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Despite its relative youth (less than two
decades), the ecological footprint (EF) is a
commonly used term in environmental
science, policy discussions, and popular
discourse. The motivation behind the
concept is sound—we must account for,
and quantify, the impacts of humanity on
Earth’s ecosystems if we are to manage the
planet sustainably for the benefit of both
human well-being and our natural heri-
tage. The EF seeks to measure humanity’s
use of renewable biological resources,
which can then be compared to the
planet’s capacity to regenerate these re-
sources. The result of EF calculations that
1s quoted most widely is that humanity
currently uses the equivalent of 1.5 Earths
to support human needs. Therefore, we
are already exceeding the planet’s carrying
capacity in what amounts to “ecological
overshoot™ [1,2].

First popularized in the mid-1990s by
Wackernagel and Rees [3], the EF has
influenced the policies and communica-
tions of many governmental and non-
governmental organizations. For example,
EF metrics feature in the World Wildlife
Fund’s Living Planet Report, Worldwatch
Institute’s State of the World, the Global
Environment Outlook of the United Nations
Environment Program, the United Na-
tions Development Program’s Human De-
velopment  Report, and the International
Union for Conservation of Nature
(IUCNY’s  Transition to Sustainability; the
Convention on Biological Diversity chose
the EI as a key biodiversity indicator [4—
9]. Given the broad influence and popular
appeal of the EF, its measurement and
underpinning assumptions warrant close
scrutiny. Technical critiques of footprint
methodology have been published [10-
15], but footprint statistics continue to
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infuse policy discussions. Any global met-
ric that attempts to capture and summa-
rize a range of large-scale and complex
phenomena is sure to entail simplifica-
tions, biases, errors, and gaps. Such
limitations are unavoidable and must be
traded off against the benefits, such as
their utility for prioritization, target set-
ting, and communication. This Perspec-
tive intends to demonstrate, however, that
EF measurements, as currently construct-
ed and presented, are so misleading as to
preclude their use in any serious science or
policy context. Drawing from these find-
ings, we outline a set of principles that any
ecological indicator ought to consider in
order to be scientifically sound and
relevant for policy.

Measuring Footprint Size

The most widely accepted and pub-
lished (in popular as well as peer-reviewed
literature) EF comes from the Global
Footprint Network, which has developed
and published a standardized methodolo-
gy [16-18]. This EF is what we examine in
this article. Its methodology involves
constructing and comparing two separate
“accounts,” representing the supply and
demand of renewable biological resources
across six mutually exclusive land-use
types: cropland, grazing land, forest,
fishing ground, built-up land, and the area
of forest required to offset human carbon
emissions (the carbon footprint). The first
account, the ecological footprint of consumption,

is an estimate of the renewable biological
resources required for consumption by a
specified human population and for as-
similation of its carbon wastes. The
amount of biological productivity available
within the six land-use types is termed
biocapacity. Biocapacity and footprint of
consumption are both converted into an
abstract land unit (global hectares or gha),
representing the bioproductivity of a
world-averaged hectare [15,16]. On the
global scale, when the footprint of con-
sumption exceeds biocapacity, the inter-
pretation is that humans are exceeding the
regenerative capacity of Earth’s ecosys-
tems and therefore depleting stocks of
natural capital, a state known as “over-
shoot” [19].

It is possible to apply the EF on a
variety of spatial scales from cities and
countries up to the global level. On a
national scale, it compares the domestic
footprint of consumption with domestic
biocapacity. However, rather than indi-
cating sustainability in the use of domestic
or global biological resources, it is a
measure of self-sufficiency [1,11]. Hence,
an ecological “deficit”—where domestic
demand exceeds domestic supply—reflects
patterns of trade that in themselves can be
both positive and negative from an
environmental viewpoint [20]. Therefore,
in this Perspective, we focus only on the
global level and on the assertion that
humanity, as a whole, is in a state of
planetary ecological overshoot.
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The EF and the Carbon
Footprint

