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Abstract
A growing and more affluent human population is expected to increase the demand for

resources and to accelerate habitat modification, but by how much and where remains

unknown. Here we project and aggregate global spatial patterns of expected urban and

agricultural expansion, conventional and unconventional oil and gas, coal, solar, wind, bio-

fuels and mining development. Cumulatively, these threats place at risk 20% of the remain-

ing global natural lands (19.68 million km2) and could result in half of the world’s biomes

becoming >50% converted while doubling and tripling the extent of land converted in South

America and Africa, respectively. Regionally, substantial shifts in land conversion could

occur in Southern and Western South America, Central and Eastern Africa, and the Central

Rocky Mountains of North America. With only 5% of the Earth’s at-risk natural lands under

strict legal protection, estimating and proactively mitigating multi-sector development risk is

critical for curtailing the further substantial loss of nature.

Introduction

World at Risk
Population increase, estimated to reach 9.6 billion by 2050 [1], along with gains in personal
wealth and expansion of the middle class will continue to promote a rapid pace of development
to meet the growing demands for food, water, housing, energy, minerals, and other resources
[2,3] (Fig 1). For example, increasing demand for food and biofuels will result in nearly a bil-
lion new hectares of agricultural land by 2050 [4]. At the same time, this higher spending
power of emerging markets is expected to increase global energy consumption by 56% in 2040
[3] and thus increase overall energy sprawl [5]. This pending development will help fuel eco-
nomic growth, lift people out of poverty, and improve human living conditions [6,7], e.g. 1.7
billion more people are estimated to gain access to electricity by 2030 [8]. Given the expected
benefits, development will likely go forward but by how much and where and at what cost to
natural systems are unclear.

PLOSONE | DOI:10.1371/journal.pone.0138334 October 7, 2015 1 / 25

OPEN ACCESS

Citation: Oakleaf JR, Kennedy CM, Baruch-Mordo S,
West PC, Gerber JS, Jarvis L, et al. (2015) A World
at Risk: Aggregating Development Trends to
Forecast Global Habitat Conversion. PLoS ONE 10
(10): e0138334. doi:10.1371/journal.pone.0138334

Editor: Lalit Kumar, University of New England,
AUSTRALIA

Received: March 30, 2015

Accepted: August 12, 2015

Published: October 7, 2015

Copyright: © 2015 Oakleaf et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All data created for this
research are available from Figshare at http://dx.doi.
org/10.6084/m9.figshare.1488676 or from TNC at
http://s3.amazonaws.com/DevByDesign-Web/
MappingAppsVer2/DevRisk/index.html.

Funding: Funding was provided by the Nature
Conservancy, Anne Ray Charitable Trust, The
Robertson Foundation, and 3M Foundation. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0138334&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.6084/m9.figshare.1488676
http://dx.doi.org/10.6084/m9.figshare.1488676
http://s3.amazonaws.com/DevByDesign-Web/MappingAppsVer2/DevRisk/index.html
http://s3.amazonaws.com/DevByDesign-Web/MappingAppsVer2/DevRisk/index.html


Proactively identifying habitats at risk of conversion and strategically balancing develop-
ment objectives with conservation goals will be critical to achieve any semblance of sustainable
development [9]. Previous studies have shed light on the current conditions of natural systems
(e.g., refs [10–12]) while others have examined the global consequences of future habitat con-
version from prominent sectors like agriculture and urbanization (e.g., refs [4,13–15]). We
expand upon this foundational work and combine the potential impacts from multiple sectors
to more comprehensively forecast future global development risk. Assessing cumulative risk is
vital, because lack of risk due to one source of development is no guarantee of lack of risk from
other sectors of development and having an understanding of where and how potential stress-
ors overlap helps in mitigating these risks. We focus on urbanization, agriculture, energy, and
mining as the major sources of land conversion and project nine forms of development for

Fig 1. Global development pressures. Published estimates of potential expansion for the nine
development sectors included into the cumulative development threat analysis (as indicated in bold).

doi:10.1371/journal.pone.0138334.g001
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these drivers. Future resource development potentials for each of these nine sectors were spa-
tially mapped, ranked, and aggregated globally to determine cumulative threat. We then exam-
ined patterns of high development risk, defined as the quarter of the globe with the highest
cumulative threat scores overlapping natural areas, and examined these at-risk areas within
geopolitical regions [16] and terrestrial biomes and ecoregions [17] to highlight opportunities
for proactive and strategic conservation interventions.

Results and Discussion

Future patterns of development risk
In the future, high threat to habitat conversion from the expansion of new development will be
dispersed across the globe (Fig 2), which has the potential to impact 20% of the Earth’s remain-
ing natural lands. The urgent need for managing future development is made evident by exam-
ining existing and future potential levels of habitat conversion. Our results suggest that the risk
of conversion follows existing patterns of development with the three most converted regions,
Central America, Europe and South Asia, remaining the most converted after accounting for
future development risk (Fig 3A and S8 Table). In marked contrast, Africa and South America,
which are currently among the least converted regions, also have the highest amount of land
under potential development risk (8.18 and 4.32 million km2 for Africa and South America,
respectively). Hence, when development risk is accounted for, the amount of converted lands
could approximately double for South America and triple for Africa (S8 Table).

Currently, 21% of all biomes have half of their natural habitats converted and 57% have
more than a quarter converted (Fig 3B). Future development could lead to half of the world’s
biomes having more than 50% of their natural habitats converted, and all biomes (with the
exception of Boreal Forests and Tundra) with over 25% of their natural lands at risk of conver-
sion (Fig 3B). While development risk is highly dispersed globally, potential impacts are dis-
proportionally borne by three biomes that contain 66% of delineated at-risk natural areas:
Tropical and Subtropical Grasslands, Savannas, and Shrublands (5.98 million km2); Deserts
and Xeric Shrublands (3.74 million km2); and Tropical and Subtropical Moist Broadleaf For-
ests (3.4 million km2) (S9 Table). Accounting for current and potential future development,
three biomes could become predominantly human-modified: Tropical and Subtropical Dry
Broadleaf Forests (83%), Mangroves (72%), and Temperate Broadleaf and Mixed Forests
(71%)(Fig 3B and S9 Table).

When factoring high development risk at a finer scale, the number of ecoregions with 50%
or more of land at risk of conversion nearly doubles from 235 ecoregions to 419 ecoregions
with 142 additional ecoregions having the potential of 75% of the land being converted (Fig 2C
and 2D, and S1 Dataset). Of these 142 ecoregions, 41 will shift from having less than 25% of
the lands converted to over 75% (S1 Dataset) and overall 88 ecoregions will see a jump in con-
version greater than 50% (Fig 4A). These substantial changes in conversion are projected for
Central and Eastern Africa, Southern and Western South America and within the Central
Rocky Mountain Region of North America (Figs 2C, 2D and 3A). When examining the poten-
tial conversion of what is currently natural, we identify 224 ecoregions that have 50% or more
of natural habitat at risk to development (Fig 4B).

Current land protection and mitigation policy are insufficient
While habitat protection is an important conservation strategy [18], the current placement of
protected areas is not well positioned to mitigate future development impacts. Globally, only
5% of the natural lands at high risk of development are under strict protection, defined as
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IUCN category 1–4 [19]. This lack of adequate protection for at-risk natural lands is apparent
in biomes and regions subjected to high development risk (e.g. Fig 5).

Other policy tools available for countries to regulate development impacts are Environmen-
tal Impact Assessments (EIA) and impact mitigation. EIA in conjunction with impact mitiga-
tion are a systematic process that examines the environmental consequences of planned
developments and emphasizes prediction and prevention of environmental damage through
the application of the mitigation hierarchy: avoid, minimize, restore, or offset [20]. This process

Fig 2. Future global development threat. Individual sector development threat maps (top and also shown in Figs 5–13) used to calculate the cumulative
future development threat (bottom) identified by binning global lands (except Antarctica) into four equal-area categories with the “High” category defined as
the quarter of the globe with the highest cumulative threat scores.

doi:10.1371/journal.pone.0138334.g002

Aggregating Development Trends to Forecast Global Habitat Conversion

PLOS ONE | DOI:10.1371/journal.pone.0138334 October 7, 2015 4 / 25



represents one of the best opportunities to incorporate environmental information into real
world decision making [9,21]; however it is used predominately to regulate extractive industry
activities, and in most countries does not address urbanization and agricultural expansion for
food or biofuels. Additionally, mitigation tools are conventionally implemented through a nar-
row spatial lens: at a project- or site-level that often results in uncoordinated, piece-meal miti-
gation that fails to deliver conservation outcomes at relevant ecological scales [22]. This will
make it challenging for EIA and mitigation strategies to address future cumulative develop-
ment threats to natural systems since our analysis indicates that no single sector drives
overall or region-specific development risk (S5 and S6 Tables). With the exception of urban
expansion, all sectors are top-ranking contributors to cumulative development threat scores
(S7 Table).

