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Protecting endangered species
in the USA requires both public
and private land conservation
Niall G. Clancy1,2,3, John P. Draper1,3, J. Marshall Wolf1, Umarfarooq A. Abdulwahab1,
Maya C. Pendleton1, Soren Brothers1, Janice Brahney1, Jennifer Weathered1, Edd Hammill1 &
Trisha B. Atwood1*
Crucial to the successful conservation of endangered species is the overlap of their ranges with
protected areas. We analyzed protected areas in the continental USA to assess the extent to which
they covered the ranges of endangered tetrapods. We show that in 80% of ecoregions, protected
areas offer equal (25%) or worse (55%) protection for species than if their locations were chosen at
random. Additionally, we demonstrate that it is possible to achieve sufficient protection for 100% of
the USA’s endangered tetrapods through targeted protection of undeveloped public and private lands.
Our results highlight that the USA is likely to fall short of its commitments to halting biodiversity loss
unless more considerable investments in both public and private land conservation are made.
In 2010, 194 countries committed to halting biodiversity loss by adopting the Aichi Biodiversity Targets and
Sustainable Development G
 oals1. Crucial to the success of this commitment is the protection of important habitat
to support terrestrial and aquatic biodiversity. Highly protected areas (e.g., national monuments, national parks,
and wilderness areas) that heavily restrict anthropogenic activities are the current mainstay for biodiversity conservation because, in general, well managed and effectively placed protected areas have been shown to increase
species richness and abundance relative to unprotected a reas2–5. As a result, the spatial extent of protected areas
is used to monitor global progress towards achieving Aichi Biodiversity Targets and Sustainable Development
Goals, and Aichi Target 11 specifically identified that 17% of terrestrial areas and inland waters needed to be
protected by 2 0201. Unfortunately, as 2019 came to a close only 15.2% of global land was located within protected
areas6. In 2020, the Convention on Biological Diversity (CBD) will adopt a new global biodiversity framework
for the post-2020 era with new targets set for 2050. To develop this new framework, the CBD will need to review
its successes and failures with the previous framework.
One of the major criticisms of Aichi Target 11 is that it is an area-based target that can be met with little
relevance to the protection of b
 iodiversity7. Although the designation of a protected area counts towards Aichi
Target 11, protected areas do not have to be designated with the primary goal of protecting biodiversity. This
is especially true in countries such as the United States of America (USA) where protected areas have historically been designated for reasons other than biodiversity, such as cultural and historical significance8, or lack
of agricultural v alue9. As a result, recent analyses have brought into question whether existing protected areas
are actually improving the conservation status of imperiled s pecies3, 4, and whether they should effectively be
counted towards reaching Aichi Target 11. To determine the extent to which current protected areas are aiding
in the protection of imperiled species and how much additional land is required to protect species, we must
understand the overlap between protected areas and species ranges.
Given that the ultimate goal of achieving Aichi Target 11 is to protect biodiversity and the services it provides,
new lands added to reach current and future targets should be designated with the specific goal of protecting biodiversity, especially threatened and endangered species. Currently, only 7.1% of the USA’s land is in a
highly protected status that is managed to preserve biodiversity8,10. The most common pathway by which the
government designates new lands as protected is through the conversion of existing public land to a protected
status [e.g., the conversion of Bureau of Land Management (BLM) land to a National Monument or Wilderness
Area]11. However, the political appetite for the conversion of public lands to highly protected areas is not always
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Figure 1.  Null modeling results and endangered species richness within the USA. (a) Difference between the
current number of endangered species with any part of their range inside highly protected areas and the average
results of 1,000 random placements of those highly protected areas. Warm colors show regions that performed
worse than a random placement, while cool colors indicate regions that performed better than random.
Ecoregion data were obtained from The Nature C
 onservancy34. (b) Number of endangered tetrapod species
per 5 km2 pixel, species distribution data were obtained from The USFWS Environmental Conservation Online
System47.

