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Global biodiversity priority setting underpins the strategic allocation of conservation funds. In identifying the first comprehensive
set of global priority areas for mammals, Ceballos et al. [Ceballos
G, Ehrlich PR, Soberón J, Salazar I, Fay JP (2005) Science 309:603–
607] found much potential for conflict between conservation and
agricultural human activity. This is not surprising because, like
other global priority-setting approaches, they set priorities without socioeconomic objectives. Here we present a priority-setting
framework that seeks to minimize the conflicts and opportunity
costs of meeting conservation goals. We use it to derive a new set
of priority areas for investment in mammal conservation based on
(i) agricultural opportunity cost and biodiversity importance, (ii)
current levels of international funding, and (iii) degree of threat.
Our approach achieves the same biodiversity outcomes as Ceballos
et al.’s while reducing the opportunity costs and conflicts with
agricultural human activity by up to 50%. We uncover shortfalls in
the allocation of conservation funds in many threatened priority
areas, highlighting a global conservation challenge.
biodiversity 兩 conservation planning 兩 investment 兩 socioeconomics

G

lobal analyses for entire taxonomic groups have recently
used new datasets to identify interesting biogeographic
patterns (1–3) but do not identify priority areas for conservation
investment, with one notable exception. Ceballos et al. (4)
present the first global prioritization assessment that aims to
represent an entire taxon: mammals. They use a traditional
conservation planning approach, which identifies a minimum set
of areas capable of representing all targeted biodiversity (5–8).
Ceballos et al.’s priority set represents 10% of the range of 4795
mammal species and covers 11% of the earth’s surface (using a
planning cell size of 10,000 km2). A post hoc assessment of their
priority set highlights three important outcomes: (i) a large
proportion of their priority cells overlap with important areas for
crop production, (ii) there is a positive correlation between
species richness and human population density within their
priority set, and (iii) most centers of endemism for mammals
occur in developing nations, where conservation capacity and
funds are often limited (9–11). Ceballos et al.’s findings highlight
a key challenge to the global conservation community: Where
should we invest limited conservation funds to protect biodiversity while minimizing conflicts and socioeconomic costs?
Setting aside land for conservation invariably incurs socioeconomic costs: e.g., the opportunity costs of forgone production,
social conflicts with alternative land uses, and the financial costs
of land purchase and land management (12, 13). Cost minimization objectives are often implicit in conservation: historically
biological reserves have been placed on unproductive land
and/or in places that provide other environmental (e.g., ecosystem services like erosion control) or socioeconomic benefits
(e.g., ecotourism) (14). More recent analytical approaches such
as biodiversity hotspots and systematic conservation assessments
have attempted to minimize cost by using area as a cost surrogate
(4–6, 8). However, analyses that seek to minimize the total area
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required to meet conservation goals are likely to assign high
priority to areas with conflicting human activities (such as
agriculture and human settlements), because species richness
and intensive land uses tend to correlate spatially (15–17). By not
explicitly seeking to avoid such conflicts, Ceballos et al. miss an
opportunity to provide a practical and cost-effective set of
priorities.
Ceballos et al. are not alone: with a single exception (ref. 18:
an analysis undertaken at the resolution of whole countries that
omitted several biodiverse countries because of lack of economic
data), global prioritization assessments are undertaken without
accounting for socioeconomic objectives. They rely on patterns
of species richness, endemism, threat, and/or degree of underrepresentation in existing protected areas networks (19–23).
This is despite the substantial gains in efficiency demonstrated
by the few studies at smaller scales that explicitly seek to
minimize the cost of biodiversity conservation (13, 24–27).
The identification of priority areas for biodiversity conservation at a global scale is essential for informing the strategic
allocation of globally fungible resources, i.e., funds that are
available for spending outside their country or region of origin
(23). They provide a global-scale context by indicating the overall
contribution of a region to protecting a particular species, taxa,
or major habitat type (4, 23). There is substantial scope for
improving the cost-effectiveness of global biodiversity priorities,
and the allocation of global conservation funds, by explicitly
integrating biological and socioeconomic objectives. In particular, the consideration of objectives for agricultural production is
pertinent: this widespread activity approximates land value in
many places (12), is a great threat to biodiversity (4), and is
critically demanded by societies throughout the world (17).
We present an integrated biological and socioeconomic approach for identifying biodiversity priority areas, and we redefine the mammal priorities set by Ceballos et al. We aim to (i)
identify priority areas (hereafter termed cells, see Materials and
Methods) that represent 10% of the geographic range of all
mammal species while minimizing conflict with cropped areas,
(ii) identify priority cells that achieve the same conservation
goals but that minimize the financial loss of agricultural opportunities (both cropping and grazing, see Materials and Methods),
(iii) evaluate the spatial allocation of current funding from
international conservation agencies, and (iv) identify immediate
priorities for conservation as those cells that are most important
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Table 1. The area required and costs associated with representing a target of 10% of the geographic range of each mammal species
with and without socioeconomic objectives
Study extent
All