The calculation of the footprint of
consumption and biocapacity follows a
distinct methodology for each land-use
type that, along with an overview of the
limitations of this type of analysis in
assessing the sustainability of natural
resource consumption, is outlined in
Table 1. When the global EF is decom-
posed into its six components (Figure 1),
none of the five non-carbon land-use
categories has any substantial ecological
deficit—suggesting that depletion of crop-
land, grazing land, forest land, fishing
grounds, and built-up land is not occurring
on an aggregate, global level. This result
stems from the fact that the accounts for
cropland, grazing land, and built-up land
are constructed in such a way that they are
always near equilibrium, with the footprint
of consumption by definition nearly equal
to biocapacity; fishing grounds and forest
land are both in surplus (see explanations
in Table 1). Hence, virtually all of the
ecological overshoot comes from the EI’s
measure of the rate at which carbon
dioxide is accumulating in the atmosphere.
Indeed, if one excludes carbon, global
biocapacity exceeds the footprint of con-
sumption by about 45% in 2008 (the latest
year for which data are available) and by
an average of 69% over the period from
1961 to 2008. These figures appear to
indicate a sustainable pattern of consump-
tion, with productivity rising to meet
growing demand [18,21]. Another inter-
pretation is that, beyond fossil-carbon
waste, the EF is a poor representation of
how well we are managing the planet,
because a wide range of studies indicate
that harm to Earth’s ecosystem services is
already significant, including declining soil
fertility, increasing water scarcity, lowering
of groundwater tables, oft-depleted fisher-
ies, and loss of evolutionary history
through species and population extinctions

[22-26].

Determining the Size of the
Carbon Footprint

Given that, as calculated by existing
methods, humanity’s global EF is practi-
cally equivalent to its carbon footprint, it is
essential to determine just how humanity’s
carbon shoe size is measured. As assessed
by the Global Footprint Network, the
carbon footprint is the additional area of
forest (expressed in gha) needed to seques-
ter all net anthropogenic emissions of
carbon dioxide (COy) after subtracting
the fraction of these estimated to be
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absorbed by oceans (currently 28%) [21].
(Long-lived greenhouse gases other than
carbon, as well as greenhouse-gas emis-
sions arising from land-use change, are not
included in the analysis [16].) In other
words, the EF defines carbon uptake in
forests as the single mechanism for offset-
ting human emissions of greenhouse gases
from industrial activity to the atmosphere.
The exact formula for the carbon footprint
is:

[Annual Anthropogenic Emissions of CO5]

« [Carbon Sequestration Factor) -

[
 [Equivalence Factor]
 [1 — Ocean Uptake Fraction)
[

* [C to CO,Ratio).

The terms after “Annual Anthropogen-
ic Emissions of COy” are the “footprint
mtensity of carbon” and equal roughly
0.25. This is the number of gha it takes to
offset one ton of CO,. The number of
additional real-world hectares of forest
needed to offset the entire carbon foot-
print—if the definition of sustainability is
zero net additions of COy to the atmo-
sphere—is roughly 8 billion, correspond-
ing to a little over half of the total land
area of the Earth. From the formula, we
can see that the carbon footprint area is
essentially calculated by dividing total
anthropogenic carbon emissions remain-
ing after accounting for ocean uptake (i.e.,
72% of net human emissions) by the rate
at which existing forests sequester carbon.
Therefore, the carbon footprint is inverse-
ly proportional to the assumed carbon
sequestration rate in forests; double the
biomass uptake rate and the carbon
footprint is cut by half; halve it and the
carbon footprint doubles. This single
assumption is consequently what drives
the conclusion that we have overshot the
planet’s capacity, and, as such, it should be
scrutinized carefully.

The assumed carbon sequestration rate
is reportedly based on a weighted average
of the annual increment of merchantable
timber per hectare in a sample of existing
forest biomes. In the latest National
Footprint Accounts, the rate is set to 0.97
metric tons of carbon (t C) per hectare per
year (ha™ ' year™ ") [18,21]. How robust is
this estimation of global carbon uptake
rates in existing forests? Given the extrap-
olations required to move from a hectare
to a planetary scale, even minor variations
to the assumed carbon sequestration rate
would have a significant impact on the

total size of the global EF. The large
natural variability in carbon sequestration
rates over time and space—and major
uncertainties in their
makes this extreme sensitivity a reason
for caution [27-30]. The net uptake of
carbon 1in terrestrial ecosystems has, over
the past 5 decades, fluctuated between
zero in some years to nearly 6 Gt C yr~ !
in others [29]. This uncertainty is increas-
ingly exacerbated by the effects of climate
change, nitrogen deposition, and other
forms of global change [31,32]. If the
world’s forests were to become a net
source of carbon later in this century—as
some scenarios suggest [32]—the global
EF would be infinite, since no amount of
additional forest could suck the new
additions of fossil carbon out of the air.