favorable12. Furthermore, the availability of public lands for conversion to protected areas may be limited. For
example, ~ 95% of the land in the state of Texas, USA, is privately owned. These political and logistical obstacles
may mean that private lands such as conservation easements may need to take a more prominent role in meeting
conservation targets in the U
 SA13,14.
Our study aimed to assess how current protected areas in the continental USA are contributing to the protection of its most imperiled species, and how the conversion of existing public and private lands to a highly
protected status can aid the USA further in safeguarding those species. We used a null modeling approach15,16
to analyze whether current protected areas include threatened and endangered species and sub-species (hereon
referred to as ‘endangered species’) better than if they had been placed at random. We then assessed how many
endangered species had 30% of their range inside the current layout of protected areas. In the absence of speciesspecific population viability analysis, a rule of thumb suggests that 30% of a species’ range must be protected for
it to persist in the wild17. We then further analyzed whether or not the capacity to protect more endangered species exists through the targeted conversion of undeveloped public and private lands to a highly protected status.
For all of our assessments, we use an ecoregion-based approach, as ecoregions have been shown to represent the
broadest inclusion of diverse habitats and s pecies18.

Results and discussion

While biodiversity conservation is cited as a priority for many existing highly protected areas, our null modeling
results indicate that the placement of protected areas in the USA has largely failed to include at-risk species.
For a large number of ecoregions, especially in the western states, we found that endangered species currently
have less of their range contained within protected areas than if these areas had been placed at random (Fig. 1a).
Across the entire continental USA, we found that highly protected areas in 55% of ecoregions were worse at
protecting the ranges of endangered species than if their location had been chosen at random within the same
ecoregion (Fig. 1a). An additional 25% of ecoregions performed no better than random. This lack of coverage
for at-risk species likely stems from the motivations for initial placement, as many protected areas were placed
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Figure 2.  The average percent of endangered species ranges within each type of land designation by tetrapod
class. The red line shows the 30% threshold for adequate protection of a species.