Potential conservation habitat

Socioeconomic objective

Area required to meet targets

Cost of meeting targets

None

18.4 Mha

Minimize area cropped in priority set

18.8 Mha (increase of 2%)

None
Minimize opportunity cost of the priority set

17.84 Mha
18.21 Mha (increase of 2%)

2.2 Mha cropped land (12% of total priority area
is subject to cropping)
1.1 Mha cropped land (6% of total priority area is
subject to cropping)
1.5 times minimum opportunity cost
Minimum opportunity cost

for cost-effective mammal conservation, underfunded, and subject to the greatest threat of habitat loss.
Our framework applies cost-effectiveness analysis, an economic evaluation method that can be used to identify the least
cost way of reaching conservation targets (28, 29). Like Ceballos
et al., we focus on mammals—the only taxon with a complete
fine-resolution dataset and a focal taxon of international conservation agencies. Our priorities are cost-effective in terms of
minimizing the opportunity costs of agricultural production, but
the approach is applicable to a range of market and, given the
application of suitable valuation methods, nonmarket socioeconomic costs. Information required for a full cost-effectiveness
analysis—comprehensive biological benefits (e.g., other taxa,
ecosystems), conservation management costs, social costs and
benefits, opportunity costs of forestry, tourism, and urban
development—is not available globally at the equivalent resolution of the biodiversity dataset. Many of these are nonmarket
costs that cannot be quantified financially but may be considered
at more localized scales during implementation (12).
Results and Discussion
By explicitly seeking to minimize the conflict with cropped areas
we are able to halve the cropped area that overlaps with priority
cells (Table 1) (12% of the priority cells selected by Ceballos et
al. are affected by cropping; we reduce this to 6% or 1.1 million
ha). Similarly, we achieve the same targets for mammal species
representation with a reduction in agricultural opportunity costs
of ⬃35% compared to when opportunity costs are ignored. In
both cases these efficiency gains incur only a slight increase in the
total area of our priority cells (2%, Table 1), because our targets
are area based and held constant.
All continents contain some cells that are required for the
representation of our mammal species targets regardless of the
socioeconomic objective; the highest proportions occur in Asia,
Africa, and North America. Where there are multiple options,
we find that accounting for socioeconomic objectives ensures the
priority cells selected represent our targets for the least cost. The
cells required to meet our mammal targets vary in their relative
irreplaceability, or selection frequency, values (see Fig. 1 a and
b). The total irreplaceable area increases (from 1.18 to 1.64
million km2) when socioeconomic objectives are included, because the solutions consistently favor relatively cheap cells. The
greatest proportional changes in irreplaceable area occur in Asia
followed by Europe and South America, indicating that there are
relatively fewer cost-effective options for meeting targets in
these continents. Overall, countries with the greatest amount of
irreplaceable area are Indonesia, Mexico, and Papua New
Guinea: these and other irreplaceable areas shown in Fig. 1b
represent potentially important areas for the cost-effective investment in mammal conservation. See supporting information
(SI) Table S1 published at www.pnas.org for details of continentand country-level results.
Spending in each country by international conservation agencies is not significantly related to our cost-effective globally
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irreplaceable areas for mammals (R2 ⫽ 0.005, P ⫽ 0.31).
Spending is better explained by the number of political endemic
mammals (species restricted to a single country) (R2 ⫽ 0.202,
P ⬍⬍ 0.05) and is related to, but not well explained by, mammal
species richness (R2 ⫽ 0.064, P ⬍⬍ 0.05). These results indicate
that spending patterns are largely driven by other objectives,
which could include the conservation of other taxa, the preservation of wilderness areas, and sociopolitical goals such as
poverty alleviation. Nevertheless, countries that are underfunded relative to their importance for cost-effective mammal
conservation are priorities for further spending.
The United States received significantly more funds in 2005
than its relative importance for mammal conservation would
recommend (Fig. 2). This may in part be explained by the
preferences of some investors to protect local conservation
assets, and concerns about the security of funds placed into less
politically stable countries. Slightly overfunded countries include
China, Croatia, and Zimbabwe, but because of the gross overspending in the United States relative to its importance for
mammal conservation, most countries are relatively underfunded: particularly Madagascar, Papua New Guinea, Brazil,
Indonesia, Cuba, India, Dominica, Colombia, and the Philippines. All of these countries overlap to some extent with the
World Wildlife Fund’s (WWF) Global 200 ecoregions (20) and
most intercept with Conservation International’s hotspots (21)
and the crisis ecoregions identified collaboratively by the WWF
and The Nature Conservancy (22), suggesting that spending is
less than equitable within the global priority areas identified by
conservation organizations. Spending patterns of international
conservation agencies may have changed since 2005, possibly in
response to increasing demand for more accountable spending
regimes (30, 31), and we were unable to account for spending by
Conservation International, but our findings support previous
studies (11, 32) in suggesting that many developing countries are
underfunded relative to their biodiversity importance and potential for cost-effective conservation. It is likely that increasing
the fungibility of resources to improve spending equitability will
be a useful first step in addressing this global biodiversity
challenge.
Our framework identifies global biodiversity priorities by
integrating data on cost-effective irreplaceability, relative underfunding, and threat of habitat loss, or vulnerability (Fig. 3).
Funds can be directed toward cells that occur in the top quartile
of all three measures, or vulnerability and relative underfunding
can be used as a tiebreaker between equally irreplaceable cells.
Some cells with lower irreplaceability values will require investment to ensure targets are met for species that occur outside
irreplaceable cells. As with all traditional systematic conservation assessments, our approach is a static solution to an inherently dynamic problem. As areas of highest priority receive
funds, the relative priority of the remaining cells will alter (30),
as will the likelihood of habitat loss (34, 35) and indexes of
relative underfunding. At present our ability to undertake a
fine-resolution dynamic assessment of conservation priorities at
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Areas of intensive use are excluded when employing the opportunity cost layer as it represents the cost of forgone production in areas of land that are not
under intensive use (hereafter ‘‘potential conservation habitat’’). Hence scenarios with differing study area extents are not comparable.