Fig 3. Proportion of land currently converted and future conversion per geopolitical region, biome, and ecoregion. The proportion of land in each
geopolitical region (A) and biome (B) that is currently converted (dark grey), the proportion of natural lands at high risk to development (light grey), total future
conversion (dark grey + light grey), and the proportion of strictly-protected natural lands at risk (dashed lines indicate the 50% threshold). Distribution of
terrestrial ecoregions with > 0.75, 0.50, 0.25, and < 0.25 proportion of converted lands under (C) current conversion and (D) potential future land conversion
including high development risk areas.

doi:10.1371/journal.pone.0138334.g003
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Planning for the future: proactive mitigation
With development increasingly encroaching into more remote and previously undisturbed
areas, it is critical that international corporations, governments and conservation organizations
collaborate to reduce and minimize potential future impacts on remaining habitats. We pro-
pose that regulations for development siting and impact mitigation, as well as the implementa-
tion of land use planning, should target priority regions where development could threaten
significant proportions of natural areas, such as the 224 ecoregions with the highest potential
conversion of natural habitat (Fig 4B). These ecoregions could be further prioritized based on
high biodiversity (e.g., refs [23–25]) and/or ecosystem service values (e.g., ref [26]). Once a pri-
ority region is identified, we suggest following analyses similar to ours that delineate natural
areas at greatest risk to cumulative development threats, but to perform such analyses at finer
(landscape) scales using more refined biodiversity data (e.g., as done in ref [27]). While our
analysis provides an important global perspective, data uncertainties limit its use for most con-
servation interventions and mitigation planning efforts.

Implementation of mitigation requirements should also be conducted at landscape scales
and include procedures for proactively evaluating the compatibility of proposed development
with conservation goals to determine when impacts should be avoided and when development
can proceed (e.g., as done in ref [21]). Given the expansive scale of expected impacts from a
variety of sectors, developers will need to compensate for residual impacts through the use of
biodiversity offsets. Also known as set-asides, compensatory habitat, or mitigation banks, bio-
diversity offsets are a tool for maintaining or enhancing environmental assets in situations
where development is sought despite negative environmental impacts. To meet the need for
additional investment in biodiversity offsets significant improvement of regulatory oversight
will be needed [28].

Without strong oversight and proactive planning, countries containing high risk areas
which also have weak governance and low levels of environmental protection are likely to
suffer severe environmental damage [29]. In contrast, where environmental regulations are
adequately enforced, impacts on biodiversity can be avoided and properly offset [21,27].
Opportunities for improvement include expanding, strategically locating, and enforcing global

Fig 4. Ecoregions facing substantial change based on development risk to natural habitats.Distribution of ecoregions binned into four categories > 50,
25, 10, and < 10 percent displayingA) the potential percent change in conversion within an ecoregion from current to future andB) the percent natural habitat
within an ecoregion at risk to future development.

doi:10.1371/journal.pone.0138334.g004
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networks of protected areas in high-risk areas [18,30]; extending mitigation regulations to
countries that currently lack them; and strengthening compliance where implementation of
mitigation is weak [28]. In the interim, poorly performing national policies can be supple-
mented by the reinforcement of the mitigation hierarchy and adhering to planning mandates
by multilateral development banks. For example, more than 70 Equator Principle financial
institutions currently base their requirements on the International Finance Corporation’s
(IFC) Performance Standards, which require that the projects they finance adhere to the miti-
gation hierarchy with regard to biodiversity and ecosystem service impacts [31]. In Africa and

Fig 5. Africa natural lands at risk to future development. Africa natural lands at high risk to future development (grey and yellow) and current at-risk
natural lands benefiting from strict legal protection (yellow only).

doi:10.1371/journal.pone.0138334.g005
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South America where development risk is high, the African and Inter-American Development
Banks can provide leverage to ensure development projects avoid critical habitats and mini-
mize and reduce impacts to less-critical areas and compensate where necessary.

While global agriculture, energy and mineral development are inevitable in the coming
decades, their negative environmental impacts can be better managed. We suggest that using
tools that cumulatively consider all current and future development threats, even when there
are uncertainties and inaccuracies, will facilitate and advocate for more strategic and proactive
development planning. This will allow for the world to better benefit from economic growth
while also maintaining functioning ecosystems and critical biodiversity. It will however be criti-
cal to act proactively before development plans are cemented, and it becomes too late for these
regions and biomes at greatest risk.

Assumptions, limitations and uncertainties
Although our analysis identified natural lands at risk to development, we do not claim that all
high risk lands will be converted nor espouse that these data should be used in site-level deci-
sion making. By summarizing at-risk lands at coarse scales, these data provide a basis by which
to prioritize regions in need of conservation attention and to identify landscapes where finer-
scale assessments should be conducted. We also caution that given threat area-ranking is rela-
tive; threat scores do not infer intensity of development (i.e. footprint) but rather indicates the
relative likelihood that an area is expected to experience development and potential habitat
conversion relative to the rest of the globe. Additionally, we assumed the higher likelihood of
development from multiple threats in a region, the greater pressure for natural lands to be con-
verted. This assumption does not take into consideration varying levels of impacts from each
sector but rather treats each one equally. A lack of generalized impact measurements and the
variation of our data sources forced this equal-weighting method.

We recognize that datasets used in our analysis often vary in terms of detail and resolution
and that more detailed assessments may inflate development risk towards areas where these
more detailed assessments exist (e.g. mineral resources). However investments in more detailed
assessments often indicates the presence of economically viable resources and is a good indica-
tor of potential development [32] so we were comfortable with the potential bias this might
present. Additionally, we were limited to using publically available global data and thus relied
on the accuracy and validation methods of those producing these data. For example, the IUCN
WDPA [33] recognizes that not all protected areas are included in the database and inaccura-
cies related to protection level may be present. Moreover due to this global-lens, all threat
assessments were first-order estimates of potential development. For example, we made the
conservative assumption of linear growth for agricultural expansion and calculated it for each
grid cell. Although the expansion may not be linear, the relative influences of other variables
(e.g. demand, governmental policies, commodity prices, and prices) vary by location and time.
These same variables could also influence any of the other threat assessments. However, to be
consistent across the global analysis, we only use metrics that can be quantified using existing
global data sets. Our simple, transparent approach can be easily modified for local analyses
where better data exist. We also acknowledge that our assessment does not account for all con-
ditions that can either promote development or occur in response to new developments; for
example roads often comprise a significant aspect of development footprints [34]. We were
however limited to measuring relative development threat for impacts which had publicly
available and spatially explicit corresponding global datasets (e.g. future road locations). Again
it would be critical for those assessing both development threats and protection at a more
local-level to obtain data directly from a more definitive source than many of the global data
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repositories we relied on for our analysis and to tailor their analysis specifically for the region
being modeled.

Methods
Our analysis had two major components: 1) compiling individual and cumulative development
threats globally, and 2) locating and prioritizing where cumulative threats pose a risk to terres-
trial natural habitats. We projected development threats for nine sectors on terrestrial lands:
urban and agricultural expansion, fossil fuels (conventional oil and gas, unconventional oil and
gas, and coal), renewable energy (solar, wind, and biofuels), and mining. Future resource devel-
opment potentials for each sector were created from publicly available global datasets (see S1
Table) and relatively ranked based on either the amount of unexploited resources (i.e. for fossil
fuels, renewables, and mining) or estimated future area expansion derived from past trends
(i.e. for urban and agriculture).

Calculating individual and cumulative development threat
Sector development threat rankings were based on the locations of unexploited or potential
resources necessary to support development and/or estimates of land predicted to be modified
(S1 Table). More specifically, these relative threat assessments were derived from synthesizing
fifty global datasets: urban and agricultural expansion (n = 3; refs [13,35,36]), fossil fuels
(n = 30; refs [37–66]), renewables (n = 12; refs [67–79]), and mining (n = 5; refs [80–84]) and
then for each sector aggregating values to a 50 km2 grid cell. This cell resolution was selected
due to the varying scales of source data (S1 Table) and the flexibility this resolution provided
for aggregation. Future threats from resource development potentials for each sector were rela-
tively ranked from 1 to 100 across the globe, excluding Antarctica and any 50-km analysis grid
cells with greater than 50% overlap with marine environments. We then summed the individ-
ual sectors scores to produce a cumulative global threat map (see section below on combining
individual sector threats and Fig 2). We projected all spatial data to a Mollweide projection to
minimize area distortion except for between-feature distance calculations in which we used the
Two-Point Equidistance projection. Unless otherwise specified, we used ArcGIS v.10.2 with
the Spatial Analyst Extension [85] to perform all spatial data development, procedures and
analyses.