based on scenic b
 eauty8 or poor agricultural p
 otential9. The remaining 20% of ecoregions that performed better than random were coastal regions with moderate to high numbers of endangered species (Fig. 1a, b). Since
coastal areas tend to have high human population d
 ensities19, coastal protected areas may be performing better
than random because sensitive species have already been extirpated outside protected areas, and current species’
ranges now exist primarily in those protected areas.
The USA is not alone in the underperformance of its protected areas in helping to preserve biodiversity. While
protected areas globally are associated with higher levels of b
 iodiversity2, regional and country-level studies have
found that protected areas in Australia, Canada, Laos and parts of the neotropics are also safeguarding endangered species ranges, endemic species, or total species richness worse than if protected areas had been randomly
placed20–26. The diversity of countries with inadequate biodiversity protection suggests that this problem is not
just in developed countries where valuable land may already have been co-opted for human use. These combined
results suggest that even if we meet Aichi Target 11 by protecting 17% of global terrestrial areas and inland
waters, there may be minimal benefits for endangered species. Thus, the USA and several other countries need
to focus new conservation efforts on creating protected areas that are specifically placed to cover the ranges of
endangered species to aid their survival.
While the effectiveness of protected areas for preserving biodiversity integrates the geographical location,
habitat quality, and human use of the protected area20,27, achieving biodiversity targets requires sufficient overlap
between protected areas and the species of interest. We found that the creation of additional highly protected
areas through the conversion of existing public lands to highly protected areas would increase the number of
at-risk species that have 30% of their range protected. However, this conversion would not be sufficient to protect 30% of the range of a majority of the USA’s endangered species (Supplementary Table S1; Fig. 2) and is also
unlikely to be politically feasible given the multiple use mandate of public lands in the USA11.
At present, only 21 (13%) endangered species meet the minimum threshold of having 30% of their range
within protected areas (Supplementary Table S1). If private lands managed specifically for conservation are added
to this analysis, we found that the number of species with > 30% of their range protected does not increase (Supplementary Table S1). This lack of additional species receiving adequate protection when private conservation
easements are added is not surprising, as these areas are collectively about 24% of the size of highly protected
areas. We found that the USA could protect a total of 59 (37%) of its endangered species by conferring highly
protected status to United States Forest Service (USFS) and BLM lands (Supplementary Table S1; Fig. 2). Protection of additional federal (e.g., Bureau of Reclamation, Department of Defense lands, etc.) and state lands would
raise this number to 68 (43%) endangered species (Supplementary Table S1; Fig. 2). One example of a species
that can be adequately protected on federal and state land is the Northern Idaho ground squirrel (Urocitellus
brunneus). Currently, only 1.9% of U. brunneus’ range falls within protected areas, but an additional 51.4% of
its range could be protected if other federal lands, such as portions of the Payette National Forest, were highly
protected (Fig. 3). Other species for which adequate protection is achievable on public lands include the Mexican
spotted owl (Strix occidentalis lucida) and Virginia big-eared bat (Corynorhinus townsendii virginianus); (Fig. 3;
Supplementary Table S1).
One of the most important findings from our analyses is that the USA has not lost its capacity to protect
100% of its endangered tetrapods adequately. Using the National Land Cover D
 atabase28, we found that all of
the remaining 91 endangered species (57%) can be adequately protected through increased conservation on
a combination of undeveloped public and private lands (Figs. 2, 3; Supplementary Table S1). Example species
