 10.
1007/s10113-015-0877-z.

Fahrig, L., V. Arroyo-Rodriguez, E. Cazetta, A. Ford, J.
Lancaster, and T. Ranius. 2022. Landscape connectiv-
ity. In The Routledge handbook of landscape ecology, ed.
R. A. Francis, J. D. A. Millington, G. L. W. Perry,
and E. S. Minor. London and New York: Taylor &
Francis Group. https://play.google.com/store/books/
details?id=uxkazQEACAA].


https://doi.org/10.1371/journal.pone.0154223
https://doi.org/10.1371/journal.pone.0154223
https://conbio.onlinelibrary.wiley.com/doi/10.1111/csp2.196
https://conbio.onlinelibrary.wiley.com/doi/10.1111/csp2.196
https://doi.org/10.1111/csp2.196
https://www.journal-advocate.com/wp-content/uploads/2021/05/Executive-Order-on-Tackling-the-Climate-Crisis-at-Home-and-Abroad-_-The-White-House.pdf
https://www.journal-advocate.com/wp-content/uploads/2021/05/Executive-Order-on-Tackling-the-Climate-Crisis-at-Home-and-Abroad-_-The-White-House.pdf
https://www.journal-advocate.com/wp-content/uploads/2021/05/Executive-Order-on-Tackling-the-Climate-Crisis-at-Home-and-Abroad-_-The-White-House.pdf
https://www.journal-advocate.com/wp-content/uploads/2021/05/Executive-Order-on-Tackling-the-Climate-Crisis-at-Home-and-Abroad-_-The-White-House.pdf
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/0012-9658(2002)083[2049:DDOMIP]2.0.CO;2
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/0012-9658(2002)083[2049:DDOMIP]2.0.CO;2
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/0012-9658(2002)083[2049:DDOMIP]2.0.CO;2
https://doi.org/10.2307/3071786
https://doi.org/10.2307/3071786
https://doi.org/10.1023/B:LAND.0000018357.45262.b9
https://doi.org/10.1023/B:LAND.0000018357.45262.b9
https://play.google.com/store/books/details?id=egFTzwEACAAJ
https://play.google.com/store/books/details?id=egFTzwEACAAJ
https://play.google.com/store/books/details?id=egFTzwEACAAJ
https://doi.org/10.2307/1935620
https://doi.org/10.2307/1935620
https://doi.org/10.1111/gcb.14373
https://conbio.onlinelibrary.wiley.com/doi/10.1111/csp2.12897
https://conbio.onlinelibrary.wiley.com/doi/10.1111/csp2.12897
https://doi.org/10.1111/csp2.12897
https://www.sciencedirect.com/science/article/pii/S0304380009004384
https://www.sciencedirect.com/science/article/pii/S0304380009004384
https://doi.org/10.1016/j.ecolmodel.2009.06.029
https://doi.org/10.1016/j.ecolmodel.2009.06.029
https://www.cbd.int/doc/c/f98d/390c/d25842dd39bd8dc3d7d2ae14/cop-15-17-en.pdf
https://www.cbd.int/doc/c/f98d/390c/d25842dd39bd8dc3d7d2ae14/cop-15-17-en.pdf
https://www.cbd.int/doc/c/f98d/390c/d25842dd39bd8dc3d7d2ae14/cop-15-17-en.pdf
https://essd.copernicus.org/articles/13/5087/2021/
https://essd.copernicus.org/articles/13/5087/2021/
https://doi.org/10.5194/essd-13-5087-2021
https://doi.org/10.1890/03-5258
https://doi.org/10.1126/science.aax3100
https://doi.org/10.1371/journal.pone.0071788
https://doi.org/10.1093/biosci/bix014
https://www.nature.com/articles/s43247-021-00270-z
https://www.nature.com/articles/s43247-021-00270-z
https://doi.org/10.1038/s43247-021-00270-z
https://doi.org/10.1038/s43247-021-00270-z
https://doi.org/10.1111/conl.12849
https://www.sciencedirect.com/science/article/pii/S0304380006005291
https://www.sciencedirect.com/science/article/pii/S0304380006005291
https://doi.org/10.1016/j.ecolmodel.2006.10.016
https://doi.org/10.1016/j.ecolmodel.2006.10.016
https://doi.org/10.1007/s10113-015-0877-z
https://doi.org/10.1007/s10113-015-0877-z
https://play.google.com/store/books/details?id=uxkazQEACAAJ
https://play.google.com/store/books/details?id=uxkazQEACAAJ

Meeting “30 x 30” Conservation Goals Through Connected Protected Areas 15

Fahrig, L., and G. Merriam. 1994. Conservation of fragmented
populations. Conservation Biology 8 (1):50-59. doi:
https://doi.org/10.1046/j.1523-1739.1994.08010050.x.