Area-ranked threat scores. We relatively ranked threat scores using an equal-area rank
method [86,87]:

Cr ¼
Ci þ 0:5fi

N
� 100 ð1Þ

where Cr is the ranking of the target cell value, Ci is the count of all grid cells with values less
than the target cell value, fi is the number of cells with the target cell value, and N is the total
number of cells in the study extent. To ensure ranking consistency (i.e. top ranked cells all
equal to 100) across sectors, we rescaled all equal-area rankings from 1 to 100. The area-rank-
ing approach created uniform distributions of scores per sector, such that equal bin ranges rep-
resented an equal area on the globe, therefore allowing for similar distributions and equal
weighting across threat sectors. Prior to our selecting the area-ranking approach we tried sev-
eral normalization approaches (e. g., log, log-log, square-root, cubic and min-max scaling)
[88], but these transformations failed to create normally distributed values from the generally
right-skewed individual sector threat scores and caused some to have more weighting than
others.
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Urban expansion. We used published maps of urban expansion probabilities by 2030 [13]
(S1 Table). Maps were developed by first forecasting an aggregate amount of urban expansion
per defined global regions from probability density functions of projected GDP and urban pop-
ulation. Then the aggregate amount of expansion was spatially distributed using a spatially-
explicit land-change model with covariates slope, distance to roads, population density, and
land cover. Given that our analysis focused on future development expansion into existing nat-
ural areas, we excluded areas already classified as urban and calculated the mean urban expan-
sion probabilities for each 50-km grid cell. We then area-ranked mean probabilities of urban
expansion for an urban development threat score (Fig 6).

Agriculture expansion. We calculated agriculture expansion rates using a 2000–2011
time series of global cropland and pasture maps following the methods of Ramankutty et al.
[35] (S1 Table). We then: 1) summed for each year and 5 arc-minute (approx. 10x10-km) grid
cell the total agricultural area in cropland and pasture (hereafter ag), 2) calculated the yearly
fraction of area in ag within each grid cell, and 3) linearly regressed the 12-year time series and
used the slope parameter as cell-specific rate of ag expansion. To focus on areas of potential
development, we limited our analyses to only those cells with positive rates (slopes), and then
averaged the rates of expansion within a resampled 50-km rectangle (corresponding to our
threat analysis scale), which in effect accounted for higher likelihood of expansion into neigh-
boring cells. To estimate the fractional area of agriculture expansion by 2030 for each 10-km
grid cell, we resampled averaged rates back to a 10-km resolution and multiplied the averaged
expansion rates by 19 (representing 19 years from 2012–2030). In cases where the fractional
area of ag expansion for 2030, current ag land (i.e. 2011), and urban areas [36] summed to be
greater than one (i.e., greater than the entire grid cell), we adjusted the fractional area of ag

Fig 6. Projected future development threat of urban expansion. Area-ranked threat scores based on mean probabilities of global urban expansion by
2030, after excluding current urban areas.

doi:10.1371/journal.pone.0138334.g006
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expansion as the maximum potential land conversion in the cell by subtracting the fractional
areas of current ag and urban areas from one. Finally, we calculated the mean fractional area at
a resampled 50-km grid resolution and area-ranked this mean value (Fig 7).

Conventional oil and gas. For conventional oil and gas, our analysis used undiscovered
volumes produced by the U.S. Geological Survey (USGS) for those global, geologic provinces
which either currently contribute or are estimated to contribute in the future to the world’s
reserves [37,39] (S1 Table). We augmented these global USGS assessments with more detailed
national-level assessments available for the U.S. [38] and Australia [40], which resulted in a
total of 305 geologic provinces worldwide with undiscovered oil and gas volume estimates.
From this total, we excluded provinces with zero undiscovered volume (n = 8), and those prov-
inces identified as having only offshore development [41,42] or not having at least 50% of the
province overlapping land (n = 55). For each of the remaining 242 provinces we calculated the
million barrels of oil equivalent (MBOE) of undiscovered oil, liquid natural gas, and natural
gas with a conversion factor of 6 MBOE per each billion cubic feet of natural gas. We summed
these values to quantify development potential per province and assigned this total MBOE
value to overlapping 50-km grid cells with 50% or more of the cell intersecting a province. We
then area-ranked cells based on this total MBOE value (Fig 8).

Unconventional oil and gas. For unconventional oil and gas, we focused on resources
found in shale and other sedimentary formations but did not include any coal-bed methane
resource as this latter form of development was estimated separately (see below). We used
global [43] and U.S. [38] assessments of technically recoverable unconventional oil and natural
gas (S1 Table). For non-U.S. regions, we geo-referenced and digitized basin maps from the
global assessment [43] and linked resource volumes listed in the assessment to each basin

Fig 7. Projected future development threat of agricultural expansion. Area-ranked threat scores based on estimates of fractional amount of agricultural
expansion by 2030 extrapolated from 2000–2011 cropland and pasture time series maps.

doi:10.1371/journal.pone.0138334.g007
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(n = 98). For the U.S., we relied on spatially available data on basin location and resource esti-
mate [38] (n = 17). We combined both datasets and for each basin, and converted all techni-
cally recoverable oil, natural gas and liquid natural gas volume estimates to billion barrels of oil
equivalent (BBOEs) and summed these values for a total basin-specific resource estimate.
Finally, we converted these basins to a raster with a 50-km resolution grid and area-ranked
cells based on the summed BBOE value (Fig 9).

Coal. For coal, we combined tabular data of 2008 coal reserve estimates (million short
tons) at the country-level [59] (S1 Table) with spatial data identifying coal-bearing areas for 65
countries (S2 Table). Spatially explicit data for 39 countries were available [44–48] while for
the remaining 26 countries we geo-referenced existing digital maps and digitized coal-bearing
areas [49,51–58,61–66] (S2 Table). We intersected all coal-bearing areas with the 65 country
boundaries, calculated for each area its proportion that contributed to the countries’ overall
total, and assigned individual coal reserve values per area by multiplying this proportion times
the total country coal reserves. For four of the five top coal-producing countries (U.S., China,
Australia, and India), we were able to further refine reserve estimates with published local gov-
ernment estimates [49,50,57,58]; we used the same attribution procedures based on proportion
of overlap of coal-bearing areas with state or province boundaries and multiplied by the reserve
estimates. Additionally 29 countries had coal-bearing areas but did not have any country or
local reserve estimate. Due to these coal-bearing areas having some potential development
threat, we assigned each of these coal-bearing areas with the lowest reserve value for all calcu-
lated areas of one thousand short-tons. Finally, we converted these coal-bearing areas to a ras-
ter with a 50-km resolution grid and area-ranked cells based on the reserve estimates (Fig 10).

Fig 8. Projected future development threat of conventional oil and gas. Area-ranked threat scores based on province-level estimates of undiscovered
million barrels of oil equivalent for oil, natural gas, and liquid natural gas resources.

doi:10.1371/journal.pone.0138334.g008
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Wind. We used three main characteristics to estimate wind power development: 1) wind
resources, 2) land suitability based on accessibility and physical restriction, and 3) economic
feasibility based on electricity demand and distribution. Following other utility-scaled wind sit-
ing analyses [89–91], we synthesized and scaled each characteristic separately on its likelihood
to support wind development. For wind resources we used annual averaged wind speed mea-
sured as m/s at 80m above Earth’s surface [67] (S1 Table), and restricted the analyses to wind
speeds� 6.4 m/s identified as most feasible for utility-scaled development. We then min-max
normalized these wind speeds from 0.01–1.

To create an overall binary land suitability map, we excluded land cover categories of rock
and ice, artificial areas, water and wetlands [69], urban areas [36], and slopes> 20 degrees [70]
and restricted all remaining lands to be within 80 km of an existing roads [71]. This produced
an initial 300-m resolution raster identifying suitability that we resampled to 900-m resolution
(3x3 cells) summing the binary results. Using a conservative approach where only resampled
cells with a value of 9 (i.e. fully developed) were classified as suitable for wind power develop-
ment, we resampled this result to 1 km through a simple bilinear process setting only those
suitable cells to a value of 1.

To account for economic feasibility, we used proximity to demand centers and existing
power plants based on the inverse Euclidean distances (i.e., smaller, straight-line distances
result in higher feasibility) from large urban areas [72], defined as greater than 10,000
people, and current utility-scaled power producing locations [73] identified by power plants
producing� 5 MW (n = 15,782) and hydropower plants [74] (n = 1541). We created each dis-
tance raster using a Two-Point Equidistance projection, projected them to a Mollweide projec-
tion with a bilinear sampling technique, and then rescaled values from 0.001–1 with 1 being

Fig 9. Projected future development threat of unconventional oil and gas. Area-ranked threat scores based on basin-level estimates of technically
recoverable billion barrels of oil equivalent for unconventional oil, natural gas, and liquid natural gas resources.

doi:10.1371/journal.pone.0138334.g009
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those cells nearest to the feature (i.e. large urban areas or power plants). These two distance ras-
ter datasets were combined by calculating the average for each cell. To account for possible
government incentives and the proven ability to develop wind power, this average was then
doubled for those cells falling within a country that already produces wind power [75,76]. For
consistency with the other three factors, this final feasibility raster (with values ranging from
0.001 to 2) was then re-scaled back to 0.001 to 1.