that would benefit from public and private land conversion to a protected status include the Ozark hellbender
(Cryptobranchus alleganiensis bishopi), flattened musk turtle (Sternotherus depressus), Florida panther (Puma
concolor cougar), and Wyoming toad (Anaxyrus baxteri); (Fig. 3). The optimal configuration of a new USA protected area network will require systematic planning because multiple configurations could adequately protect
all of the USA’s endangered species. Spatial prioritization will require a framework that takes into account both
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Figure 3.  Examples of endangered species that would benefit from different combinations of public and
private land conservation. Map colors show species’ ranges; Urocitellus bruneus: orange, Anaxyrus baxteri:
blue, Sternotherus depressus: pink, Strix occidentalis lucida: yellow, Cryptobranchus alleganiensis bishop: green,
Puma concolor cougar: black. Bar graphs indicate the percent of species ranges within each type of land
designation; black: currently protected federal land, green: U.S. Forest Service and Bureau of Land Management,
pink: other federal lands (e.g., Bureau of Reclamation, Department of Defense, etc.); blue: state land; grey:
undeveloped private land; white: private cropland and developed land. Landcover data obtained from Bureau
Land Management GIS r epository51, species distributions were obtained from the USFWS Environmental
Conservation Online S ystem47. Capacity on Public Land indicates that at least 30% of the given species’ range
is within federal or state lands (Y), or if less than 30% of the given species range is within federal or state lands
(N). Photo credits clockwise from top-left: USFS Region 4; Ryan Moehring/USWFS; John P. Friel; Connie
Bransilver; Brian Gratwicke; and Gary L. Clark.
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economic (e.g., cost for protecting different sites, lost opportunities costs29,30), and biological (e.g., network
connectivity)14 factors.
Our analyses suggest that to adequately protect its endangered species, in addition to greater protection of
public lands, the USA would need to make considerable investments in private land conservation through efforts
such as conservation e asements31. Reflecting on their growing importance in the field of conservation, a recent
review of the private lands literature found that conservation easements were the most frequently addressed
form of biodiversity protection on private lands32. Crucial to the implementation of these endeavors will be a
greater understanding of factors that increase the success of actions on private lands, such as engagement with
local stakeholders, public acceptance, and financial i ncentives13.
Despite the great strides made towards meeting Aichi Target 11, our results highlight that protected areas in
the USA are failing to sufficiently protect biodiversity because there is poor spatial overlap between endangered
species and the placement of current protected areas. While the capacity exists on public lands to double the
number of endangered species sufficiently protected (Fig. 2), over half of all endangered tetrapods in the continental USA require conservation on private lands for at least 30% of their range to be protected. Importantly, our
analyses indicate that the capacity to meet this 30% threshold for all of the continental USA’s endangered species
still exists on undeveloped public and private lands. To truly safeguard b
 iodiversity33, we must ensure that new
protected areas are not only designated in sufficient quantity, but also in locations suitable to imperiled species.
Thus, to adequately protect all of the continental USA’s endangered species, a new protected area network must
consider utilizing both public and private lands. In our analysis, we focused on species listed as threatened or
endangered; however, this list of species should be considered conservative as there are many vulnerable species
with declining populations that have not yet been listed. It is critical that protected lands contributing to the
progress of Aichi Target 11 sufficiently protect the world’s most vulnerable species. Failure to do so undermines
our true commitments to the Aichi Biodiversity Targets, the Sustainable Development Goals, and our fight
against biodiversity loss.