Fig. 1. The irreplaceability, or relative priority, of cells for representing 10% of the range of each species of mammal in potential conservation habitat (a) with
no socioeconomic objectives and (b) while minimizing the agricultural opportunity costs. When socioeconomic objectives are included, relatively cheaper cells
are selected more often, creating a greater number of irreplaceable cells. Priorities are driven away from areas with high potential for agricultural production.

a global scale is limited computationally and by data availability:
for example, we lack the spatially explicit time series dataset or
estimated probability of future habitat loss necessary for a
dynamic evaluation (36). These gaps in data and tools represent
future conservation research priorities.
Conclusions
We highlight fine-resolution global priority areas for cost-effective
mammal conservation and show the funding redistribution necessary to improve spending equitability in priority areas, particularly

in developing countries. While our global priority areas for mammals will not equitably represent other taxa, recent analyses suggest
that the choice of taxon group is less important than socioeconomic
factors in driving optimal funding schedules (37). We acknowledge,
however, that a comprehensive set of conservation priority areas
should be informed by multiple taxonomic groups, ecological
processes and evolutionary data, implementation costs, and a
measure of opportunity cost across more than one dominant sector.
We are not the first to call for improved data to aid this cause (3,
13). As more comprehensive information becomes available we can

Fig. 2. Actual spending in each country relative to the proportion of spending required for equitability based on our irreplaceable priorities for cost-effective
mammal conservation. Within each continent countries are ordered from left to right in increasing amounts of total spending, which is independent of the size
of the residuals. Residuals of ⬃0 were present for most countries, indicating that both spending and irreplaceable area are zero or close to zero or that the
proportions of each are comparable. For example, Morocco received 0.37% of funds in 2005, and if funds were distributed equitably on the basis of the cost of
investing in irreplaceable areas in Morocco, it would have received 0.42%. Morocco is therefore slightly underfunded with a residual of ⫺0.04. Large negative
residuals represent countries that received a major shortfall in funds given the area that is irreplaceable for mammal conservation— hence these countries
represent potential priorities for future spending.
11448 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0707157105
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address more complex biological and socioeconomic objectives and
find increasingly cost-effective solutions.
Incorporating socioeconomic objectives must become the
international norm for supporting cost-effective spending on
biodiversity conservation. The benefits of improved efficiency
are essential at a time when international conservation agencies
are subject to demands for more accountable spending regimes
(31). Implementation of conservation action on the ground will
require a range of politically and culturally sensitive approaches
applied at local scales within priority areas, including sustainable
development and capacity building in many areas (10, 38). The
reconciliation of global-scale priorities with the implementation
of conservation actions at a local scale represents an additional
challenge—one that will require the efforts of governments,
nongovernment organizations, conservation planners and practitioners, indigenous people, and private landowners (38, 39).
We use the conservation planning software MARXAN (v1.8.2) (40), which
solves an optimization problem of representing target amounts of biodiversity at a minimal cost. Ceballos et al. used MARXAN to minimize the number
of cells selected to represent 10% of the range of each mammal species. We
retain 10% representation targets, but explicitly seek to achieve these targets
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Fig. 3. The irreplaceability, vulnerability, and relative equitability in funding
