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The 17 Sustainable Development Goals (SDGs) call for a comprehensive new approach to development rooted
in planetary boundaries, equity, and inclusivity. The wide scope of the SDGs will necessitate unprecedented
integration of siloed policy portfolios to work at international, regional, and national levels toward multiple
goals and mitigate the conflicts that arise from competing resource demands. In this analysis, we adopt a com-
prehensive modeling approach to understand how coherent policy combinations can manage trade-offs
among environmental conservation initiatives and food prices. Our scenario results indicate that SDG strategies
constructed around Sustainable Consumption and Production policies can minimize problem-shifting, which has
long placed global development and conservation agendas at odds. We conclude that Sustainable Consumption
and Production policies (goal 12) are most effective at minimizing trade-offs and argue for their centrality to the
formulation of coherent SDG strategies. We also find that alternative socioeconomic futures—mainly, population
and economic growth pathways—generate smaller impacts on the eventual achievement of land resource–related
SDGs than do resource-use and management policies. We expect that this and future systems analyses will allow
policymakers to negotiate trade-offs and exploit synergies as they assemble sustainable development strategies
equal in scope to the ambition of the SDGs.
va

 on S

eptem
ber 19, 2016

nces.sciencem
ag.org/
INTRODUCTION

The Sustainable Development Goals (SDGs) agenda adopted by the
United Nations General Assembly in September 2015 articulates
conditions for sustainable management of social, physical, and ec-
ological elements of the Earth system in the Anthropocene (1, 2). In
aggregate, these 17 goals and 169 targets comprehend a road map to
“the future we want” in terms of human welfare and environmental
sustainability (3). Their underlying development agenda demands in-
clusive and sustainable policies promoting the welfare of the most vul-
nerable people and ecosystems (1–4) while avoiding the transgression
of planetary boundaries (5–7).

The scientific community has generated an impressive body of lit-
erature directly and indirectly informing SDG formulation by sector-
specific assessments covering climate change mitigation (8), energy
systems (9), food security (10, 11), agricultural productivity (12–14),
terrestrial ecosystem management (15), biodiversity conservation
(16), land-use change emissions mitigation (17), and sustainable con-
sumption (18). However, these studies are sector-specific and typically
ignore the synergies and trade-offs identified in multisectorial assess-
ments (19–23). This is a major shortcoming because the direct and
indirect effects of policies in service of specific goals can affect the suc-
cess or failure of others (24, 25). Outside of policy silos, the inter-
dependencies among goals can be identified and integrated into the
negotiation and operationalization of the SDGs.

In this analysis, we begin by identifying seven policy clusters,
each of which is defined by a set of closely related sustainable devel-
opment goals or targets coupled with three policies, or discrete global
responses to these goals (cf. Fig. 1). Within each cluster, policies are
mutually exclusive and span a range of ambition from inaction [busi-
ness as usual (BAU)] to committed action toward the relevant goals.
The policies are described briefly in Table 1 and in full detail in section
S1.3. Integrated SDG strategies are constructed by specifying exactly
one policy from each of the seven policy clusters. Strategies are sub-
sequently combined with one of three Shared Socioeconomic Pathways
(SSPs), or projections of population and economic growth and other
drivers (26), to form scenarios. The Global Biosphere Management
Model (GLOBIOM), a spatially explicit partial equilibrium model of
the agricultural, bioenergy, and forestry sectors (27–31), projects the
effects of each scenario on global food prices and environmental indi-
cators decennially through 2050.
RESULTS

Siloed SDG strategies
We begin with 14 single-policy strategies (active policy in exactly one
policy cluster and BAU in the remaining six: 2 active policies per cluster ×
7 clusters). These generate 42 GLOBIOM scenarios (14 single-policy stra-
tegies × 3 SSPs) that project futures in which the global community mus-
ters a discrete policy change in service of some subset of goals and
nothing further. Single-policy strategies are siloed insofar as the collec-
tive response to the comprehensive SDG agenda is limited to action on
the goals in a single cluster (cf. Fig. 1). For each scenario, environmental
1 of 10
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index (EI) scores are calculated and compared with food price projec-
tions (c.f. Materials and Methods). This provides an integrated measure
of siloed strategies’ effects on conservation and food security agendas
within a particular SSP or socioeconomic pathway.