Fitzpatrick, M. C., and R. R. Dunn. 2019. Contemporary
climatic analogs for 540 North American urban areas
in the late 21st century. Nature Communications 10
(1):614. doi: 10.1038/s41467-019-08540-3.

Frazier, A. E., M. Honzak, C. Hudson, R. Perlin, A.
Tohtsonie, K. D. Gaddis, C. de Sousa, T. H. Larsen,
J. Junker, S. Nyandwi, et al. 2021. Connectivity and
conservation of Western Chimpanzee (Pan troglo-
dytes verus) habitat in Liberia. Diversity and
Distributions 27 (7):1235-50. doi: 10.1111/ddi.13270.

Gaston, K. J., S. F. Jackson, L. Cantd-Salazar, and G.
Cruz-Pindn. 2008. The ecological performance of pro-
tected areas. Annual Review of Ecology, Evolution, and
Systematics 39 (1):93-113. doi: 10.1146/annurev.
ecolsys.39.110707.173529.

Geldmann, J., M. Deguignet, A. Balmford, N. D. Burgess,
N. Dudley, M. Hockings, N. Kingston, H. Klimmek,
A. H. Lewis, C. Rahbek, et al. 2021. Essential indica-
tors for measuring site-based conservation effective-
ness in the post-2020 global biodiversity framework.
Conservation Letters 14 (4):1-9. https://conbio.online-
library.wiley.com/doi/10.1111/conl.12792.  doi:  10.
1111/conl.12792.

Geldmann, J., A. Manica, N. D. Burgess, L. Coad, and A.
Balmford. 2019. A global-level assessment of the
effectiveness of protected areas at resisting anthropo-
genic pressures. Proceedings of the National Academy of
Sciences of the United States of America 116
(46):23209-15. doi: 10.1073/pnas.1908221116.

Gilbert-Norton, L., R. Wilson, J. R. Stevens, and K. H.
Beard. 2010. A meta-analytic review of corridor effec-
tiveness. Conservation Biology: The Jowrnal of the
Society for Conservation Biology 24 (3):660-68. https://
conbio.onlinelibrary.wiley.com/doi/abs/10.1111/j.1523-
1739.2010.01450.x. doi: 10.1111/.1523-1739.2010.
01450.x.

Gimmi, U., S. L. Schmidt, T. ]J. Hawbaker, C. Alcantara,
U. Gafvert, and V. C. Radeloff. 2011. Increasing
development in the surroundings of U.S. National
Park Service holdings jeopardizes park effectiveness.
Journal of Environmental Management 92 (1):229-39.
https://www.sciencedirect.com/science/article/pii/
S0301479710002914. doi: 10.1016/j.jenvman.2010.09.
006.

Graham, V., J. B. Baumgartner, L. ]. Beaumont, M.
Esperon-Rodriguez, and A. Grech. 2019. Prioritizing
the protection of climate refugia: Designing a climate-
ready protected area network. Journal of Environmental
Planning and Management 62 (14):2588-2606. doi: 10.
1080/09640568.2019.1573722.

Hanski, I. 1999. Habitat connectivity, habitat continuity,
and metapopulations in dynamic landscapes. Oikos 87
(2):209-19. http://www.jstor.org/stable/3546736. doi:
10.2307/3546736.

Hanson, J. O., R. Schuster, M. Strimas-Mackey, and J. R.
Bennett. 2019. Optimality in prioritizing conservation
projects. Methods in  Ecology and Ewvolution 10

(10):1655-63.  https://besjournals.onlinelibrary.wiley.
com/doi/10.1111/2041-210X.13264.  doi:  10.1111/
2041-210X.13264.