We combined the outputs layers of wind resources (5-km resolution), land suitability (1-km
resolution), and economic feasibility (5-km resolution) by multiplying the three metrics into
the final wind development threat score, maintaining a grid cell size of 1 km. We then resam-
pled this product to a 50-km resolution grid summing all cell values from the smaller 1 km ras-
ter and area-ranked this summed value (Fig 11).

Solar. For solar, we followed a similar approach to wind resources where we considered
three main characteristics to estimate solar development: solar resources, land suitability, and
economic feasibility. Utility-scaled solar power produces electricity using two main types of
technologies: concentrating solar power (CSP) and photovoltaic (PV). Each technology is opti-
mally implemented at different solar radiation levels measured as Global Horizontal Irradiance
(GHI), where PV development is best implemented at GHI� 182 Watts/m2 and CSP develop-
ment is best implemented at GHI� 217 W/m2. Therefore for solar resources, we used GHI
data [68] (S1 Table) to create two solar resource grids, one for CSP and one for PV, where we
included only cells with GHI values� 217 and�182 W/m2, respectively. We then normalized
values from 0.01–1 for each CSP and PV grid, summed the two resulting grids into one
solar resource availability output, and normalized results again to a scale of 0.01–1. For the
remaining procedures we followed the steps as described above for wind resources with two

Fig 10. Projected future development threat of coal. Area-ranked threat scores based on coal basin reserve estimates in million short tons attributed form
country- and state-level coal reserve data.

doi:10.1371/journal.pone.0138334.g010
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exceptions: slopes were classified as� 3 degrees [91] and we doubled feasibility scores based
on countries producing solar power [77,78]. Similarly to our wind threat, we multiplied the
three development factors (i.e. solar resource, suitability and feasibility) to produce one solar
development threat value, resampled this threat value to a 50-km resolution grid via summa-
tion, and area-ranked these summed values (Fig 12).

Biofuels. Using crop-specific data for yield and harvested area [79] we focused biofuel
production analysis on six first-generation biofuel crops (maize, soybean, sugarcane, rapeseed,
sunflower, and oil palm), which make up the vast majority of commercial biofuel production
[92] and have mature commercial markets, well-understood technologies, and therefore the
potential to accelerate indirect land use change [93]. We assessed development threat by com-
bining the maps of fractional area of cropland expansion by 2030 as described above (see Agri-
culture expansion) with maps of potential biofuel production measured in gallons of gasoline
equivalents (GGE). To derive the latter, we first defined 100 crop-specific climate bins based
on temperature and precipitation. To capture a range of yields within each climate bin, each
climate bin had 1% of the total harvested area for each crop. Within each bin, the maximum
potential yield (tons/ha) was defined as the area-weighted 95th percentile yield (i.e. 95% of har-
vested area within that bin had a lower yield). This methodology is described in more detail in
Licker et al. [94] and Mueller et al. [95]. Yields were converted to GGEs using defined values
(S3 Table). We then estimated potential expansion of each biofuel crop by mapping the full
extent of the 100 crop-specific climate bins in the previous step. The driest climate bin at each
temperature range was removed from the analysis as these bins represent extreme growing
conditions requiring very intensive irrigation (e.g., Sahara Desert, or interior Australia) and
are less likely to be developed. We then generated a maximum potential GGE map (10-km

Fig 11. Projected future development threat of utility-scale wind power. Area-ranked threat scores based on combined metric of wind resources (m/s),
land suitability, and economic feasibility for wind power development.

doi:10.1371/journal.pone.0138334.g011
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resolution) by combining all six biofuel crops while maintaining the highest GGE value for grid
cells where crops overlapped. For final biofuel development threat, we multiplied the potential
GGE map by the fractional area of cropland expansion by 2030, resampled the result to a
50-km resolution grid summing potential GGE values, and area-ranked the summed values
(Fig 13).

Mining. We combined three main sources (S1 Table) to identify unexploited mineral
deposits and quantify mining development threat: 1) Global Mineral Resources Data System
[80], 2) Global Minerals Deposits update of 2011 [81–83] and 3) World Geoscience Database
[84]. To discern patterns of future potential development, we removed current or past mining
locations and any duplicate locations of the same mineral, resulting in a global dataset of occur-
rence or prospect deposits (n = 116,594). We created a global map that summed the number of
unexploited deposits within a 50-km2 cell grid. Due to sampling bias towards the U.S. where
74% of deposits occurred, we area-ranked the number of mining occurrences within the U.S.
separately from non-U.S. regions and merged the resulting grids into a final mining develop-
ment threat map (Fig 14).

Calculating cumulative and high global development threat. We summed the nine area-
ranked sector threat maps (of which each were scaled from 1–100) into one cumulative global
threat map. Those cells within our analysis without any threat values were assigned a threat
score of zero. We then defined high threat areas as the top summed cells covering 25% of the
Earth’s land area (excluding Antarctica).

Fig 12. Projected future development threat of utility-scale solar power. Area-ranked threat scores based on combined metric of solar resources (W/
m2), land suitability, and economic feasibility for solar power development.

doi:10.1371/journal.pone.0138334.g012
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Global prioritization of development risk to natural habitats
We defined areas under high development risk as natural habitat which overlapped high cumu-
lative threat from all nine sectors. To classify lands as natural habitat (vs. human-dominated)
we used four global datasets; land cover [69], croplands [35], nighttime lights [96], and roads
[71]. We reclassified the 300-m resolution land cover data into five classes: water, artificial
areas, crops, semi-natural, and natural (S4 Table). We removed all cells classified as water and
grouped artificial areas and crops in to one converted class. Using the croplands specific dataset
that identifies the proportion of a10-km2 cell in agriculture, we further refined our three
remaining classes of converted, semi-natural, and natural. We switched any cell classified as
natural to a converted class if that cell overlapped a cropland cell having a proportion
value> 0.995, and switched those semi-natural cells that overlapped cropland cells having pro-
portion values> 0.5. Conversely, any converted or semi-natural cells that overlapped cropland
cells having proportion values< 0.005 and< 0.5, respectively, were considered as natural.
Finally with this simplistic land cover dataset (i.e. converted or natural), we considered any cell
converted if it overlapped a binary raster (300-m resolution) depicting any lit area [96] or
roads [71].

Our analysis identified 76% of the Earth’s land (excluding Antarctica) as natural habitat.
This estimate is higher relative to previous ones that range from 50–80% [35,97,98] mainly
because we used an additional filtering procedure to include rangeland and semi-natural areas
as natural given that they can support diverse, native species [99–101] and partially due to our
inclusion of rock and ice areas (e.g. Greenland) often removed when calculating overall per-
centages [102]. When looking at only ice-free lands our analysis showed 27% being human-
dominated which were similar results to Ellis et al [98] showing 25% of ice-free land being

Fig 13. Projected future development threat of first generation biofuels. Area-ranked threat scores based on values of maximum potential gallons of
gasoline equivalent multiplied by fraction of agriculture expansion by 2030.

doi:10.1371/journal.pone.0138334.g013
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Fig 14. Projected future development threat of mining. Area-ranked threat scores based on number of minerals and geologic materials deposit
occurrences and prospects.

doi:10.1371/journal.pone.0138334.g014

Fig 15. Natural lands at risk within geopolitical regions.Global natural lands at high risk to future development (dark grey) overlaid on geopolitical regions
of the world.

doi:10.1371/journal.pone.0138334.g015
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either densely settled or croplands and nearly matching Hooke et al [97] when combining
mostly natural lands (46.5%) and mostly uncultivated meadows and pastures (25.8%).

We then selected those 300-m resolution cells identified as natural lands that had cell-cen-
troids falling within our high, cumulative development threat areas (discussed previously), and
found that 20% of the global, natural habitat were at risk of future development. To understand
if any threats were significant drivers for development risk in any of the geopolitical regions (as
defined by ref [16]) or global biomes (as defined by ref [17]) we calculated mean threat scores
for each threat restricting this calculation to only natural lands with development risk (S5–S7
Tables).