Overall, the EI scores for these scenarios confirm that each single-
policy strategy is a direct and constructive policy response to the goals
and targets within its cluster. However, comparison against the global
food price index reveals a significant, positive correlation between EI
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
scores and food prices in year 2030 (cf. Fig. 2, left). That is, more ef-
fective conservation policies also lead to greater food price increases.
The trade-off intensity, or ratio of food price cost to EI score benefit,
of most strategies falls within a narrow range (c.f. the slope of the
linear regression in Fig. 2, left).

Single-policy strategies exhibit similar trade-off intensities despite
being distinguished by diverse goals and levels of ambition. From this,
we conclude that “success” defined in the context of policy clusters
http://advances.science
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Fig. 1. Schematic diagramof the constructionof SDGstrategies.Webeginwith sevenpolicy clusters, each consisting of (A) a subset of SDGs relevant to a
specific theme, (B) two active policies reflecting different ambition levels associatedwith specific SDG targets, and (C) one null policy (BAU), which represents
inaction on the relevant goals. Integrated SDG strategies are defined by specifying exactly one policy in each cluster. The BAU strategy is composed of the
BAU policy in all seven domains. SDG strategies are subsequently combinedwith an SSP to form a complete, unique GLOBIOM scenario, and their results are
projected decennially through 2050. LULUCF, land use, land-use change, and forestry.
 o
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Table 1. Description of the policies within each cluster. One policy from each cluster is specified to construct an SDG strategy, which is subsequently
combined with an SSP to form a complete GLOBIOM scenario. The expected pressurizing effect of each policy on food prices is indicated in the far right
column, where “P” indicates pressurizing policies expected to raise food prices, and “D” indicates depressurizing policies expected to decrease food prices.
n S
e
Policy cluster
 Policy
 Description
 Food effect
ptem
Energy and climate (SDGs 7, 13, and 14)
be
BAU
Climate-BE
Climate-BE+
Nominal primary energy profile: no climate target
Moderate bioenergy and nuclear energy: ∆T < 2°C

High bioenergy and no nuclear: ∆T < 2°C
—
P
P

r 19
Food system resilience (SDGs 1, 2, 6, 8, 9, and 12)
, 20
Low flexibility
BAU

High flexibility
Slow production system shifts and high waste
Nominal production system shifts and waste
Rapid production system shifts and low waste
P
—
D

16
Agricultural productivity (SDGs 2 and 12)
 BAU
+30% yield
+50% yield
Nominal input-neutral agricultural yield growth
Nominal input-neutral yield growth + 30%
Nominal input-neutral yield growth + 50%
—
D
D

Terrestrial ecosystems (SDGs 6 and 15)
 BAU
Zero def

Zero def/grslnd
No restrictions on land-use change
No gross forest loss

No gross forest or grassland loss
—
P
P

Biodiversity conservation (SDGs 14 and 15)
 BAU
Biodiversity
Biodiversity+
Unrestricted conversion of biodiversity hotspots
Moderate protection of biodiversity hotspots

No conversion of biodiversity hotspots
—
P
P

LULUCF climate change mitigation
(SDGs 13–15)
BAU
GHG $10
GHG $50
No tax on LULUCF emissions
LULUCF emissions tax: US $10/tCO2eq
LULUCF emissions tax: US $50/tCO2eq
—
P
P

Sustainable consumption (SDGs 2, 8, and 12)
 Diet−
BAU
Diet+
Western diet globalization
FAO diet projections

Reduced meat demand
P
—
D
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inevitably belies problem-shifting and trade-offs with other clusters, in
this case, food security. Further, joint EI score–food price outcomes
are limited to this narrow range of trade-offs even under distinct SSPs.
This result suggests that the policies governing land resource use and
management are more critical to the success of the SDG agenda than
are future population and economic growth trends.