Methods

Null modeling. To assess if current highly protected areas are conserving endangered species, we used a null
modeling approach16 to determine whether highly protected areas within each of the Environmental Protection
Agency’s (EPA) level-II e coregions34 contained within their borders more endangered species than if they were
placed at random15. Ecoregions are designated by the EPA based on ecosystem components such as soil, landform, and major vegetation t ypes35, and have been used extensively in conservation planning studies to ensure
the creation of networks that represent the broadest range of diverse habitats and species. Protected areas were
those designated as either Protected Areas Database of the United States (PAD-US) GAP 1 or 2 (“managed for
biodiversity with no extractive uses”10). The locations of these protected areas were obtained from the database
maintained by the United States Geological Survey (USGS) Gap Analysis Program (GAP) using ESRI ArcGIS
10. Protected areas below GAP 2 were also removed because they are not managed explicitly for biodiversity
conservation36. All protected areas less than 5 km2 were removed from the analysis as we did not want to overrepresent the number of endangered species that had part of their range protected. We understand that for many
smaller species, having less than 5 km2 of their range in a protected area would be sufficient to ensure their survival, however, this would not be the case for many larger species that require large amounts of land. Because our
study integrates across many species with varying body sizes and home ranges, we set a conservative cut-off of
5 km2. We do not wish to diminish the importance of small protected areas, and understand they are important
as refuges37 and act as corridors for species with large home ranges38,39. In addition, our analyses do not account
for the fact that many species have seasonal distributions, requiring them to migrate between different locations
using corridors. Our goal was to focus on larger protected areas that have the potential to support populations
within their boundaries. Analyses were conducted using packages sp, raster, rgdal, rgeos, tmap, abind, dplyr, and
maptools40–45 in the statistical programming package R46.
Protected areas that spanned two or more ecoregions were split into subordinate parts. Range shapefiles
for each endangered tetrapod species within the continental USA were obtained from the U.S. Fish & Wildlife
Service’s Environmental Conservation Online System (ECOS) database47. The number of endangered species in
each ecoregion, whose ranges were located within protected area boundaries, was recorded. To create a random
distribution by which the current placement of protected areas would be compared, we used shapefiles of each
protected area and then randomly moved their location in both position and orientation within its given ecoregion and re-sampled 1,000 times for endangered species occurrence. We opted to constrain the analysis at the
ecoregion scale because ecoregions-based conservation planning has been shown to be effective at protecting
species-, community-, and ecosystem-level d
 iversity18,35,48,49. Due to the random placement of the protected areas,
there is the potential for protected areas to overlap. However, a key assumption of the null modeling approach is
that the placement of the protected areas is random, so we did not constrain the placement of the areas. Given
that overlapping protected areas would reduce the total area designated as protected in each ecoregion, our
analysis of whether existing protected areas are performing better than random should be considered conservative, as overlaps cannot occur in the existing locations, but can in the modeled locations. A count of total unique
endangered species was tabulated for each ecoregion for the existing protected area distribution, and for each of
the 1,000 iterations. We considered existing protected areas to be performing “better” or “worse” than random
only if there was at least a ± 1 species difference between the two.
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Public versus private lands comparison