For a global prioritization method, we then calculated the square kilometers of land cur-
rently converted, currently natural habitat, and at-risk of future development per geopolitical
region (Fig 15 and S8 Table) and per biome (Fig 16 and S9 Table). From these values, we were
also able to calculate the proportion of each per biome or region and the proportion of at-risk
natural lands. To provide a more refined-scaled prioritization, we followed the same proce-
dures and calculated all the above mentioned land amounts and proportions based on ecore-
gions (as defined by ref [17]). Due to the cumulative development threat analysis extent, 737
ecoregions were examined out of a total of 825 (S1 Dataset). Ecoregions were removed if less
than 50% of the ecoregion was covered by the cumulative development threat analysis which
eliminated some small island and/or narrow coastal ecoregions (n = 86). Additionally the ecor-
egions, classified as “Rock and Ice” and “Lake”, were removed since our analysis was intended
to have a terrestrial focus. To identify potential development restrictions, we also intersected
our natural lands at risk to development with strictly protected areas [33], as defined by IUCN
category 1–4 [19], and calculated for all three prioritization regions (i.e. geo-political regions,

Fig 16. Natural lands at risk within biomes.Global natural lands at high risk to future development (dark grey) overlaid on terrestrial biomes of the world.

doi:10.1371/journal.pone.0138334.g016
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biomes, and ecoregions) the amount and proportion of at-risk lands which are strictly
protected.

Supporting Information
S1 Dataset. Development risk for ecoregions. Area and percentages per ecoregion of current
land converted, natural lands under high development threat, and strict legal protection of nat-
ural lands at-risk.
(XLSX)

S1 Table. Source data descriptions and access. Descriptions of data sources used to locate
unexploited or potential resources and/or proportions of land predicted to be modified to sup-
port future development.
(DOCX)

S2 Table. Coal data sources. Data sources used to spatially map coal basins.
(DOCX)

S3 Table. GGE values for biofuels. Crop yields (tons) to fuel (gasoline gallon equivalents) con-
versions applied for biofuel threat.
(DOCX)

S4 Table. GlobCov reclassification. Reclassification categories of GlobCov V2 land cover data
with original and reclassified values.
(DOCX)

S5 Table. Geopolitical region threats per sector.Mean development threat scores per geopo-
litical region for natural lands at high risk to cumulative development.
(DOCX)

S6 Table. Biome threats per sector.Mean development threat scores per biome for natural
lands at high risk to cumulative development.
(DOCX)

S7 Table. Biome threats ranked by sector. Ranking of development sectors based on mean
development threat scores per biome for natural lands at high risk to cumulative development.
(DOCX)

S8 Table. Development risk for geopolitical regions. Area and percentages per geopolitical
region of current land converted, natural lands under high development threat, and strict legal
protection of natural lands at-risk.
(DOCX)

S9 Table. Development risk for biomes. Area and percentages per biome of current land con-
verted, natural lands under high development threat, and strict legal protection of natural
lands at-risk.
(DOCX)

Acknowledgments
We thank Becky Chaplin-Kramer (Natural Capital Project—www.naturalcapitalproject.org,
Stanford University) for consultation and providing valuable feedback on analyses; Peter Kar-
eiva for guidance on the analysis and editorial suggestions; Jonathan Foley (Institute on the
Environment—environment.umn.edu, University of Minnesota), Navin Ramankutty (LUGE

Aggregating Development Trends to Forecast Global Habitat Conversion

PLOS ONE | DOI:10.1371/journal.pone.0138334 October 7, 2015 20 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138334.s010
http://www.naturalcapitalproject.org/
http://environment.umn.edu/


Research Group—www.ramankuttylab.com, University of British Columbia), and Dany
Plouffe (LUGE Research Group) for providing technical assistance on agricultural and biofuel
expansion threats; Michael Heiner, Daniela Miteva, Bruce McKenney, Jack Byrnes and the peo-
ple at Cranknstein for helpful discussions; and finally Bailey Oakleaf for his persistence and
insistence for keeping it fun. Funding was provided by The Nature Conservancy, Anne Ray
Charitable Trust, The Robertson Foundation and 3M Foundation.

Author Contributions
Conceived and designed the experiments: JRO CMK SB-M PCW JSG JK. Performed the exper-
iments: JRO SB-M PCW JSG. Analyzed the data: JRO CMK SB-M PCW JSG JK. Contributed
reagents/materials/analysis tools: JRO PCW JSG LJ. Wrote the paper: JRO CMK SB-M PCW
JSG LJ JK.

References
1. Gerland P, Raftery AE, Ev Ikova H, Li N, Gu D, Spoorenberg T, et al. World population stabilization

unlikely this century. Science. 2014; 346: 234–237. doi: 10.1126/science.1257469 PMID: 25301627

2. Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF, et al. Food security: the chal-
lenge of feeding 9 billion people. Science. 2010; 327: 812–8. doi: 10.1126/science.1185383 PMID:
20110467

3. US Energy Information Administration. International Energy Outlook 2013; 2013.

4. Tilman D, Balzer C, Hill J, Befort BL. Global food demand and the sustainable intensification of agri-
culture. Proc Natl Acad Sci U S A. 2011; 108: 20260–4. doi: 10.1073/pnas.1116437108 PMID:
22106295

5. McDonald RI, Fargione J, Kiesecker J, Miller WM, Powell J. Energy sprawl or energy efficiency: cli-
mate policy impacts on natural habitat for the United States of America. Añel JA, editor. PLoS One.
Public Library of Science; 2009; 4: e6802. doi: 10.1371/journal.pone.0006802

6. Casillas CE, Kammen DM. Environment and development. The energy-poverty-climate nexus. Sci-
ence. 2010; 330: 1181–2. doi: 10.1126/science.1197412 PMID: 21109654

7. Ouedraogo NS. Energy consumption and economic growth: Evidence from the economic community
of West African States (ECOWAS). Energy Econ. 2013; 36: 637–647. doi: 10.1016/j.eneco.2012.11.
011

8. International Energy Agency. World Energy Outlook 2013; 2013.

9. Kiesecker JM, Copeland H, Pocewicz A, McKenney B. Development by design: blending landscape-
level planning with the mitigation hierarchy. Front Ecol Environ. Ecological Society of America; 2010;
8: 261–266. doi: 10.1890/090005

10. Ellis EC. Anthropogenic transformation of the terrestrial biosphere. Philos Trans A Math Phys Eng
Sci. 2011; 369: 1010–35. doi: 10.1098/rsta.2010.0331 PMID: 21282158

11. Vitousek PM. Human Domination of Earth’s Ecosystems. Science. 1997; 277: 494–499. doi: 10.1126/
science.277.5325.494

12. Hoekstra JM, Boucher TM, Ricketts TH, Roberts C. Confronting a biome crisis: global disparities of
habitat loss and protection. Ecol Lett. 2004; 8: 23–29. doi: 10.1111/j.1461-0248.2004.00686.x

13. Seto KC, Güneralp B, Hutyra LR. Global forecasts of urban expansion to 2030 and direct impacts on
biodiversity and carbon pools. Proc Natl Acad Sci U S A. 2012; 109: 16083–8. doi: 10.1073/pnas.
1211658109 PMID: 22988086

14. Lee TM, Jetz W. Future battlegrounds for conservation under global change. Proc Biol Sci. 2008; 275:
1261–70. doi: 10.1098/rspb.2007.1732 PMID: 18302999

15. Sala OE. Global Biodiversity Scenarios for the Year 2100. Science. 2000; 287: 1770–1774. doi: 10.
1126/science.287.5459.1770 PMID: 10710299

16. Central Intelligence Agency. TheWorld Factbook 2013–2014 [Internet]. 2014. Available: http://www.
cia.gov/library/publications/the-world-factbook/index.htm.