Heller, N. E., and E. S. Zavaleta. 2009. Biodiversity man-
agement in the face of climate change: A review of
22 years of recommendations. Biological Conservation
142 (1):14-32. doi: 10.1016/j.biocon.2008.10.006.

Henle, K., W. Kunin, O. Schweiger, D. S. Schmeller, V.
Grobelnik, Y. Matsinos, J. Pantis, L. Penev, S. G.
Potts, I. Ring, et al. 2010. Securing the conservation
of biodiversity across administrative levels and spatial,
temporal, and ecological scales research needs and
approaches of the SCALES project. GAIA - Ecological
Perspectives for Science and Society 19 (3):187-93.
https://www.ingentaconnect.com/content/oekom/gaia/
2010/00000019/00000003/art00008.  doi:  10.14512/
gaia.19.3.8.

Hughes, J., V. Lucet, G. Barrett, S. Moran, M. Manseau,
A. E. Martin, 1. Naujokaitis-Lewis, ]J. O. Negrin
Dastis, and R. Pither. 2023. Comparison and parallel
implementation of alternative moving-window met-
rics of the connectivity of protected areas across large
landscapes. Landscape Ecology 38 (6):1411-30. doi:
10.1007/s10980-023-01619-9.

Jennings, M. K., K. A. Zeller, and R. L. Lewison. 2020.
Supporting adaptive connectivity in dynamic land-
scapes. Land 9 (9):295.

Joppa, L. N., S. R. Loarie, and S. L. Pimm. 2008. On the
protection of “protected areas”. Proceedings of the
National Academy of Sciences 105 (18):6673-88.
https://www.pnas.org/doifabs/10.1073/pnas.
0802471105. doi: 10.1073/pnas.0802471105.

Keeley, A. T. H., P. Beier, and ]J. S. Jenness. 2021.
Connectivity metrics for conservation planning and
monitoring.  Biological ~ Conservation ~ 255:109008.
https://www.sciencedirect.com/science/article/pii/
S0006320721000604.  doi:  10.1016/j.biocon.2021.
109008.

Keeley, A. T. H., A. K. Fremier, P. A. L. Goertler, P. R.
Huber, A. M. Sturrock, S. M. Bashevkin, B. A.
Barbaree, ]. L. Grenier, T. E. Dilts, M. Gogol-
Prokurat, et al. 2022. Governing ecological connec-
tivity in cross-scale dependent systems. Bioscience 72
(4):372-86. doi: 10.1093/biosci/biab140.

Kindlmann, P., and F. Burel. 2008. Connectivity meas-
ures: A review. Landscape Ecology 23:879-90.

Krosby, M., ]. Tewksbury, N. M. Haddad, and J.
Hoekstra. 2010. Ecological connectivity for a chang-
ing climate. Conservation Biology: The Jowrnal of the
Society for Conservation Biology 24 (6):1686-89. doi:
10.1111/5.1523-1739.2010.01585..x.

Margules, C., and S. Sarkar. 2007. Systematic conservation
planning. Cambridge, UK: Cambridge University
Press.  https://play.google.com/store/books/details?id=
WhV9QeAACAA].

Maxwell, S. L., V. Cazalis, N. Dudley, M. Hoffmann,
A. S. L. Rodrigues, S. Stolton, P. Visconti, S.
Woodley, N. Kingston, E. Lewis, et al. 2020. Area-
based conservation in the twenty-first century. Nature

586 (7828):217-217. doi: 10.1038/s41586-020-2773-z.