measurement—

The additional amount of forest with
world-average carbon uptake rate that
would be required to completely offset
human emissions of carbon to the atmo-
sphere is therefore highly uncertain. More
fundamentally, the very choice of offset
mechanism to illustrate the carbon foot-
print is arbitrary. What exists in reality is a
certain amount of emitted carbon that is
absorbed neither by forests nor oceans and
that therefore contributes to rising con-
centrations of carbon in the atmosphere.
This amount has, in the past decade,
fluctuated around 4 Gt C per year [29].
To illustrate the magnitude of this addi-
tion, the EF calculates the hypothetical
area of forest with current world-average
carbon sequestration rates that would be
needed to fully offset this addition. But one
might use, with equal validity, the area of
new forest needed to offset these emissions.
The only difference is in the figure for
carbon sequestration plugged into the
carbon footprint equation shown above.
As a thought experiment, when plugging a
carbon sequestration rate of 2.6 t C ha '
year7l or higher into the EF calculation,
the entire global ecological overshoot disappears.
As shown in Table 2, 2.6 t C ha™ ' year™!
is a plausible expectation: many planta-
tions, with different tree species and in
different places, exceed this rate. Con-
versely, if the offset mechanism of choice
were old-growth forests—an important
target of conservation efforts [33], but for
which respiration rates often equal seques-
tration—the net balance of carbon seques-
tration from forests is zero or close to it.
This low biocapacity would drastically
enlarge the total EF, which approaches
infinity as the assumed carbon sequestra-
tion rate declines toward zero.

These examples demonstrate that only
slight adjustments to the assumed carbon
sequestration rate can produce wildly
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Figure 1. Net biocapacity (biocapacity minus footprint of consumption) by land-use
category, shown as a fraction of total global biocapacity (one “Earth’’) in 2008. Red
bars indicate deficit, blue bars surplus. The sum of the net biocapacity of all land-use types is
approximately —0.5, corresponding to the claim that humanity is using “1.5 Earths” worth of

biocapacity every year [21].
doi:10.1371/journal.pbio.1001700.g001

different outcomes, ranging from global
ecological surplus to infinite overshoot. In
fact, forest need not be the offset mecha-
nism used to illustrate the magnitude of
carbon accumulation in the atmosphere
[10,34]. The area of solar panels or wind
farms could serve an equivalent function
in the calculation of the carbon footprint,
showing the degree to which these offset
mechanisms fall short of bringing net
additions of carbon to the atmosphere
down to zero. In conclusion, the EF’s
carbon footprint, as currently constructed,
is an unreliable and impractical illustration
of human demands on the biosphere in
general and carbon emissions in particu-
lar. Hence, conclusions using the EF to
assert how many planets we are using or to
comment on the sustainability of human
populations—current or projected—are
misplaced [35,36]. Clearly, anthropogenic
emissions of greenhouse gases are a
serious problem, but these are better
estimated directly [37] than by calculat-
ing a “number of planets” needed to
offset emissions.
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Policy Utility of the Ecological
Footprint

The global ecological overshoot shown
in EF calculations [1] has generated an
obvious question for policy-makers, scien-
tists, and the public alike: in which ways
can we change our natural resource use
and land management in order to reduce,
and ultimately eliminate, the global over-
shoot and thereby achieve sustainability?
As described in this Perspective, changes
to the management or distribution of
croplands, grazing lands, or built-up land
would have virtually no effect on global
ecological overshoot or surplus. Thus, the
simplest way to reduce the global ecolog-
ical overshoot, “by-the-numbers,” would
be to devote large tracts of land to
Eucalyptus plantations, which have seques-
tration rates around 5-10 t C ha™ ' year ™'
in much of the tropics and subtropics, and
can reach rates of up to 12t C ha™'
year ! in some arcas [38]. In the EF
accounts, this afforestation would be
recorded as forest area with exceptionally