The correlation between EI scores and food prices can be inter-
preted as an efficiency frontier of the trade-offs between conserva-
tion and food security agendas. This frontier largely constrains the
possible outcomes of single-policy strategies and serves as a useful
benchmark against which compound SDG strategies can be evaluated.
Two reference frames can be introduced for measuring distances:
parallel to the ordinate and perpendicular to the regression. For exam-
ple, measurement parallel to the ordinate reveals that reduced meat
consumption (Diet+) returns a 15% lower food price than would be
expected on the basis of its EI score, whereas inflexible agricultural
production systems (Low flexibility) and strong biodiversity protec-
tions (Biodiversity+) return prices 7% higher than is expected for their
respective EI scores. Perpendicular deviations yield the regression re-
siduals, which measure efficiency gains or losses with respect to the
joint outcome of EI score and food price.

The fit residuals from each of the single-policy strategies under
nominal socioeconomic conditions (SSP2) are ranked and plotted in
Fig. 2 (right). Policies that promote sustainable consumption (for ex-
ample, Diet+) and production—for example, input-neutral agricultur-
al intensification (+50% yield)—simultaneously boost EI scores and
lower food prices relative to the overall correlation. This indicates that
Sustainable Consumption and Production (SCP) policies reduce the
intensity of trade-offs among goals. Conversely, locked-in agricultural
production systems (Low flexibility) and restrictive land-use policies
(for example, Biodiversity+) intensify trade-offs or increase the mar-
ginal food security costs of prospective conservation initiatives. Gen-
erally, SDG policies modulate the intensity of trade-offs among goals
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
through their net effects on total resource consumption, land-use
change, and associated emissions.

Compound SDG strategies
The interdependencies that arise within compound SDG strategies
(active policies in multiple policy clusters) are similarly governed by
the net effect of their component policies regarding the trade-offs in
the land system. These effects may either build on or counterbalance
each other. To examine this in our analysis, we consider two sets of
three-policy strategies. The first of these includes sustainable con-
sumption and energy sector decarbonization (Diet+ and Climate-
BE) as two of the three policies. Following from the single-policy
strategy residuals in Fig. 2 (right), these policies are expected to create
lower-pressure scenarios because reduced demand for animal proteins
offsets increased demand for bioenergy and improves the assimilative
capacity of food production systems. The second set couples locked-in
agricultural systems with energy system decarbonization and denucle-
arization (Low flexibility and Climate-BE+) and is constructed to ex-
emplify higher-pressure scenarios. To fill out each set, we combined
the two named policies with a third active policy from exactly one of
the five remaining policy clusters (30 GLOBIOM scenarios = 2 active
policies per cluster × 5 clusters × 3 SSPs).

Figure 3 compares the results for the low- and high-pressure strategy
sets to the single-policy strategy results for 2030 and 2050 (cf. Fig. 3, left
and right, respectively).Within each set of strategies, EI scoresmaintain
significant correlations with food prices. However, the intensities of
trade-offs between environmental and food production systems, as rep-
resented by the slopes of the regression fits, vary widely across the three
distinct futures, implying that it is possible to “break away” from the
standard trade-offs.