https://doi.org/10.1046/j.1523-1739.1994.08010050.x
https://doi.org/10.1038/s41467-019-08540-3
https://doi.org/10.1111/ddi.13270
https://doi.org/10.1146/annurev.ecolsys.39.110707.173529
https://doi.org/10.1146/annurev.ecolsys.39.110707.173529
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12792
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12792
https://doi.org/10.1111/conl.12792
https://doi.org/10.1111/conl.12792
https://doi.org/10.1073/pnas.1908221116
https://conbio.onlinelibrary.wiley.com/doi/abs/10.1111/j.1523-1739.2010.01450.x
https://conbio.onlinelibrary.wiley.com/doi/abs/10.1111/j.1523-1739.2010.01450.x
https://conbio.onlinelibrary.wiley.com/doi/abs/10.1111/j.1523-1739.2010.01450.x
https://doi.org/10.1111/j.1523-1739.2010.01450.x
https://doi.org/10.1111/j.1523-1739.2010.01450.x
https://www.sciencedirect.com/science/article/pii/S0301479710002914
https://www.sciencedirect.com/science/article/pii/S0301479710002914
https://doi.org/10.1016/j.jenvman.2010.09.006
https://doi.org/10.1016/j.jenvman.2010.09.006
https://doi.org/10.1080/09640568.2019.1573722
https://doi.org/10.1080/09640568.2019.1573722
http://www.jstor.org/stable/3546736
https://doi.org/10.2307/3546736
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/2041-210X.13264
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/2041-210X.13264
https://doi.org/10.1111/2041-210X.13264
https://doi.org/10.1111/2041-210X.13264
https://doi.org/10.1016/j.biocon.2008.10.006
https://www.ingentaconnect.com/content/oekom/gaia/2010/00000019/00000003/art00008
https://www.ingentaconnect.com/content/oekom/gaia/2010/00000019/00000003/art00008
https://doi.org/10.14512/gaia.19.3.8
https://doi.org/10.14512/gaia.19.3.8
https://doi.org/10.1007/s10980-023-01619-9
https://www.pnas.org/doi/abs/10.1073/pnas.0802471105
https://www.pnas.org/doi/abs/10.1073/pnas.0802471105
https://doi.org/10.1073/pnas.0802471105
https://www.sciencedirect.com/science/article/pii/S0006320721000604
https://www.sciencedirect.com/science/article/pii/S0006320721000604
https://doi.org/10.1016/j.biocon.2021.109008
https://doi.org/10.1016/j.biocon.2021.109008
https://doi.org/10.1093/biosci/biab140
https://doi.org/10.1111/j.1523-1739.2010.01585.x
https://play.google.com/store/books/details?id=WhV9QgAACAAJ
https://play.google.com/store/books/details?id=WhV9QgAACAAJ
https://doi.org/10.1038/s41586-020-2773-z

16 Frazier et al.

Michalak, ]J. L., J. J. Lawler, D. R. Roberts, and C.
Carroll. 2018. Distribution and protection of climatic
refugia in North America. Conservation Biology: The
Journal of the Society for Conservation Biology 32
(6):1414-25. doi: 10.1111/cobi.13130.

Minor, E. S., and T. R. Lookingbill. 2010. A multiscale
network analysis of protected-area connectivity for
mammals in the United States. Conservation Biology:
The Journal of the Society for Conservation Biology 24
(6):1549-58.  https://onlinelibrary.wiley.com/doi/10.
1111/5.1523-1739.2010.01558.x. doi: 10.1111/5.1523-
1739.2010.01558.x.

Naidoo, R., and A. Brennan. 2019. Connectivity of pro-
tected areas must consider landscape heterogeneity: A
response to Saura et al. Biological Conservation
239:108316. doi: 10.1016/j.biocon.2019.108316.

Newmark, W. D. 1996. Insularization of Tanzanian parks
and the local extinction of large mammals.
Conservation Biology 10 (6):1549-56. doi: https://doi.
org/10.1046/j.1523-1739.1996.10061549.x.

Nolte, C. 2020. High-resolution land value maps reveal
underestimation of conservation costs in the United
States. Proceedings of the National Academy of Sciences
of the United States of America 117 (47):29577-83.
doi: 10.1073/pnas.2012865117.

Noss, R. F., A. P. Dobson, R. Baldwin, P. Beier, C. R.
Davis, D. A. Dellasala, ]J. Francis, H. Locke, K.
Nowak, R. Lopez, et al. 2012. Bolder thinking for
conservation. Conservation Biology: The Journal of the
Society for Conservation Biology 26 (1):1-4. doi: 10.
1111/5.1523-1739.2011.01738.x.

Odum, E. P., and H. T. Odum. 1972. Natural areas as
necessary components of man’s total environment.
Transactions of the North American Wildlife and Natural
Resources Conference 37:178-89.