In order to identify potential alternative methods through which endangered species could receive sufficient
protection, we examined the conservation options available on undeveloped public and private lands. We considered a threshold of 30% of a species’ range included in protected areas as adequate protection. While each
species will have a minimum population size that is necessary for the species to persist, the 30% threshold was
used as it represents a baseline “rule-of-thumb” in the absence of species-specific population viability a nalyses17.
Therefore, we sought to determine whether the USA’s highly protected areas are sufficient to cover 30% of each
species’ range for the 159 unique populations of endangered tetrapods listed under the USA’s Endangered Species
Act47. Following calculations of the amount of each species range covered by public protected areas, we then used
the National Conservation Easement Database50 to determine the number of additional species being protected
on private lands managed specifically for conservation (i.e., conservation easements). Finally, we determined
how many additional endangered species could be conserved through the targeted conversion of existing public
lands to a highly protected status or through the protection of private lands through conservation easements. A
common method for creating new highly protected areas in the USA is through the designation of national parks,
monuments, or wilderness areas within the boundaries of existing federal and state (hereon, “public”) lands,
especially lands managed by the USFS) and B
 LM11. Using ArcGIS 10, USFS and BLM shapefiles were extracted
from the BLM National Surface Management Agency G
 IS51 and protected areas, other federal, and state lands
35
from the U
 SGSGAP . We calculated the total area of each species’ range within each land management type by
intersecting endangered species’ range shapefiles with the public lands shapefile. Specifically, we looked at the
number of endangered species that had > 30% of their ranges on public lands that are not designated as GAP
1 or 2, as these lands could be considered available for conversion to protected areas. We generated a private
lands shapefile by merging all the public lands and protected areas shapefiles and subtracting this from the USA
shapefile, leaving only private lands. The private lands shapefile was then used to mask the National Land Cover
Database11 so that the resulting raster contained land cover data only for private lands. The range of each species on undeveloped private lands was iteratively tabulated by overlaying the species’ shapefiles over the private
lands only version of National Land Cover Database that we generated. Undeveloped private lands were those
not categorized as any level of ‘developed’ or ‘cultivated crops.’ The proportion of each species total range within
the continental USA was then calculated by land type.

Data availability

A list of endangered and threatened terrestrial tetrapods found within the continental USA, and the proportion
of their range encompassed by land management type is provided in Supplementary tables 1 & 2.

Received: 17 January 2020; Accepted: 26 June 2020

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

Scientific Reports |
Vol:.(1234567890)

Convention on Biological Diversity. Aichi biodiversity targets. Aichi Biodivers. Targets 9–10 https: //www.cbd.int/sp/target s/ (2010).
Gray, C. L. et al. Local biodiversity is higher inside than outside terrestrial protected areas worldwide. Nat. Commun. 7, 1–7 (2016).
Joppa, L. N. & Pfaff, A. Global protected area impacts. Proc. R. Soc. B Biol. Sci. 278, 1633–1638 (2011).
Geldmann, J. et al. Effectiveness of terrestrial protected areas in reducing habitat loss and population declines. Biol. Conserv. 161,
230–238 (2013).
Coetzee, B. W. T., Gaston, K. J. & Chown, S. L. Local scale comparisons of biodiversity as a test for global protected area ecological
performance: a meta-analysis. PLoS One 9, e105824 (2014).
UNEP-WCMC, IUCN & NGS. Protected Planet Live Report 2020. https://livereport.protectedplanet.net/ (2020).
Visconti, B. P. et al. Protected area targets post-2020. Science 364, 239–241 (2019).
Jenkins, C. N., Van Houtan, K. S., Pimm, S. L. & Sexton, J. O. US protected lands mismatch biodiversity priorities. Proc. Natl. Acad.
Sci. 112, 5081–5086 (2015).
Venter, O. et al. Bias in protected-area location and its effects on long-term aspirations of biodiversity conventions. Conserv. Biol.
32, 127–134 (2018).
USGS. U.S. Geological Survey Gap Analysis Project (GAP): Protected Areas Database of the United States (PAD-US). https: //www.
usgs.gov/core-science-systems/science-analytics-and-synthesis/gap/data-tools (2018).
Comay, L. B., Crafton, R. E., Vincent, C. H. & Hoover, K. Federal Land Designations : A Brief Guide. https://fas.org/sgp/crs/misc/
R45340.pdf (2018).
Horton, G. Downsizing national monuments: The current debate and lessons from history. UCLA J. Environ. Law Policy 38, 79–102
(2020).
Kamal, S., Grodzińska-Jurczak, M. & Brown, G. Conservation on private land: a review of global strategies with a proposed classification system. J. Environ. Plan. Manag. 58, 576–597 (2015).
Bargelt, L., Fortin, M. J. & Murray, D. L. Assessing connectivity and the contribution of private lands to protected area networks
in the United States. PLoS ONE 15, 1–13 (2020).
Vergílio, M. et al. Assessing the efficiency of protected areas to represent biodiversity: A small island case study. Environ. Conserv.
43, 337–349 (2016).
Epperly, J. et al. Relationships between borders, management agencies, and the likelihood of watershed impairment. PLoS ONE
13, 1–14 (2018).
Betts, M. G. & Villard, M.-A. Landscape thresholds in species occurrence as quantitative targets in forest management: generality in
space and time? Setting conservation targets for managed forest landscapes (ed. Villard & Jonsson) 185–206 (Cambridge University
Press, 2009). doi:10.1017/cbo9781139175388.010
Smith, J. R. et al. A global test of ecoregions. Nat. Ecol. Evol. 2, 1889–1896 (2018).
Small, C. & Nicholls, R. J. A global analysis of human settlement in coastal zones. J. Coast. Res. 19, 584–599 (2003).
Le Saout, S. et al. Protected areas and effective biodiversity conservation. Science 342, 803–805 (2013).
Watson, J. E. M., Dudley, N., Segan, D. B. & Hockings, M. The performance and potential of protected areas. Nature 515, 67–73
(2014).