Among the benchmark set of single-policy strategies, EI scores range
from 0.18 to 0.78, and food price projections range from −14% to +7%
in 2030. In the low-pressure set, EI scores show improvement (0.45 to
 on S
eptem

ber 19, 2016
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Fig. 2. GLOBIOM model results describe a trade-off efficiency frontier between EI scores and food prices. (Left) EI scores plotted versus
global food price increases for single-policy strategies. Each single-policy strategy consists of an active policy from exactly one policy cluster
and the null policy in the remaining six clusters, and each generates three GLOBIOM scenarios (one for each SSP). Food price changes are expressed
in percent change relative to 2010. SSP2 scenario results are individually labeled. The linear regression fit includes all three SSPs and returns a
statistically significant correlation between food prices and EI scores (N = 39). (Right) The fit residuals from single-policy SSP2 strategies characterize
each policy’s deviation from the overall trade-off efficiency frontier. From left to right, policies are ranked in order of increasing ratio of food price cost to EI
score benefit. Policies with low (high) cost-benefit ratios are interpreted as having depressurizing (pressurizing) effects on food production systems.
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0.89), whereas food prices decrease (−7% to −16%). This beneficial shift
in the trade-off efficiency frontier persists through 2050. Conversely,
high-pressure strategies return lower EI scores (0.07 to 0.48) coupled
with higher costs to food security (+1% to+17%). Further, the foodprice
costs of conservation initiatives steepen markedly for high-pressure
strategies by 2050. In general, SDG strategies that achieve their goals
by shifting pressure onto food production systems intensify the trade-
offs between conservation agendas and food security. These trade-offs
intensify further with the ambition of SDG strategies and over time. On
the other hand, policies that manage food system pressure mitigate
trade-offs by simultaneously increasing the availability of land, wa-
ter, and food for the full range of SDG priorities.

Themodel results used to calculate EI scores for low-pressure (Diet+
and Climate-BE) and high-pressure (Low flexibility and Climate-BE+)
strategies are disaggregated and presented in Fig. 4 as percent changes
relative to 2010 for each indicator. In the left (right) hemisphere of each
circle, strategies are ranked from top to bottom according to EI score
(food price).Within each circle, policy rankings are not perfect inverses,
suggesting that a common ground can be found even between agendas
that prioritize either sustainability or development. For example, com-
parison between the left hemispheres of the two circles indicates that
greenhouse gas (GHG) pricing schemes (GHG $10 and GHG $50) re-
sult in the highest EI scores regardless of the other policies enacted. The
right hemispheres indicate that the benefits of input-neutral yield
growth (+30% yield and +50% yield) are similarly independent of ac-
companying policies. As a result, these types of policies or investments
would be attractive as foundational components of SDG strategies.

Closer examination of trade-offs quantified in Fig. 4 indicates that
SCP policies (for example, yield growth, agricultural resilience, and
waste mitigation) generate the greatest and most broadly distributed
benefits to nutrient cycling, water use, and overall food security out-
comes. Land-use change restrictions (that is, policies in the biodiversity
conservation and terrestrial ecosystems clusters) work as designed to
mitigate the destruction of natural forests and habitats as well as
GHG emissions but can pressurize water cycles by increasing reliance
on irrigation. This is indicative of significant trade-offs among water,
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
land conservation, and climate mitigation SDGs. GHG pricing, a
cross-sectorial policy, leads to broadly improved environmental out-
comes while maintaining efficient food price trade-offs.
DISCUSSION

Land is a fixed resource at all scales, although it can be managed to
serve a multitude of goods and services. However, this inherent
flexibility is constrained by path dependencies; land-use change today
has implications for the services it can provide in the subsequent dec-
ades. These essential properties of land induce strong spatial, tempo-
ral, and intersectorial interactions and make land management an
ideal laboratory to study the internal consistency of siloed and in-
tegrated policy responses to the SDG agenda (24). Here, we analyze
interactions among multiple SDG policy options for the management
of land-based resources on a global scale. This is carried out by sorting
land-related SDGs into seven policy clusters, which map in a rough
sense to current, weakly coordinated policy processes among the min-
istries, departments, and panels of national governments, international
organizations, and civil society.