O’Leary, B. C., M. Winther-Janson, ]J. M. Bainbridge, J.
Aitken, J. P. Hawkins, and C. M. Roberts. 2016.
Effective coverage targets for ocean protection.
Conservation Letters 9 (6):398-404. https://conbio.
onlinelibrary.wiley.com/doi/10.1111/conl.12247.  doi:
10.1111/conl.12247.

Openshaw, S. 1984. The modifiable areal unit problem.
Concepts and Techniques in Modern Geography 38:40.
Accessed October 6, 2023. https://cir.nii.ac.jp/crid/
1570291225725496704.

Parks, S. A., C. Carroll, S. Z. Dobrowski, and B. W.
Allred. 2020. Human land uses reduce climate con-
nectivity across North America. Global Change
Biology 26 (5):2944-55. doi: 10.1111/gcb.150009.

Perino, A., H. M. Pereira, M. Felipe-Lucia, H. Kim, H. S.
Kihl, M. R. Marselle, J. N. Meya, C. Meyer, L. M.
Navarro, R. van Klink, et al. 2022. Biodiversity post-
2020: Closing the gap between global targets and
national-level implementation. Conservation Letters 15
(2):1-16.  https://conbio.onlinelibrary.wiley.com/doi/
10.1111/conl.12848. doi: 10.1111/conl.12848.

Radeloff, V. C., S. L. Stewart, T. ]J. Hawbaker, U. Gimmi,
A. M. Pidgeon, C. H. Flather, R. B. Hammer, and
D. P. Helmers. 2010. Housing growth in and near
United States protected areas limits their conservation

value. Proceedings of the National Academy of Sciences of
the United States of America 107 (2):940-45. doi: 10.
1073/pnas.0911131107.

Riva, F., and L. Fahrig. 2022. The disproportionately high
value of small patches for biodiversity conservation.
Conservation Letters 15 (3):1-7. https://onlinelibrary.
wiley.com/doi/10.1111/conl.12881. doi: 10.1111/conl.
12881.

Rudnick, D., S. ]J. Ryan, P. Beier, S. A. Cushman, F.
Dieffenbach, C. Epps, L. R. Gerber, J. N. Hartter,
J. S. Jenness, ]. Kintsch, et al. 2012. The role of land-
scape connectivity in planning and implementing
conservation and restoration priorities. Issues in
Ecology. Accessed September 14, 2022. https://schol-
ars.unh.edu/geog_facpub/19/.

Santini, L., M. Di Marco, P. Visconti, D. Baisero, L.
Boitani, and C. Rondinini. 2013. Ecological correlates
of dispersal distance in terrestrial mammals. Hrystrix
24 (2):181-86. http://www.italian-journal-of-mammal-
ogy.it/Ecological-correlates-of-dispersal-distance-in-ter-
restrial-mammals,77231,0,2.html.

Santini, L., S. Saura, and C. Rondinini. 2016.
Connectivity of the global network of protected areas.
Diversity and Distributions 22 (2):199-211. https://onli-
nelibrary.wiley.com/doi/10.1111/ddi.12390. doi: 10.
1111/ddi.12390.

Saura, S., L. Bastin, L. Battistella, A. Mandrici, and G.
Dubois. 2017. Protected areas in the world’s ecore-
gions: How well connected are they!? Ecological
Indicators 76:144-58. doi: 10.1016/j.ecolind.2016.12.
047.

Saura, S., B. Bertzky, L. Bastin, L. Battistella, A.
Mandrici, and G. Dubois. 2018. Protected area con-
nectivity: Shortfalls in global targets and country-
level priorities. Biological Conservation 219:53-67. doi:
10.1016/j.biocon.2017.12.020.

Saura, S., B. Bertzky, L. Bastin, L. Battistella, A.
Mandrici, and G. Dubois. 2019. Global trends in pro-
tected area connectivity from 2010 to 2018. Biological
Conservation 238:108183. doi: 10.1016/j.biocon.2019.
07.028.

Saura, S., and J. Torné. 2009. Conefor Sensinode 2.2: A soft-
ware package for quantifying the importance of habitat
patches for landscape connectivity. Environmental
Modelling & Software 24 (1):135-39. https://www.scien-
cedirect.com/science/article/pii/S1364815208000959.
doi: 10.1016/j.envsoft.2008.05.005.