high biocapacity, thereby offsetting the
deficits in the carbon footprint or any
other land-use type. Based on this logical
interpretation of the EF methodology, less
than half the area of the United States
planted with eucalypts could essentially
give us an EF equal to one Earth—an
approach that no ecologist would recom-
mend. This thought experiment illustrates
that the EF not only fails to provide a
robust measure of ecological sustainability,
but also offers poor guidance for policy-
makers in identifying and evaluating
options to improve use and management
of natural capital.

Guidelines for Robust
Ecological Indicators

The development and selection of
indicators for use in environmental poli-
cy-making should be based on sound
criteria, including scientific validity and
policy utility [12,39-41]. To elaborate on
these two broad criteria, we propose a set
of principles for ecological indicators
informed by our analysis of the EF.

e Indicators should illuminate
pathways towards attaining sus-
tainability goals that make both
ecological and common sense. In
keeping with this principle is the
premise that covering the world with
cucalypt plantations is not the optimal
path to sustainability. Decision makers
attempting to apply the EF to guide
policies and measures that will reduce
the global ecological overshoot would
risk perverse consequences that are
antithetical to most conceptions of
sustainability.

e Indicators of the sustainability
of natural capital consumption
should be able to record deple-
tion or surpluses. In other words,
assessments should consider whether
stocks of natural capital are decreasing
or increasing as a result of human use.
The EF is unable to reflect the
sustainability of croplands, built-up
land, and grazing land, since these
are by definition always in near
balance—the footprint of consumption
roughly equating biocapacity—in the
EF accounts.

® A set of indicators, each pertain-
ing to an identifiable and quan-
tifiable form of natural capital or
ecosystem service, is likely to be
more comprehensible and useful
than a single aggregate index.
Logically combined sets of indicators
are more likely to offer an acceptable
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Table 1. Calculation of biocapacity and footprint of consumption in non-carbon land-use types.

Land-Use Category Biocapacity

Footprint of Consumption

Comment

Cropland

Grazing land

Forest

Fishing ground

Built-up land

Combined annual productivity
(net growth) of all cropland.

Annual harvests (production) of
primary and derived crop products.

The amount of above-ground
net primary production in
grasslands per year.

Total annual feed requirement
for livestock minus cropped feeds.

Annual harvests of fuelwood and
timber to supply forest products.

Net annual increment of
merchantable timber.

Total sustainably harvestable
primary production per year,
based on estimates of sustainable
annual production converted to
primary production by accounting
for the trophic level of each
harvested species, transfer
efficiency of biomass between
trophic levels, and the discard
rate for bycatch.

Annual primary production required
to sustain the harvested fish,
converted to primary production

in the same way as for biocapacity.

The area covered by human infrastructure, including transportation,
housing, industrial structures, and reservoirs for hydroelectric power
generation. Both the footprint of consumption and biocapacity of
built-up land are defined as the bioproductivity of an equivalent area
of cropland. This land-use category is always in equilibrium, since both
quantities capture the amount of bioproductivity lost to encroachment
by physical infrastructure [18].

Since biocapacity and footprint of consumption are by definition
always roughly equal [18], the methodology cannot detect any
substantial depletion or surplus of natural capital in croplands.
Hence, the EF is currently unable to indicate the sustainability or
unsustainability of this land-use category.

As with croplands, the footprint of consumption usually closely
matches—and never exceeds—the biocapacity. The EF is,
therefore, currently unable to indicate the sustainability or
unsustainability of this land-use category.

The EF is able to register depletion or surplus of natural capital, in
the form of wood biomass. Biocapacity has exceeded footprint of
consumption by an average of 224% between 1961 and 2008 [21].
In other words, less than one third of annual growth in biomass is
harvested for human use. Note, however, that the EF does not
register declines in global forest area [47] or ongoing losses of
primary forests in exceptionally biodiverse tropical regions [33].