Our analysis establishes that path dependencies, competition,
and pressure—all functions of fixed resource endowments in the land
system—create trade-offs among coeval goals. Although single-sector
policies are typically easier to conceive and implement in actual policy
processes, piecemeal approaches to SDG implementation create policy
incoherence to the overall detriment of environmental and food security
outcomes. Failure to evaluate policy responses in integrated systems
contexts leaves these interdependencies hidden and may limit policy
planning to zero-sum trade-offs (25).

Trade-offs within the global SDG agenda will manifest as obstacles
to progress at regional and national levels. In the Congo Basin, for
example, analyses based on satellite data have identified agricultural
expansion and fuel wood and timber extraction as leading drivers of
deforestation and habitat degradation (32). Longitudinal research in
Sumatra similarly concluded that rising agricultural commodity prices
Fig. 3. EI scores plotted against global foodprice increases. Foodprice changes are expressed in percent change relative to 2010 for low-pressure, single-
policy, and high-pressure strategies in years 2030 (left) and 2050 (right) of the indicated scenarios. Results from unique socioeconomic scenarios are in-
dicated separately in each legend, but linear regression fits include all three SSPs within each strategy set (N = 30). Fit statistics are reported for each set.
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are detrimental to tropical forests and their biodiversity (33). Converse-
ly, case studies of biodiversity protection initiatives in low-income
nations have demonstrated that deforestation restrictions can lead
directly and indirectly to reductions in average household incomes
in the vicinity of protected areas (34). GLOBIOM model results are
consistent with these empirical observations, concluding in a fourth
study that international agreements could mitigate Congo Basin de-
forestation, carbon emissions, and biodiversity loss but would also in-
crease food prices by as much as 60% in the region (35).

Last, our quantitative assessment shows that land system inter-
dependencies are more significant determinants of joint environmental
and food security outcomes than are population and economic growth
scenarios. This suggests that mounting trade-offs are not our demo-
graphic destiny but rather the predictable consequence of siloed poli-
cies, initiatives, and choices accreting into incoherent SDG strategies.

Application to the policy process
On the basis of these insights, we argue that SDG policy formulation
at national, regional, and international scales should be more inclusive:
Policy options developed by sectorial and technical specialists must
also be subjected to assessments of total system effects outside the bounds
of their silos. Based on the results of these assessments, strategies for SDG
implementation can be classified as incoherent, neutral, or coherent.
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
The first class, incoherent strategies, includes any constellation of
policies that magnify trade-offs in the land system due to inefficient
production systems or implied restrictions on resource consumption.
For example, sustainable bioenergy production and biodiversity con-
servation measures—both essential components of the overall SDG
agenda—exacerbate trade-offs by creating opportunity costs for inter-
national and local stakeholders (34). Trade-offs can be hidden when
policy planners neglect the interests of, for example, smallholder farm-
ers, leading to the underestimation of policies’ costs and their dis-
proportionate distribution among and within national economies
(36). SDG strategies crafted without the benefit of an integrated sys-
tems perspective are unlikely to anticipate these trade-offs, leading to
problem-shifting and potentially magnifying the challenges facing
sustainable development agendas. In the worst cases, incoherent stra-
tegies could put many of the SDG objectives out of reach by 2030.

The second class includes neutral strategies, which seek merely
to avoid intensifying trade-offs between land and food systems. As
shown in Fig. 2 (right), half-measures in most policy clusters nego-
tiate but do not transform the efficiency frontier of trade-offs between
environmental and food systems. In particular, GHG pricing (GHG
$50) avoids magnifying trade-offs even when implemented ambitious-
ly by incentivizing resource-use efficiency and land sparing across
multiple economic sectors and spatial regions. This is consistent with
Fig. 4. Circular plots illustrating the projected consequences of low- and high-pressure SDG strategies. Strategy outcomes are measured by five
environmental indicators—LULUCF carbon emissions, agricultural water use, deforestation, biodiversity loss, and fertilizer use—and a global food price index
(FPI). Policies on the outer ring of each circle indicate the third policy in each strategy. In the left (right) hemisphere of each circle, strategies are ranked from
top to bottom by EI score (food price). Colors and percentages in each cell indicate the deviation for each indicator in year 2030 of the simulation
relative to 2010.
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the recent experience of China, which established its emissions trading
systems in part to distribute the high economic costs of national
energy intensity targets (37).