Schloss, C. A., T. A. Nunez, and ]. J. Lawler. 2012. Dispersal
will limit ability of mammals to track climate change in
the western hemisphere. Proceedings of the National
Academy of Sciences of the United States of America 109
(22):8606—11. doi: 10.1073/pnas.1116791109.

Secretariat of the Convention on Biological Diversity. 2020.
Global biodiversity outlook 5. Convention on Biological
Diversity, Montreal, Quebec, Canada. https://www.cbd.
int/gbo/gbo5/publication/gbo-5-en.pdf.

Soulé, M. E., and ]. Terborgh. 1999. Conserving nature at
regional and continental scales—A scientific program
for North America. BioScience 49 (10):809-17.
Accessed September 28, 2023. https://academic.oup.
com/bioscience/article/49/10/809/222906.  doi:  10.
2307/1313572.


https://doi.org/10.1111/cobi.13130
https://onlinelibrary.wiley.com/doi/10.1111/j.1523-1739.2010.01558.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1523-1739.2010.01558.x
https://doi.org/10.1111/j.1523-1739.2010.01558.x
https://doi.org/10.1111/j.1523-1739.2010.01558.x
https://doi.org/10.1016/j.biocon.2019.108316
https://doi.org/10.1046/j.1523-1739.1996.10061549.x
https://doi.org/10.1046/j.1523-1739.1996.10061549.x
https://doi.org/10.1073/pnas.2012865117
https://doi.org/10.1111/j.1523-1739.2011.01738.x
https://doi.org/10.1111/j.1523-1739.2011.01738.x
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12247
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12247
https://doi.org/10.1111/conl.12247
https://cir.nii.ac.jp/crid/1570291225725496704
https://cir.nii.ac.jp/crid/1570291225725496704
https://doi.org/10.1111/gcb.15009
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12848
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12848
https://doi.org/10.1111/conl.12848
https://doi.org/10.1073/pnas.0911131107
https://doi.org/10.1073/pnas.0911131107
https://onlinelibrary.wiley.com/doi/10.1111/conl.12881
https://onlinelibrary.wiley.com/doi/10.1111/conl.12881
https://doi.org/10.1111/conl.12881
https://doi.org/10.1111/conl.12881
https://scholars.unh.edu/geog_facpub/19/
https://scholars.unh.edu/geog_facpub/19/
http://www.italian-journal-of-mammalogy.it/Ecological-correlates-of-dispersal-distance-in-terrestrial-mammals,77231,0,2.html
http://www.italian-journal-of-mammalogy.it/Ecological-correlates-of-dispersal-distance-in-terrestrial-mammals,77231,0,2.html
http://www.italian-journal-of-mammalogy.it/Ecological-correlates-of-dispersal-distance-in-terrestrial-mammals,77231,0,2.html
https://onlinelibrary.wiley.com/doi/10.1111/ddi.12390
https://onlinelibrary.wiley.com/doi/10.1111/ddi.12390
https://doi.org/10.1111/ddi.12390
https://doi.org/10.1111/ddi.12390
https://doi.org/10.1016/j.ecolind.2016.12.047
https://doi.org/10.1016/j.ecolind.2016.12.047
https://doi.org/10.1016/j.biocon.2017.12.020
https://doi.org/10.1016/j.biocon.2019.07.028
https://doi.org/10.1016/j.biocon.2019.07.028
https://www.sciencedirect.com/science/article/pii/S1364815208000959
https://www.sciencedirect.com/science/article/pii/S1364815208000959
https://doi.org/10.1016/j.envsoft.2008.05.005
https://doi.org/10.1073/pnas.1116791109
https://www.cbd.int/gbo/gbo5/publication/gbo-5-en.pdf
https://www.cbd.int/gbo/gbo5/publication/gbo-5-en.pdf
https://academic.oup.com/bioscience/article/49/10/809/222906
https://academic.oup.com/bioscience/article/49/10/809/222906
https://doi.org/10.2307/1313572
https://doi.org/10.2307/1313572

Meeting “30 x 30” Conservation Goals Through Connected Protected Areas 17

Stevens, V. M., S. Whitmee, ].-F. Le Galliard, J. Clobert,
K. Bohning-Gaese, D. Bonte, M. Brandle, D.
Matthias Dehling, C. Hof, A. Trochet, et al. 2014. A
comparative analysis of dispersal syndromes in terres-
trial and semi-terrestrial animals. Ecology Letters 17
(8):1039-52. doi: 10.1111/ele.12303.