The surplus shown by the EF’s thermodynamic methodology
stands in contrast to other data on fisheries, with the FAO
reporting 87% of stocks either fully exploited or overexploited [25].
As Kitzes et al. (2009) note, this category “ignore[s] the importance
of availability and quality of fishing stocks (including large variation
in harvest rates across different target species) in determining
actual regenerative capacity in a given year.”

The constant equilibrium of this component means that the EF is
unable to illustrate the sustainability of this land-use type; neither
about cities and infrastructure as such (they always count for the
same), nor about the expansion of built-up land (one land-use type
in equilibrium replaces another with no effect on the global
ecological surplus or deficit).

doi:10.1371/journal.pbio.1001700.t001

Table 2. Net carbon sequestration in forest plantations.

Climate Domain

Ecological Zone

Above-Ground Net Carbon Sequestration (t C ha™' yr™")

Tropical

Subtropical

Temperate

Boreal

Rain forest

Moist deciduous forest
Dry forest
Shrubland
Mountain systems
Humid forest

Dry forest

Steppe

Mountain systems
Oceanic forest
Continental forest
Mountain systems
Coniferous forest
Tundra woodland

Mountain systems

7.1
47
3.8
24
24
4.7
3.8
24
24
2.1
1.9
14
0.5
0.2
0.5

PLOS Biology | www.plosbiology.org 4

Note: Approximate above-ground net carbon sequestration in forest plantations (t C ha~' yr~") by ecological zone, as reported in the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories [48].
doi:10.1371/journal.pbio.1001700.t002
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balance between reductionism and
simplicity, on the one hand, and sound
theoretical and empirical grounding,
on the other [12,40]. They also allow
for trade-offs between different ecosys-
tem services or natural resources when
necessary [42,43]. The EF attempts to
provide a single index by measuring a
subset of net primary productivity,
regardless of its source, quality, or
ecological relevance. The implicit as-
sumption is that primary productivi-
ty—biomass generated—is the key
scarce resource [12,18]; however, this
aggregation is problematic. First, it
implies full substitutability between
primary productivity in croplands,
forests, fishing grounds, and grazing
lands rather than indicating whether
we have sufficient supplies of food,
wood products, fish, and meat, corre-
sponding to these four land-use types
in the EF accounts. More importantly
from a conservation-oriented perspec-
tive, it fails to indicate whether forest
area 1s increasing or decreasing,
whether biodiversity is being lost or
gained, and whether ecosystem servic-

References

1.

Ewing B, Moore D, Goldfinger S, Oursler A,
Reed A, et al. (2010) Ecological Footprint Atlas
2010. Oakland, CA: Global Footprint Network.
111 p.

. Goldfinger S, Poblete P (2010) The Ecological

Wealth of Nations. Oakland, CA: Global Foot-
print Network. 38 p.

. Wackernagel M, Rees WE (1996) Our Ecological

Footprint: Reducing Human Impact on the
Earth. Gabriola Island, B.C. Canada: New
Society Publishers. 160 p.

. WWF, Zoological Society of London, Global

Footprint Network, European Space Agency
(2012) Living Planet Report 2012. Gland, Swit-
zerland: WWF International. 164 p.

. Worldwatch Institute (2012) State of the World

2012: Moving Toward Sustainable Prosperity.
Washington, DC: Island Press. 266 p.

. UNEP (2012) Global Environment Outlook 5:

Environment for the future we want. Nairobi,
Kenya: UNEP. 558 p.

. UNDP (2010) Human Development Report

2010: The Real Wealth of Nations: Pathways to
Human Development. New York, NY: Palgrave
Macmillan. 238 p.

. Jeanrenaud SJ, Adams WM (2008) Transition to

Sustainability: Towards a Humane and Diverse
World. Gland, Switzerland: IUCN. 108 p.

. Biodiversity Indicators Partnership (2011) Eco-

logical Footprint. Available: http://www.
bipindicators.net/ecologicalfootprint. Accessed 2
December 2012.

. Ayres RU (2000) Commentary on the utility of

the ccological footprint concept. Ecol Econ

32:347-349.

. van den Bergh JCJ. JM, Verbruggen H (1999)

Spatial sustainability, trade and indicators: an
evaluation of the “ecological footprint”. Ecol
Econ 29:61-72.