Pressure-neutral policies can also be used to prioritize the reha-
bilitation and sustainable management of critical ecosystems and
ecosystem services. For example, “hotspot” strategies, which identify
and prioritize conservation of ecosystems that support the highest con-
centrations of endemic species, may be able to avoid mass extinctions
by setting aside less than 2% of global land area (38). In pursuit of food
security, researchers have similarly identified “leverage points” or location-
and crop-specific strategies for boosting global food production while
minimizing environmental impacts (39). These approaches seek to
maximize the contribution of initial economic and natural resource
outlays to long-term conservation or food security agendas and should
be pursued as a first step toward SDG operationalization.

Finally, coherent SDG strategies are those that minimize trade-offs
between the land and food systems. In many countries, future demand
for meat and animal products will have a major impact on resource
availability and food security trends. In developed economies, shifts away
from these land- and water-intensive commodities (that is, Diet+) can
also reduce the health-related costs of overconsumption, including mor-
tality. At the same time, such a shift would decrease food prices in
developing countries, reduce mortality and deforestation, and enable
progress toward food security for all (goal 2). In the same way, invest-
ments in agricultural resource efficiency, spoilage prevention, and waste
mitigation can reduce land system pressure and minimize the overall
costs of SDG strategies.

Coherent SDG strategies are founded on SCP policies. They com-
bine innovations, investments, and incentives to escape zero-sum out-
comes and achieve net positive progress toward the SDGs as a whole
(40). In recognition of this, the focus of the German sustainable de-
velopment agenda has shifted from land, water, and soil pollution mit-
igation to resource productivity gains in the last decades (23). SCP
policies have likewise been incorporated into national action plans
for economies as diverse as South Africa, Japan, and China to manage
energy and resource consumption and decouple economic growth
from environmental degradation (23). Even when trade-offs between
coequal goals cannot be eliminated entirely, SCP policies allow policy-
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
makers to manage competing pressures proactively and create simul-
taneous solution spaces for the largest possible number of SDGs.

Research outlook
Our analysis is a first step toward understanding the land resource
nexus of the SDGs. We expect that our integrated approach can
serve as a model for further research into relationships among nu-
trition, waste, education, energy, and environmental goals. In this
field, the relative intensities of pressure, trade-offs, and cobenefits
will, of course, depend on the scope of each analysis and, in par-
ticular, the indicators used to measure outcomes. However, the dy-
namics we have probed are real insofar as they predict ex ante the
consequences of actual shifts to land resource policies. Within any
scope, integrated systems analyses can elucidate efficiency frontiers
and identify policies that minimize problem-shifting, among other
obstacles, to simultaneous achievement of multiple SDGs. We ex-
pect that these efforts will contribute to coherent and comprehen-
sive policy planning at all levels, starting with joint programming
among the three Rio Conventions on climate change, biodiversity,
and desertification.

Future iterations of global assessments could be improved with
more abundant and more accurate global Earth observations and
data sets on issues ranging from improved land cover products (41)
to spatially explicit data on crop management practices. In addition,
the precise effects of policy options on food security and other SDGs
would bear more detailed analysis because the global indicators used
here mask ecosystem-, region-, and crop-specific complexities.