17. Olson DM, Dinerstein E, Wikramanayake ED, Burgess ND, Powell GVN, Underwood EC, et al. Ter-
restrial Ecoregions of the World: A NewMap of Life on Earth. Bioscience. Oxford University Press.
2001; 51: 933. doi: 10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2

Aggregating Development Trends to Forecast Global Habitat Conversion

PLOS ONE | DOI:10.1371/journal.pone.0138334 October 7, 2015 21 / 25

http://www.ramankuttylab.com/
http://dx.doi.org/10.1126/science.1257469
http://www.ncbi.nlm.nih.gov/pubmed/25301627
http://dx.doi.org/10.1126/science.1185383
http://www.ncbi.nlm.nih.gov/pubmed/20110467
http://dx.doi.org/10.1073/pnas.1116437108
http://www.ncbi.nlm.nih.gov/pubmed/22106295
http://dx.doi.org/10.1371/journal.pone.0006802
http://dx.doi.org/10.1126/science.1197412
http://www.ncbi.nlm.nih.gov/pubmed/21109654
http://dx.doi.org/10.1016/j.eneco.2012.11.011
http://dx.doi.org/10.1016/j.eneco.2012.11.011
http://dx.doi.org/10.1890/090005
http://dx.doi.org/10.1098/rsta.2010.0331
http://www.ncbi.nlm.nih.gov/pubmed/21282158
http://dx.doi.org/10.1126/science.277.5325.494
http://dx.doi.org/10.1126/science.277.5325.494
http://dx.doi.org/10.1111/j.1461-0248.2004.00686.x
http://dx.doi.org/10.1073/pnas.1211658109
http://dx.doi.org/10.1073/pnas.1211658109
http://www.ncbi.nlm.nih.gov/pubmed/22988086
http://dx.doi.org/10.1098/rspb.2007.1732
http://www.ncbi.nlm.nih.gov/pubmed/18302999
http://dx.doi.org/10.1126/science.287.5459.1770
http://dx.doi.org/10.1126/science.287.5459.1770
http://www.ncbi.nlm.nih.gov/pubmed/10710299
http://www.cia.gov/library/publications/the-world-factbook/index.htm
http://www.cia.gov/library/publications/the-world-factbook/index.htm
http://dx.doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2


18. Jenkins CN, Joppa L. Expansion of the global terrestrial protected area system. Biol Conserv. 2009;
142: 2166–2174. doi: 10.1016/j.biocon.2009.04.016

19. International Union for Conservation of Nature (IUCN). Guidelines for Applying Protected Area Man-
agement Categories. Dudley N, editor. Gland, Switzerland: IUCN; 2008.

20. McKenney B, Kiesecker JM. Policy Development for Biodiversity Offsets: A Review of Offset Frame-
works. Environ Mangement. 2010; 45: 165–167.

21. Saenz S, Walschburger T, González JC, León J, McKenney B, Kiesecker J. Development by design
in Colombia: making mitigation decisions consistent with conservation outcomes. PLOS ONE 2013;
8: e81831. doi: 10.1371/journal.pone.0081831 PMID: 24339972

22. Wilkinson JB, McElfish JM Jr, Kihslinger R, Bendick R, McKenney BA. The Next Generation of Mitiga-
tion: Linking Current and Future Mitigation Programs with State Wildlife Action Plans and Other State
and Regional Plans; 2009.

23. Jenkins CN, Pimm SL, Joppa LN. Global patterns of terrestrial vertebrate diversity and conservation.
Proc Natl Acad Sci U S A. 2013; 110: E2602–10. doi: 10.1073/pnas.1302251110 PMID: 23803854

24. Grenyer R, Orme CDL, Jackson SF, Thomas GH, Davies RG, Davies TJ, et al. Global distribution and
conservation of rare and threatened vertebrates. Nature. 2006; 444: 93–6. doi: 10.1038/nature05237
PMID: 17080090

25. Olson DM, Dinerstein E. The Global 200: Priority Ecoregions for Global Conservation. Ann teh Mis-
souri Bot Gard. 2002; 89: 199–224.

26. Ruesch A, Gibbs HK. New IPCC Tier-1 Global Biomass Carbon Map For the Year 2000. [Internet].
2008 [cited 28 Apr 2014]. Available: http://cdiac.ornl.gov/.

27. Kiesecker JM, Copeland H, Pocewicz A, Nibbelink N, McKenney B, Dahlke J, et al. A Framework for
Implementing Biodiversity Offsets: Selecting Sites and Determining Scale. Bioscience. American
Institute of Biological Sciences; 2009; 59: 77–84. doi: 10.1525/bio.2009.59.1.11

28. Villarroya A, Barros AC, Kiesecker J. Policy development for environmental licensing and biodiversity
offsets in latin america. Jenkins CN, editor. PLOS ONE 2014; 9: e107144. doi: 10.1371/journal.pone.
0107144 PMID: 25191758

29. O’Rourke D, Connolly S. Just Oil? The distribution of environmental and socail impacts of oil produc-
tion and consumption. Annu Rev Environ Resour. Annual Reviews 4139 El CaminoWay, P.O.
Box 10139, Palo Alto, CA 94303–0139, USA; 2003;28: 587–617. doi: 10.1146/annurev.energy.28.
050302.105617

30. Chape S, Harrison J, Spalding M, Lysenko I. Measuring the extent and effectiveness of protected
areas as an indicator for meeting global biodiversity targets. Philos Trans R Soc Lond B Biol Sci.
2005; 360: 443–55. doi: 10.1098/rstb.2004.1592 PMID: 15814356

31. International Finance Corporation. Performance Standards on Environmental and Social Sustainabil-
ity; 2012.

32. Evans JS, Kiesecker JM. Shale gas, wind and water: assessing the potential cumulative impacts of
energy development on ecosystem services within the Marcellus play. Magar V, editor. PLOS ONE
2014; 9: e89210. doi: 10.1371/journal.pone.0089210 PMID: 24586599

33. IUCN, UNEP. TheWorld Database on Protected Areas (WDPA) [Internet]. 2013 [cited 15 Dec 2013].
Available: http://protectedplanet.net/.

34. LauranceWF, Clements GR, Sloan S, O’Connell CS, Mueller ND, GoosemM, et al. A global strategy
for road building. Nature 2014; 513: 229–232. doi: 10.1038/nature13717 PMID: 25162528

35. Ramankutty N, Foley JA. Estimating historical changes in global land cover: Croplands from 1700 to
1992. Global Biogeochem Cycles. 1999; 13: 997–1027. doi: 10.1029/1999GB900046

36. Schneider A, Friedl M, Potere D. A newmap of global urban extent fromMODIS data. Environ Res
Lett. 2009; 4.

37. USGeological Survey. World Petroleum Assessment 2000 [Internet]. 2000 [cited 15 Sep 2013]. Avail-
able: http://pubs.usgs.gov/dds/dds-060/.

38. USGeological Survey. National Oil and Gas Assessment 2012 Assessment Updates [Internet]. 2012
[cited 1 Sep 2013]. Available: http://energy.usgs.gov/OilGas/AssessmentsData/
NationalOilGasAssessment/AssessmentUpdates.aspx.

39. USGeological Survey. USGS 2012World Assessment of Undiscovered Oil and Gas Resources
[Internet]. 2012 [cited 15 Dec 2013]. Available: http://pubs.usgs.gov/dds/dds-069/dds-069-ff/.

40. Geoscience Australia. Petroleum Reserves by Basin as at 1 Jan 2011 [Internet]. 2011 [cited 15 Jan
2014]. Available: http://www.ga.gov.au/products-services/publications/oil-gas-resources-australia/
2010/reserves/table-1.html.

41. Horn M. Giant oil and gas fields. Am Assoc Pet Geol. 2005; Open Acces.

Aggregating Development Trends to Forecast Global Habitat Conversion

PLOS ONE | DOI:10.1371/journal.pone.0138334 October 7, 2015 22 / 25

http://dx.doi.org/10.1016/j.biocon.2009.04.016
http://dx.doi.org/10.1371/journal.pone.0081831
http://www.ncbi.nlm.nih.gov/pubmed/24339972
http://dx.doi.org/10.1073/pnas.1302251110
http://www.ncbi.nlm.nih.gov/pubmed/23803854
http://dx.doi.org/10.1038/nature05237
http://www.ncbi.nlm.nih.gov/pubmed/17080090
http://cdiac.ornl.gov/
http://dx.doi.org/10.1525/bio.2009.59.1.11
http://dx.doi.org/10.1371/journal.pone.0107144
http://dx.doi.org/10.1371/journal.pone.0107144
http://www.ncbi.nlm.nih.gov/pubmed/25191758
http://dx.doi.org/10.1146/annurev.energy.28.050302.105617
http://dx.doi.org/10.1146/annurev.energy.28.050302.105617
http://dx.doi.org/10.1098/rstb.2004.1592
http://www.ncbi.nlm.nih.gov/pubmed/15814356
http://dx.doi.org/10.1371/journal.pone.0089210
http://www.ncbi.nlm.nih.gov/pubmed/24586599
http://protectedplanet.net/
http://dx.doi.org/10.1038/nature13717
http://www.ncbi.nlm.nih.gov/pubmed/25162528
http://dx.doi.org/10.1029/1999GB900046
http://pubs.usgs.gov/dds/dds-060/
http://energy.usgs.gov/OilGas/AssessmentsData/NationalOilGasAssessment/AssessmentUpdates.aspx
http://energy.usgs.gov/OilGas/AssessmentsData/NationalOilGasAssessment/AssessmentUpdates.aspx
http://pubs.usgs.gov/dds/dds-069/dds-069-ff/
http://www.ga.gov.au/products-services/publications/oil-gas-resources-australia/2010/reserves/table-1.html
http://www.ga.gov.au/products-services/publications/oil-gas-resources-australia/2010/reserves/table-1.html


42. Lujala P, Rod JK, Thieme N. Fighting over Oil: Introducing A New Dataset. Confl Manag Peace Sci.
2007; 24: 239–256.

43. US Energy Information Administration. Technically Recoverable Shale Oil and Shale Gas Resources:
An Assessment of 137 Shale Formations in 41 Countries Outside the United States. [Internet]. 2013
[cited 15 Oct 2013]. Available: http://www.eia.gov/analysis/studies/worldshalegas/pdf/fullreport.pdf.