Stralberg, D., C. Carroll, and S. E. Nielsen. 2020. Toward a
climate-informed North American protected areas net-
work: Incorporating climate-change refugia and corridors
in conservation planning. Conservation Letters 13
(4):e12712.  https://conbio.onlinelibrary.wiley.com/doi/
10.1111/conl.12712. doi: 10.1111/conl.12712.

Taylor, P. D., L. Fahrig, K. Henein, and G. Merriam.
1993. Connectivity is a vital element of landscape
structure. Oikos 68 (3):571-73. http://www.jstor.org/
stable/3544927. doi: 10.2307/3544927.

Taylor, P. D., L. Fahrig, and K. A. With. 2006. Landscape
connectivity: A return to the basics. In Connectivity con-
servation, 29-43. Cambridge, UK: Cambridge
University Press. Accessed September 28, 2023. https://
www.cambridge.org/core/books/abs/connectivity-con-
servation/landscape-connectivity-a-return-to-the-bas
ics/989690F5EBFA28FB7D2D5CDDC2CADSDD.

Theobald, D. M., A. T. H. Keeley, A. Laur, and G.
Tabor. 2022. A simple and practical measure of the
connectivity of protected area networks: The ProNet
metric. Conservation Science and Practice 4 (11):1-13.
https://conbio.onlinelibrary.wiley.com/doi/10.1111/
csp2.12823. doi: 10.1111/csp2.12823.

Theobald, D. M., C. Kennedy, B. Chen, ]J. Oakleaf, S.
Baruch-Mordo, and J. Kiesecker. 2020. Earth trans-
formed: Detailed mapping of global human modifica-
tion from 1990 to 2017. Earth System Science Data 12
(3):1953-72. doi: 10.5194/essd-12-1953-2020.

UNEP-WCMC, and IUCN. 2016. Protected planet report
2016: How protected areas contribute to achieving global
targets for biodiversity. Gland, Switzerland: UNEP-
WCMC, IUCN.

UNEP-WCMC, and IUCN. 2021. Protected planet report
2020. Cambridge, UK: UNEP-WCMC, [UCN.
https://livereport.protectedplanet.net/.

Venter, O., E. W. Sanderson, A. Magrach, J. R. Allan, J.
Beher, K. R. Jones, H. P. Possingham, W. F. Laurance, P.
Wood, B. M. Fekete, et al. 2016. Sixteen years of change
in the global terrestrial human footprint and implications
for biodiversity conservation. Nature Communications 7
(1):12558. doi: 10.1038/ncomms12558.

Vukomanovic, J., K. K. Singh, ]J. B. Vogler, and R. K.
Meentemeyer. 2020. Protection status and proximity to
public-private boundaries influence land use intensifica-
tion near U.S. parks and protected areas. Conservation
Science and Practice 2 (5):1-13. https://conbio.onlineli-
brary.wiley.com/doi/10.1111/csp2.190.  doi:  10.1111/
csp2.190.

Ward, M., S. Saura, B. Williams, ]. P. Ramirez-Delgado, N.
Arafeh-Dalmau, J. R. Allan, O. Venter, G. Dubois,
and J. E. M. Watson. 2020. Just ten percent of the
global terrestrial protected area network is structurally
connected via intact land. Nature Communications 11

(1):4563. doi: 10.1038/s41467-020-18457-x.

Williams, ]. W., S. T. Jackson, and ]. E. Kutzbach.
2007. Projected distributions of novel and disap-
pearing climates by 2100 AD. Proceedings of the
National Academy of Sciences of the United States of
America 104 (14):5738-42. doi:  10.1073/pnas.
0606292104.

Wilson, E. O. 2017. Half-earth: Our planet’s fight for life.
New York and London: Liveright Publishing
Corporation.

With, K. A., R. H. Gardner, and M. G. Turner. 1997.
Landscape connectivity and population distributions
in heterogeneous environments. Oikos 78 (1):151-
69. http://www.jstor.org/stable/3545811. doi: 10.2307/
3545811.