(2020) 10:11925 |

https://doi.org/10.1038/s41598-020-68780-y

6

www.nature.com/scientificreports/
22. Deguise, I. & Kerr, J. Protected areas and prospects for endangered species conservation in Canada. Conserv. Biol. 20, 48–55 (2006).
23. Venter, O. et al. Targeting global protected area expansion for imperiled biodiversity. PLoS Biol. 12, https://doi.org/10.1371/journ
al.pbio.1001891 (2014).
24. Mittermeier, R. A. et al. Wilderness and biodiversity conservation. Proc. Natl. Acad. Sci. 100, 10309–10313 (2003).
25. Kukkonen, M. O. & Tammi, I. Systematic reassessment of Laos’ protected area network. Biol. Conserv. 229, 142–151 (2019).
26. Prieto-Torres, D. A., Nori, J. & Rojas-Soto, O. R. Identifying priority conservation areas for birds associated to endangered Neotropical dry forests. Biol. Conserv. 228, 205–214 (2018).
27. Jones, K. R. et al. One-third of global protected land is under intense human pressure. Science 360, 788–791 (2018).
28. MRLC. 2001 National land cover database. https://www.mrlc.gov/ (2005).
29. Adams, V. M., Pressey, R. L. & Naidoo, R. Opportunity costs: who really pays for conservation?. Biol. Conserv. 143, 439–448 (2010).
30. Sutton, N. J., Cho, S. & Armsworth, P. R. A reliance on agricultural land values in conservation planning alters the spatial distribution of priorities and overestimates the acquisition costs of protected areas. Biol. Conserv. 194, 2–10 (2016).
31. Merenlender, A. M., Huntsinger, L., Guthey, G. & Fairfax, S. K. Land trusts and conservation easements: who is conserving what
for whom?. Conserv. Biol. 18, 65–75 (2004).
32. Cortés Capano, G., Toivonen, T., Soutullo, A. & Di Minin, E. The emergence of private land conservation in scientific literature:
a review. Biol. Conserv. 237, 191–199 (2019).
33. Hooper, D. U. et al. A global synthesis reveals biodiversity loss as a major driver of ecosystem change. Nature 486, 105–108 (2012).
34. The Nature Conservancy. TNC terrestrial Ecoregions. (2009).
35. Omernik, J. M. & Griffith, G. E. Ecoregions of the conterminous United States: evolution of a hierarchical spatial framework.
Environ. Manage. 54, 1249–1266 (2014).
36. USGS Gap Analysis Program. Protected Areas Database of the United States (PAD-US), version 1.4 [vector digital data]. https://
www.sciencebase.gov/catalog/item/5963ea3fe4b0d1f9f059d955 (2016).
37. Baldwin, R. F. & Fouch, N. T. Understanding the biodiversity contributions of small protected areas presents many challenges.
Land https://doi.org/10.3390/land7040123 (2018).
38. Luja, V. H., Navarro, C. J., Torres Covarrubias, L. A., Cortés Hernández, M. & Vallarta Chan, I. L. Small protected areas as steppingstones for jaguars in western Mexico. Trop. Conserv. Sci. 10, 194008291771705 (2017).
39. Saura, S., Bodin, Ö & Fortin, M. J. Stepping stones are crucial for species’ long-distance dispersal and range expansion through
habitat networks. J. Appl. Ecol. 51, 171–182 (2014).
40. Pebesma, E., Bivand, R., Rowlingson, B. & Gomez-Rubio, V. Sp: classes and methods for spatial data. http//CRAN.R-project.org/
package=sp, R Packag. version 1.0–14 (2013).
41. Hijmans, R. J. et al. Raster: raster: Geographic data analysis and modeling. R Packag. version 2–0 (2011).
42. Nicholas J. Lewin-Koh contributions by Edzer J. Pebesma, Eric Archer, Adrian Baddeley, Hans-Jörg Bibiko, Stéphane Dray, David
Forrest, Patrick Giraudoux, Duncan Golicher, Virgilio Gómez Rubio, Patrick Hausmann, Thomas Jagger, Sebastian P. Luque, Don
MacQ, R. B. maptools: Tools for reading and handling spatial objects. (2009).
43. Bivand, R., Keitt, T. & Rowlingson, B. rgdal: Bindings for the geospacial data abstraction library. (2013).
44. Bivand, R., Rundel, C., Pebesma, E. & Hufthammer, K. O. Interface to geometry engine - open source (GEOS): Package ‘rgeos’. R
Documentation (2016).
45. Tennekes, M. et al. tmap: Thematic maps. (2019).
46. R Development Core Team. R: A language and environment for statistical computing. https: //www.R-projec t.org. [Google Scholar]
(2019).
47. US Fish and Wildlife Service. Environmental conservation online system. USFWS, https://ecos.fws.gov/ecp/. (2016).
48. Ricketts, T. & Imhoff, M. Biodiversity, urban areas, and agriculture: Locating priority ecoregions for conservation. Ecol. Soc. 8,
https://www.ecologyandsociety.org/vol8/iss2/art1/ (2003).
49. Lamoreux, J. F. et al. Global tests of biodiversity concordance and the importance of endemism. Nature 440, 212–214 (2006).
50. US Endowment for Forestry and Communities. National conservation easement database. https://www.conservationeasement.us/
(2014).
51. Bureau of Land Management. BLM National Surface Management Agency GIS. (2019).

Acknowledgements

This project was funded by an Early Career Research Fellowship from the Gulf Research Program of the National
Academies of Sciences, Engineering, and Medicine to TBA. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the Gulf Research Program of the National Academies
of Sciences, Engineering, and Medicine.

Author contributions

E.H., J.B. S.B. and T.B.A. supervised the project. J.D. created null models and M.P. and N.G.C. analyzed. M.W.,
N.G.C., and U.A.A. conducted public vs. private analyses. E.H., M.W., N.G.C., T.B.A. and U.A.A. wrote initial
drafts of the manuscript. J.B. and S.B. provided thorough comments. J.W. administered the project. All authors
contributed to conceptualization and study design.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-68780-y.
Correspondence and requests for materials should be addressed to T.B.A.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2020) 10:11925 |

https://doi.org/10.1038/s41598-020-68780-y

7
Vol.:(0123456789)

www.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

Scientific Reports |
Vol:.(1234567890)

(2020) 10:11925 |

https://doi.org/10.1038/s41598-020-68780-y

8