44. Brownfield M, Steinshouer D, Povarennykh M, Eriomin I, Shpirt M, Meitov Y, et al. Coal Quality and
Resources of the Former Soviet Union: U.S. Geological Survey Open-File Report 02–104; 2001.

45. Karlsen A, Schultz A, Warwick P, Podwysocki S, Lovern V. Coal Geology, Landuse, and Human
Health in the People’s Republic of China: U.S. Geological Survey Open-File Report 01–318; 2001.

46. Tewalt SJ, Kinney SA, Merrill MD. GIS representation of coal-bearing areas in North, Central, and
South America: U.S. Geological Survey Open-File Report 2008–1257; 2008.

47. Merrill MD, Tewalt SJ. GIS representation of coal-bearing areas in Africa: U.S. Geological Survey
Open-File Report 2008–1258; 2008.

48. Trippi MH, Tewalt SJ. Geographic information system (GIS) representation of coal-bearing areas in
India and Bangladesh: U.S. Geological Survey Open-File Report 2011–1296; 2011.

49. Geoscience Australia. Australian Coal Resources, December 2009 [Internet]. 2009 [cited 15 Jan
2014]. Available: http://www.ga.gov.au/metadata-gateway/metadata/record/gcat_69736.

50. US Energy Information Administration. US Coal Demonstrated Reserve Base, January 1, 2011 (Bil-
lion Short Tons) by State [Internet]. 2011 [cited 15 Jan 2014]. Available: http://www.eia.gov/
totalenergy/data/annual/showtext.cfm?t=ptb0408.

51. Albania Energy Association. Mineral Resources and Mining Activity in Albania [Internet]. [cited 7 Apr
2014]. Available: http://aea-al.org/mineral-resources-and-mining-activity-in-albania/.

52. Department of Mineral Resources—Thialand Government. Geology and Mineral Resources of Thai-
land [Internet]. [cited 1 Apr 2014]. Available: http://www.dmr.go.th/main.php?filename=web_en.

53. EURACOAL—European Association for Coal and Lignite. Country Profiles [Internet]. [cited 1 Apr
2014]. Available: http://www.euracoal.org/pages/layout1sp_graphic.php?idpage=15.

54. Institue of Energy Economics—Japan. Energy Policy—Country Report: Bosnia and Herzegovina
[Internet]. [cited 1 Apr 2014]. Available: http://eneken.ieej.or.jp/data/3193.pdf.

55. New Zealand—Petroleum and Minerals. New Zealand Coal Fields [Internet]. [cited 1 Apr 2014]. Avail-
able: http://www.nzpam.govt.nz/cms/pdf-library/coal-1/map-coaldep.pdf.

56. World Coal Association. Worldcoal.org [Internet]. [cited 8 Apr 2014]. Available: http://www.worldcoal.
org.

57. Esken A, Höller S, Vallentin D, Viebahn P. CCS global: prospects of carbon capture and storage tech-
nologies (CCS) in emerging economies; final report. Part III: Country study China; 2012.

58. Esken A, Höller S, Vallentin D, Viebahn P. CCS global: prospects of carbon capture and storage tech-
nologies (CCS) in emerging economies; final report. Part II: Country study India; 2012.

59. US Energy Information Administration. Coal Reserves [Internet]. 2008 [cited 15 Jan 2014]. Available:
http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm?tid=1&pid=7&aid=6.

60. Geoscience Australia. Australia’s Identified Mineral Resources 2012; 2012.

61. Global Methane Initiative. Coal Mine Methane Country Profiles [Internet]. [cited 1 Apr 2014]. Available:
https://www.globalmethane.org/.

62. Indonesian COAL.COM. Future Prospects of the Indonesian Coal Mining Sector | Indonesian Coal
[Internet]. [cited 1 Apr 2014]. Available: http://indonesiancoal.com/article/future-prospects-of-the-
indonesian-coal-mining-sector/.

63. Landis ER, Weaver JN. Global Coal Occurrence, Chapter 1. SG 38: Hydrocarbons from Coal; 1993.

64. South Korea: Economic Activity [Internet]. [cited 1 Apr 2014]. Available: http://www.lib.utexas.edu/
maps/middle_east_and_asia/south_korea_econ_1973.jpg.

65. USGeological Survey, US Agency for International Development. Assessing the coal Resources of
Afghanistan [Internet]. 2005 [cited 1 Apr 2014]. Available: http://escweb.wr.usgs.gov/share/mooney/
USGS coal assessment.pdf.

66. North Korea Economic Activity [Internet]. [cited 1 Apr 2014]. Available: http://www.lib.utexas.edu/
maps/middle_east_and_asia/north_korea_econ_1972.jpg.

67. 3TIER by Vaisal. Onshore Global Wind Speeds at 80m Height. 2014.

68. 3TIER by Vaisal. Global Solar Dataset 3km with units in W/m2. 2014.

Aggregating Development Trends to Forecast Global Habitat Conversion

PLOS ONE | DOI:10.1371/journal.pone.0138334 October 7, 2015 23 / 25

http://www.eia.gov/analysis/studies/worldshalegas/pdf/fullreport.pdf
http://www.ga.gov.au/metadata-gateway/metadata/record/gcat_69736
http://www.eia.gov/totalenergy/data/annual/showtext.cfm?t=ptb0408
http://www.eia.gov/totalenergy/data/annual/showtext.cfm?t=ptb0408
http://aea-al.org/mineral-resources-and-mining-activity-in-albania/
http://www.dmr.go.th/main.php?filename=web_en
http://www.euracoal.org/pages/layout1sp_graphic.php?idpage=15
http://eneken.ieej.or.jp/data/3193.pdf
http://www.nzpam.govt.nz/cms/pdf-library/coal-1/map-coaldep.pdf
http://Worldcoal.org
http://www.worldcoal.org
http://www.worldcoal.org
http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm?tid=1&pid=7&aid=6
https://www.globalmethane.org/
http://COAL.COM
http://indonesiancoal.com/article/future-prospects-of-the-indonesian-coal-mining-sector/
http://indonesiancoal.com/article/future-prospects-of-the-indonesian-coal-mining-sector/
http://www.lib.utexas.edu/maps/middle_east_and_asia/south_korea_econ_1973.jpg
http://www.lib.utexas.edu/maps/middle_east_and_asia/south_korea_econ_1973.jpg
http://escweb.wr.usgs.gov/share/mooney/USGS
http://escweb.wr.usgs.gov/share/mooney/USGS
http://www.lib.utexas.edu/maps/middle_east_and_asia/north_korea_econ_1972.jpg
http://www.lib.utexas.edu/maps/middle_east_and_asia/north_korea_econ_1972.jpg


69. European Space Agency. GlobCover Land Cover v2 2008 database [Internet]. 2008 [cited 15 Feb
2012]. Available: http://www.esa.int/spaceinimages/Images/2008/12/Envisat_global_land_cover_
map.

70. USGS EROS Data Center. Global 30 Arc-Second Elevation Data Set [Internet]. 1996 [cited 15 Oct
2013]. Available: https://lta.cr.usgs.gov/GTOPO30.

71. Center for International Earth Science Information Network—CIESIN, Information Technology Out-
reach Services—ITOS. Global Roads Open Access Data Set, Version 1 (gROADSv1) [Internet]. 2013
[cited 5 Jan 2013]. Available: http://sedac.ciesin.columbia.edu/data/set/groads-global-roads-open-
access-v1.

72. Nordpil, United Nations—Population Division. World database of large urban areas, 1950–2050
[Internet]. 2010 [cited 12 Feb 2014]. Available: http://nordpil.com/go/resources/world-database-of-
large-cities/.

73. Ummell K. CARMA revisited: an updated database of carbon dioxide emissions from power plants
worldwide [Internet]. 2012 [cited 15 Jun 2013]. Available: http://carma.org/dig/.

74. Lehner B, Liermann CR, Revenga C, Vörösmarty C, Fekete B, Crouzet P, et al. High-resolution map-
ping of the world’s reservoirs and dams for sustainable river-flow management. Front Ecol Environ.
Ecological Society of America; 2011; 9: 494–502. doi: 10.1890/100125

75. United Nations. Toal Wind Electricity Production by Country [Internet]. 2012 [cited 15 Dec 2013].
Available: http://data.un.org/Data.aspx?q=wind&d=EDATA&f=cmID:EW.