Upon the formalization of the SDG targets, countries will be
expected to develop strategies for SDG operationalization that reflect
their individual expected contributions to global outcomes. There-
fore, similar analyses should be replicated at the national level not
only to evaluate and refine prospective policies but also to improve
the representation of biophysical and technological parameters in
global assessments. These efforts could help reveal the comparative
advantages of individual countries—a dimension absent from this
analysis—and lead to tailored-but-coherent strategies for managing
the global commons.
ber 19, 2016
MATERIALS AND METHODS

Scenario construction
This analysis connects with and builds on previous work by identify-
ing seven thematic policy clusters, each of which is defined by a set of
closely related sustainable development goals or targets (cf. Fig. 1 and
Table 1). The wide-ranging goals and targets can be partitioned into
any number of thematic clusters. However, the structure of this anal-
ysis reflects that of cutting-edge research on these issues as well as the
agendas of nongovernmental organizations and other lobbying in-
terests, national and supranational bodies, and international organiza-
tions. Consequently, policy clusters provide a convenient starting
point for broadly integrative analyses, such as this one.

Each of the seven clusters was assigned a triplet of policies, or dis-
crete potential responses to the goals and targets within its scope.
Each triplet included a singular null policy, which projected the con-
tinuation of BAU vis-à-vis the associated environmental or develop-
mental goals, and two active policies, which described discrete shifts
from BAU undertaken on a global scale in service of the same targets.
Table 2. Indicators used to evaluate SDG strategies. Each SDG
strategy is scored according to its effect on five environmental indicators
of planetary boundaries—LULUCF carbon emissions, agricultural water use,
deforestation, biodiversity loss, and fertilizer use—and on global food
prices in years 2030 and 2050 of the simulation. The SDGs relevant to each
of the planetary boundaries are indicated, thus closing the policy process
and pressure-state-response (PSR) loops. All metrics refer to globally
aggregated results from the GLOBIOM model.
Pressure indicator
 SDG targets
 Units
Food price index
 2
 —
LULUCF emissions
 13
 MtCO2eq
year
Agricultural water use
 6
 km3
Deforestation
 6, 13, and 15
 103 ha
Biodiversity loss
 15
 103 ha
Fertilizer use
 2 and 13
 103 ton
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By construction, each triplet of policies spanned a range of ambition
from inaction (BAU) to committed action toward the relevant targets
(cf. Fig. 1 and Table 1; full description in section S1.3). As a result, the
policies within each cluster are mutually exclusive.

With this arrangement, policies in distinct clusters can be combined
systematically to form integrated SDG strategies, whichwe defined as any
and all policies enacted on a global scale in response to the SDG agenda.
Strategies were constructed by specifying exactly one policy from each
of the seven policy clusters. In this analysis, we evaluated three types of
strategies: null, single-policy, and compound. The null strategy projected
a future in which zero active policies are enacted (that is, null policies in
all seven clusters). Single-policy strategies were composed of exactly one
active policy in one policy cluster (and null policies in the remaining six
clusters). Compound strategies included active policies in two or more
policy clusters (and null policies in all remaining clusters).

Last, each strategy was combined with one of three SSPs, which
jointly spanned a range of assumptions about global socioeconomic dri-
vers, including, most relevantly, population and per capita income
growth (26). The pairing of any SDG strategy with an SSP formed
a complete, unique scenario in the GLOBIOM, which projected the
effects of each scenario on global food prices and environmental indi-
cators decennially through 2050.

The GLOBIOM model
GLOBIOM is a recursive dynamic partial equilibrium model of the
global agriculture and forest sectors (27–30). The model computes
market equilibrium for agricultural and forestry products by allo-
cating land use among production activities to maximize the sum
of producer and consumer surplus within a set of dynamic demand,
resource, and technological and policy constraints. The model was run
over the period of 2000–2050 at decadal intervals.

To calculate the demand, GLOBIOM partitioned the world into 57
economic regions. Within each region, FAOSTAT data were used to
calibrate agricultural commodity prices in year 2000 for 18 major crops
(barley, dry beans, cassava, chick peas, corn, cotton, groundnut, millet,
potatoes, rapeseed, rice, soybeans, sorghum, sugarcane, sunflower,
sweet potatoes, wheat, and oil palm) and seven livestock products (bo-
vine meat and milk, small ruminant meat and milk, pig meat, poultry
meat, and eggs). These crops represent more than 70% of the total
harvested area and 85% of the vegetal calorie supply, as reported by
FAOSTAT (28).