Yang, W., P. Kedron, and A. E. Frazier. 2024. Percentage
of area protected can substitute for more complicated
structural metrics when monitoring protected area
connectivity. Ecological Indicators 158:111387. doi: 10.
1016/j.ecolind.2023.111387.

AMY E. FRAZIER is Professor of Geography and the
Jack and Laura Dangermond Chair of Conservation
Science in the Department of Geography at the
University of California, Santa Barbara, Santa
Barbara, CA 93106. E-mail: afrazier@ucsb.edu. Her
research uses remote sensing, geographic information
systems, and machine learning to harness large biolog-
ical and environmental data to inform conservation
decision-making.

PETER KEDRON is an Associate Professor of
Geography and Associate Director of the Center for
Spatial Studies and Data Science at the University
of California Santa Barbara, Santa Barbara, CA,
93106. E-mail: peterkedron@ucsb.edu. He develops
analytical methods, research approaches, and peda-
gogical models to build a reproducible and reliable
spatial data science. His recent research focuses on
bringing a geographic approach to understanding
what policies work where.

WENXIN YANG is a PhD Student in the
Department of Geography at the University of
California, Santa Barbara, Santa Barbara, CA 93106.
E-mail: wenxinyang@ucsb.edu. Her interests include
leveraging geoinformatics to approach biodiversity
conservation challenges.

HEJUN QUAN is an MA Graduate in Geography
from the School of Geographical Sciences and
Urban Planning, Arizona State University, Tempe,
AZ 85287. E-mail: hquan5@asu.edu. His research
interests include network design models, transporta-
tion, and optimization for facility location.


https://doi.org/10.1111/ele.12303
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12712
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12712
https://doi.org/10.1111/conl.12712
http://www.jstor.org/stable/3544927
http://www.jstor.org/stable/3544927
https://doi.org/10.2307/3544927
https://www.cambridge.org/core/books/abs/connectivity-conservation/landscape-connectivity-a-return-to-the-basics/989690F5EBFA28FB7D2D5CDDC2CAD8DD
https://www.cambridge.org/core/books/abs/connectivity-conservation/landscape-connectivity-a-return-to-the-basics/989690F5EBFA28FB7D2D5CDDC2CAD8DD
https://www.cambridge.org/core/books/abs/connectivity-conservation/landscape-connectivity-a-return-to-the-basics/989690F5EBFA28FB7D2D5CDDC2CAD8DD
https://www.cambridge.org/core/books/abs/connectivity-conservation/landscape-connectivity-a-return-to-the-basics/989690F5EBFA28FB7D2D5CDDC2CAD8DD
https://conbio.onlinelibrary.wiley.com/doi/10.1111/csp2.12823
https://conbio.onlinelibrary.wiley.com/doi/10.1111/csp2.12823
https://doi.org/10.1111/csp2.12823
https://doi.org/10.5194/essd-12-1953-2020
https://livereport.protectedplanet.net/
https://doi.org/10.1038/ncomms12558
https://conbio.onlinelibrary.wiley.com/doi/10.1111/csp2.190
https://conbio.onlinelibrary.wiley.com/doi/10.1111/csp2.190
https://doi.org/10.1111/csp2.190
https://doi.org/10.1111/csp2.190
https://doi.org/10.1038/s41467-020-18457-x
https://doi.org/10.1073/pnas.0606292104
https://doi.org/10.1073/pnas.0606292104
http://www.jstor.org/stable/3545811
https://doi.org/10.2307/3545811
https://doi.org/10.2307/3545811
https://doi.org/10.1016/j.ecolind.2023.111387
https://doi.org/10.1016/j.ecolind.2023.111387
mailto:afrazier@ucsb.edu.
mailto:peterkedron@ucsb.edu
mailto:wenxinyang@ucsb.edu
mailto:hquan5@asu.edu

	America the Beautiful: Meeting “30 × 30” Conservation Goals Through Connected Protected Areas
	Abstract
	Landscape Connectivity in Conservation Planning
	Methods
	“Protected and Connected” Analyses
	Metric Partitioning for Network Assessment

	Results
	Discussion
	Other Considerations for Moving Connectivity Research Forward

	Conclusions
	Disclosure Statement
	Funding
	Supplemental Material
	Orcid
	Literature Cited