76. US Energy Information Administration. Wind Electricty Generation by Country [Internet]. 2012 [cited
15 Dec 2013]. Available: http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=6&pid=37&aid=
12&cid=regions&syid=2012&eyid=2012&unit=BKWH.

77. United Nations. Total Solar Electricity Production by Country [Internet]. 2012 [cited 15 Dec 2013].
Available: http://data.un.org/Data.aspx?q=solar&d=EDATA&f=cmID%3aES.

78. US Energy Information Administration. Solar,Tide andWave Electricty Generation by Country [Inter-
net]. 2012 [cited 15 Dec 2013]. Available: http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=
6&pid=36&aid=12&cid=regions&syid=2010&eyid=2010&unit=BKWH.

79. Monfreda C, Ramankutty N, Foley J. Farming the planet: 2. Geographic distribution of crop areas,
yields, physiological types, and net primary production in the year 2000. Global BiogeochemCycles.
2008; 22: GB1022–GB1022.

80. USGeological Survey. Mineral Resources Data System (MRDS) [Internet]. 2005 [cited 4 Jun 2013].
Available: http://mrdata.usgs.gov/mrds/.

81. Causey JD, Galloway JP, Zientek ML. An index to PGE-Ni-Cr deposits and occurrences in selected
mineral-occurrence databases: U.S. Geological Survey Open-File Report 2009–1045 [Internet]. 2009
[cited 15 Jun 2013] p. 19. Available: http://pubs.usgs.gov/of/2009/1045/.

82. Cox DP, Lindsey DA, Singer DA, Moring BC, Diggles MF. Sediment-Hosted Copper Deposits of the
World: Deposit Models and Database: U.S. Geological Survey Open-File Report 03–107 [Internet].
2007 [cited 14 Jun 2013] p. 53. Available: http://pubs.usgs.gov/of/2003/of03-107/.

83. Singer DA, Berver VI, Moring B. Porphyry copper deposits of the world–Database and grade and ton-
nage models: U.S. Geological Survey Open-File Report 2008–1155 [Internet]. 2008 [cited 14 Jun
2013] p. 45. Available: http://pubs.usgs.gov/of/2008/1155/.

84. Geologic Survey of Canada. World Geoscience Database Projects [Internet]. 2005 [cited 15 Jan
2013]. Available: at http://apps1.gdr.nrcan.gc.ca/gsc_minerals/index.phtml?language=en-CA.

85. ESRI. ArcGIS. Redlands, CA; 2014.

86. Crocker L, Aligina J. Introduction to Classical and Modern Test Theory. Stamford, CT: Cengage
Learning; 2006.

87. May K, Nicewander WA. Reliability and information functions for percentile ranks. J Educ Meas. 1994;
31: 313–325.

88. Ott R, Longnecker M. An introduction to statistical methods and data analysis. 5th ed. Pacific Grove,
CA: Duxbury; 2001.

89. Bureau of Land Management—US Dept of Interior. Assessing the Potential for Renewable Energy on
Public Lands. 2003.

90. US Department of Energy. Assessing the Potential for Renewable Energy Development on DOE Leg-
acy Management Lands. 2008.

91. Lopez A, Robers B, Heimiller D, Blair N, Porro G. U.S. Renewable Energy Technical Potentials: A
GIS-Based Analysis. 2012.

92. International Energy Agency. Technology Roadmap: Biofuels for Transport. 2011.

Aggregating Development Trends to Forecast Global Habitat Conversion

PLOS ONE | DOI:10.1371/journal.pone.0138334 October 7, 2015 24 / 25

http://www.esa.int/spaceinimages/Images/2008/12/Envisat_global_land_cover_map
http://www.esa.int/spaceinimages/Images/2008/12/Envisat_global_land_cover_map
https://lta.cr.usgs.gov/GTOPO30
http://sedac.ciesin.columbia.edu/data/set/groads-global-roads-open-access-v1
http://sedac.ciesin.columbia.edu/data/set/groads-global-roads-open-access-v1
http://nordpil.com/go/resources/world-database-of-large-cities/
http://nordpil.com/go/resources/world-database-of-large-cities/
http://carma.org/dig/
http://dx.doi.org/10.1890/100125
http://data.un.org/Data.aspx?q=wind&d=EDATA&f=cmID:EW
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=6&pid=37&aid=12&cid=regions&syid=2012&eyid=2012&unit=BKWH
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=6&pid=37&aid=12&cid=regions&syid=2012&eyid=2012&unit=BKWH
http://data.un.org/Data.aspx?q=solar&d=EDATA&f=cmID%3aES
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=6&pid=36&aid=12&cid=regions&syid=2010&eyid=2010&unit=BKWH
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=6&pid=36&aid=12&cid=regions&syid=2010&eyid=2010&unit=BKWH
http://mrdata.usgs.gov/mrds/
http://pubs.usgs.gov/of/2009/1045/
http://pubs.usgs.gov/of/2003/of03-107/
http://pubs.usgs.gov/of/2008/1155/
http://apps1.gdr.nrcan.gc.ca/gsc_minerals/index.phtml?language=en-CA


93. Fargione JE, Plevin RJ, Hill JD. The Ecological Impact of Biofuels. Annu Rev Ecol Evol Syst. Annual
Reviews; 2010; 41: 351–377. doi: 10.1146/annurev-ecolsys-102209-144720

94. Licker R, Johnston M, Foley JA, Barford C, Kucharik CJ, Monfreda C, et al. Mind the gap: how do cli-
mate and agricultural management explain the “yield gap” of croplands around the world? Glob Ecol
Biogeogr. Blackwell Publishing Ltd; 2010; 19: 769–782. doi: 10.1111/j.1466-8238.2010.00563.x

95. Mueller ND, Gerber JS, Johnston M, Ray DK, Ramankutty N, Foley JA. Closing yield gaps through
nutrient and water management. Nature. Nature Publishing Group; 2012; 490: 254–257. doi: 10.1038/
nature11420 PMID: 22932270

96. NOAA. Version 4 DMSP-OLS Nightime Lights Time Series [Internet]. 2012 [cited 15 Jan 2014]. Avail-
able: http://ngdc.noaa.gov/eog/dmsp/downloadV4composites.html.

97. Hooke RL, Martin-Duque JF. GSA Today—Land transformation by humans: A review. GSA Today.
2012; 22: 4–10.

98. Ellis EC, Klein Goldewijk K, Siebert S, Lightman D, Ramankutty N. Anthropogenic transformation of
the biomes, 1700 to 2000. Glob Ecol Biogeogr. 2010.

99. Fuhlendorf SD, Engle DM. Restoring Heterogeneity on Rangelands: EcosystemManagement Based
on Evolutionary Grazing Patterns. Bioscience. Oxford University Press; 2001; 51: 625. doi: 10.1641/
0006-3568(2001)051[0625:RHOREM]2.0.CO;2

100. Lambin EF, Meyfroidt P. Global land use change, economic globalization, and the looming land scar-
city. Proc Natl Acad Sci U S A. 2011; 108: 3465–72. doi: 10.1073/pnas.1100480108 PMID: 21321211

101. Tscharntke T, Klein AM, Kruess A, Steffan-Dewenter I, Thies C. Landscape perspectives on agricul-
tural intensification and biodiversity—ecosystem service management. Ecol Lett. 2005; 8: 857–874.
doi: 10.1111/j.1461-0248.2005.00782.x

102. Smith P, Gregory PJ, van Vuuren D, Obersteiner M, Havlík P, Rounsevell M, et al. Competition for
land. Philos Trans R Soc Lond B Biol Sci. 2010; 365: 2941–57. doi: 10.1098/rstb.2010.0127 PMID:
20713395

Aggregating Development Trends to Forecast Global Habitat Conversion

PLOS ONE | DOI:10.1371/journal.pone.0138334 October 7, 2015 25 / 25

http://dx.doi.org/10.1146/annurev-ecolsys-102209-144720
http://dx.doi.org/10.1111/j.1466-8238.2010.00563.x
http://dx.doi.org/10.1038/nature11420
http://dx.doi.org/10.1038/nature11420
http://www.ncbi.nlm.nih.gov/pubmed/22932270
http://ngdc.noaa.gov/eog/dmsp/downloadV4composites.html
http://dx.doi.org/10.1641/0006-3568(2001)051[0625:RHOREM]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2001)051[0625:RHOREM]2.0.CO;2
http://dx.doi.org/10.1073/pnas.1100480108
http://www.ncbi.nlm.nih.gov/pubmed/21321211
http://dx.doi.org/10.1111/j.1461-0248.2005.00782.x
http://dx.doi.org/10.1098/rstb.2010.0127
http://www.ncbi.nlm.nih.gov/pubmed/20713395