for a random selection of 250 cells. This framework can be used to prioritize
further investment: cell (a) is a high priority as it is highly irreplaceable and
vulnerable and occurs in an underfunded country (Indonesia); (b) is a high
priority, a totally irreplaceable and vulnerable cell that occurs in Brazil, which
is also an underfunded country; (c) is moderately irreplaceable, not vulnerable
by our measure, and exists in moderately underfunded Bolivia (hence may
represent a less immediate priority for further spending); and (d) in the United
States might be lower priority for additional funding despite its moderately
high irreplaceability and vulnerability, but would be an ideal place to direct
funding that is unable to be allocated outside the United States.

while first minimizing the total fractional crop area of the cells selected (41)
and then minimizing agricultural opportunity cost: the potential forgone
economic returns from agricultural production (cropping and grazing) (42).
The potential economic returns from agricultural production are estimated
at a 5⬘ resolution by the maximum of the potential crop and livestock yields per
unit area based on land capability, multiplied by the producer price (42). We
assume that land already under intensive use (cropping and built-up areas) is
incompatible with conservation. Hence we scale the opportunity cost and
species distributions to the area of nonintensive use or ‘‘potential conservation habitat’’ of each cell, estimated by subtracting the fractional cropped
area and the fractional built-up area (41) from the total cell area. The final cost
of each cell therefore represents the maximum potential agricultural profits
from the nonintensively used land (grazed land was considered nonintensive)
in the cell, regardless of whether this potential is realized. We keep original
species representation targets; two species are unable to meet these targets
when areas of intensive use are excluded.
To gain insight into the flexibility of cost-effective ways to meet our targets
we generate 250 solutions in MARXAN for each of our three scenarios: no
socioeconomic objectives, minimize area cropped, and minimize agricultural
opportunity cost. We calculate the relative priority, or irreplaceability, of each
cell by the frequency of solutions in which it is selected. Irreplaceable cells in
each scenario are those selected in all 250 solutions. We use the most costeffective of the 250 runs to evaluate the cost of representing 10% of each
mammal’s range, first in terms of area cropped and then in terms of total
opportunity cost of forgone agricultural production.
We compare spending patterns in each country by major five international
conservation agencies, the World Bank, the Global Environmental Facility, The
Nature Conservancy, the Wildlife Conservation Society, and the World Conservation Union (30), to each country’s tally of (i) irreplaceable areas for
cost-effective mammal conservation, (ii) mammal species richness, and (iii)
number of political endemics. We determine the proportion of funds that
would be allocated to each country if spending of international funds was
based equitably on our mammal priorities. (Our assessment could account for
in-country spending, if such data were available globally). We divide the
opportunity cost of acting in all globally irreplaceable areas within each
country by the summed opportunity cost of conserving all irreplaceable sites
in all countries and subtract this proportion from the proportion of funds
actually invested in each country in 2005. Thus we quantify the proportion of
funds requiring redistribution to or from a country to create equitable spending. We do not adjust spending in each country by Purchasing Power Parity
because this would bias our priorities to poorer countries where the costs of
production are cheaper (and hence opportunity costs of protection less). This
adjustment was not warranted because we do not account for broader
societal costs.
We estimate the relative degree of threat of habitat loss to each cell using
a global human footprint dataset (43) that depicts human influence on a scale
of 0 –100.
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