. Gasparatos A, El-Haram M, Horner M (2009)

The argument against a reductionist approach for
measuring sustainable development performance
and the need for methodological pluralism.
Account Forum 33:245-256.

PLOS Biology | www.plosbiology.org

20.

21.

22.

23.

es are improved or damaged. These
global sustainability concerns are ur-
gent and merit rigorous measurement,
but their qualitative differences argue
against excessive aggregation and,
instead, suggest the use of more
targeted metrics [44].

Indicators must take into ac-
count the geographical scale of
the phenomena they are measur-
ing [45]. The EF is inconsistent
across scales; its meaning on a global
level—nominally whether we are or
are not depleting natural capital—
differs from its meaning on subglobal
scales, such as in countries, where it
indicates self-sufficiency and patterns
of trade (e.g., balance of imports and
eXports).

Ecological indicators should,
where possible, include esti-
mates of uncertainty. Humanity’s
total footprint, as calculated in the EF,
is critically dependent on a single,
empirically derived variable—the car-
bon sequestration rate—the estimation
of which is highly uncertain (see

. Fiala N (2008) Measuring sustainability: Why

the ecological footprint is bad economics and
bad environmental science. Ecol Econ 67:519—
525.

. van Kooten GC, Bulte EH (2000) The ecological

footprint: useful science or politics? Ecol Econ
32:385-389.

. Giljum S, Hammer M, Stocker A, Lackner M

(2007) Scientific assessment and evaluation of the
indicator “Ecological Footprint”. Dessau-RoBlau,
Germany: German Federal Environment Agency.

78 p.

. Ewing B, Reed A, Galli A, Kitzes J, Wackernagel

M (2010) Calculation Methodology for the
National Footprint Accounts, 2010 Edition. Oak-
land, CA: Global Footprint Network. 21 p.

. Kitzes ], ed (2009) Ecological Footprint Standards

2009. Oakland, CA: Global Footprint Network.
17 p.

. Borucke M, Moore D, Cranston G, Gracey K,

Tha K, ct al. (2013) Accounting for demand and
supply of the biosphere’s regenerative capacity:
the National Footprint Accounts’ underlying
methodology and framework. Ecol Indic

24:518-533.

. Wackernagel M, Schulz NB, Deumling D,

Linares AC, Jenkins M, et al. (2002) Tracking
the ecological overshoot of the human economy.
Proc Natl Acad Sci USA 99:9266-9271.
Costanza R (2000) The dynamics of the ecolog-
ical footprint concept. Ecol Econ 32:341-345.
Global Footprint Network (2011) National Foot-
print Accounts, 2011 Edition. Oakland, CA:
Global Footprint Network.

FAO (2011) The State of the World’s Land and
Water Resources for Food and Agriculture:
Managing Systems at Risk. London, UK: Earth-
scan. 285 p.

Hoekstra AY, Mekonnen MM, Chapagain AK,
Mathews RE, Richter BD (2012) Global
Monthly Water Scarcity: Blue Water Foot-
prints versus Blue Water Availability. PLoS
ONE 7(2): €32688. doi:10.1371/journal.pone.
0032688

Table 2). Using a single figure without
an associated confidence interval gives
a false impression of precision and is
therefore misleading.

Back to the Drawing Board

Simple and practical indicators of how
well humanity is managing Earth’s bio-
logical resources and ecosystem services
are essential to improving stewardship of
the Earth system in that they bridge the
domains of science and policy and
thereby facilitate discussion and deci-
sion-making [46]. Beyond their potential
use as direct input to policy formulation,
indicators also inform broader under-
standing of ecological risks and opportu-
nities [39]. As such, the scientifically
robust construction and presentation of
ecological indicators is a matter of great
importance. By understanding the
strengths and weaknesses of the EF, it
will be possible to better develop and
select ecological indicators as ecologists
and environmental scientists go back to
the drawing board.

24. Giordano M (2009) Global Groundwater? Issues
and Solutions. Annu Rev Environ Resour
34:153-178.

25. FAO (2012) The State of World Fisheries and
Aquaculture 2012. Rome, Italy: FAO. 230 p.

26. Ceballos G, Ehrlich PR (2002) Mammal popula-
tion losses and the extinction crisis. Science
296:904-907.

27. Kitzes J, Galli A, Bagliani M, Barrett J, Dige G, et
al. (2009) A research agenda for improving
national Ecological Footprint accounts. Ecol
Econ 68: 1991-2007.

28. Battle M, Bender ML, Tans PP, White JWC, Ellis
JT, et al. (2000) Global Carbon Sinks and Their
Variability Inferred from Atmospheric Oy and
1C. Science 287:2467-2470.

29. Le Quéré C, Raupach MR, Canadell JG,
Marland G, et al. (2009) Trends in the sources
and sinks of carbon dioxide. Nat Geosci 2:831—
836.

30. Lal R (2008) Carbon sequestration. Philos
Trans R Soc Lond B Biol Sci 363:815-830.

31. Heimann M, Reichstein M (2008) Terrestrial
ecosystem carbon dynamics and climate feed-
backs. Nature 451:289-292.

32. Schaphoff S, Lucht W, Gerten D, Sitch S,
Cramer W, et al. (2006) Terrestrial biosphere
carbon storage under alternative climate projec-
tions. Clim Change 74:97-122.

33. Gibson L, Lee TM, Koh LP, Brook BW, Gardner
TA, et al. (2011) Primary forests are irreplaceable
for sustaining tropical biodiversity. Nature
478:378-381.

34. Schlesinger WH (2006) Carbon Trading. Science
314:1217.

35. Moore D, Cranston G, Reed A, Galli A (2012)
Projecting future human demand on the
Earth’s regenerative capacity. Ecol Indic
16:3-10.

36. Kitzes J, Wackernagel M, Loh J, Peller A,
Goldfinger S, et al. (2008) Shrink and share:
humanity’s present and future Ecological Foot-
print. Philos Trans R Soc Lond B Biol Sci
363:467-475.

5 November 2013 | Volume 11 | Issue 11 | e1001700



37.

38.

39.

40.

UNFCCC (2012) Greenhouse Gas Inventory
Data. Available: http://unfcec.int/ghg_data/
items/3800.php. Accessed 13 December
2012.

Penman J, Gytarsky M, Hiraishi T, Krug T,
Kruger D, et al. (eds.) (2003) Good Practice
Guidance for Land Use, Land-Use Change and
Forestry. Hayama, Japan: IPCC. 590 p.

Bauler T (2012) An analytical framework to
discuss the usability of (environmental) indicators
for policy. Ecol Indic 17:38-45.

Niemeijer D, De Groot RS (2008) A conceptual
framework for selecting environmental indicator

sets. Ecol Indic 8:14-25.

PLOS Biology | www.plosbiology.org

41.

42.

43.

44.

Biodiversity Indicators Partnership (2011) Guid- 45. Gibson CC, Ostrom E, Ahn TK (2000) The
ance for National Biodiversity Indicator Devel- concept of scale and the human dimensions of
opment and Use. Cambridge, UK: UNEP World global change: a survey. Ecol Econ 32:217-239.
Conservation Monitoring Centre. 40 p. 46. Turnhout E, Hisschemoller M, Eijsackers H
DeFries RS, Foley JA, Asner GP (2004) Land-Use (2007) Ecological indicators: Between the two
Choices: Balancing Human Needs and Ecosystem fires of science and policy. Ecol Indic 7:215-228.
Function. Front Ecol Environ 2:249-257. 47. FAO (2011) State of the World’s Forests. Rome,
Halpern BS, Longo C, Hardy D, McLeod KL, Italy: FAO. 179 p.
Samhouri JF, et al. (2012) An index to assess the 48. Eggleston S, Buendia L, Miwa K, Ngara T,
health and benefits of the global ocean. Nature Tanabe K, eds. (2006) Agriculture, Forestry and
488:615-620. Other Land Use. In: Eggleston S, Buendia L,
Mayer AL (2008) Strengths and weaknesses of Miwa K, Ngara T, Tanabe K, eds. 2006 IPCC
common sustainability indices for multidimen- Guidelines for National Greenhouse Gas Inven-
sional systems. Environ Int 34:277-291. tories. Hayama, Japan: IGES.

6 November 2013 | Volume 11 | Issue 11 | e1001700