From these initial conditions, the model calculated demand for
commodities within each region and bilateral trade flows among
them endogenously on the basis of population, per capita income,
production costs, and equilibrium prices (including tariffs and
transportation costs and capacity constraints). Demand is function-
ally represented by a stepwise linearized function with constant own-
price elasticities from the U.S. Department of Agriculture (42).

Commodity supply was calculated using biophysical models on
a grid with cells ranging from 5 × 5 to 30 × 30 arc min. Cells were
delimited taking into account dominant soils, climate, topography,
and national borders, which are leading drivers of spatial heteroge-
neity in agricultural productivities. Agricultural and forest produc-
tion in each grid cell was determined by cell-specific agricultural
and silvicultural yields (dependent on suitability and management),
international and regional market prices and access (reflecting the
level of demand), and the conditions and cost associated with land
conversion and production expansion.
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
GLOBIOM has been used in detailed analyses of the socioeconomic
and environmental impacts of land use and agricultural policy shifts, as
discussed at greater length in section S2 (28–31). A full discussion of
the mapping of SDG targets and policies to GLOBIOM parameters, the
construction of SDG strategies from policy clusters, and the statistical
methods used is included in sections S3.2 and S3.4.

Scenario evaluation
Because most of the SDG targets have not yet been quantified, we
examined the GLOBIOM scenario results for a relationship between
global food prices and five planetary boundaries, which collectively
served as dynamic indicators of trade-offs between global agricultural
and environmental systems (cf. Table 2) (6).

The food price index represented a weighted average of the equi-
librium price of the 18 crops and seven livestock products modeled in
GLOBIOM across all 57 regions. Food price index values were cal-
culated in 2030 and 2050 and reported as percent changes from the
2010 value of the same index.

The five environmental indicators were normalized to the range
(0 to 1), and then a simple average was taken to derive decennial EI
scores for each SDG strategy. For individual indicators and EI scores,
values near “0” corresponded to the worst environmental outcomes in
year 2030 among the integrated SDG strategies analyzed, whereas
scores near “1” signified the best.

The raw (prenormalized) values that define the “worst” and “best”
outcomes for all six indicators are listed in section S3.1. Raw and nor-
malized scenario results for all indicators in all scenarios are tabulated
in section S3.5.

Statistical analysis
Linear regression statistics are reported for each fit in Figs. 2 and 3. In
the set of single-policy strategies only, Diet+ strategies for each SSP are
excluded as extreme outliers using Grubbs’ test for outliers at the 0.02
significance level (N = 14 degrees of freedom).

We used a probability plot of fit residuals to assess the appropri-
ateness of a linear regression fit to single-policy and low- and high-
pressure strategies (cf. Figs. 2 and 3). For all three sets, the test
returned an r2 value near unity (cf. figs. S13 to S15), indicating that
the correlation is significant and that our finding of a linear correlation
relationship between these scenario results is appropriate.

Pressure
To aid in the interpretation of GLOBIOM scenarios, we applied the
heuristic concept of pressure, defined as degradation of the assimila-
tive capacity of the land system caused by anthropogenic activities and
policies (43). Major sources of pressure include air, water, and soil pol-
lution, emissions, or other waste; overuse of environmental resources,
including land; and land-use change (44, 45).

Pressure is an essential component of the PSR framework, a para-
digm for tracing land system responses to both proximate causes and
underlying driving forces of change (46–48). In this framework,
“human activities exert pressures on the environment and change its
quality and the quantity of natural resources (the ‘state’ box). Society
responds to these changes through environmental, general economic
and sectorial policies (the ‘societal response’). The latter form a feedback
loop to pressures through human activities” (44). Variants of the PSR
framework are widely used in integrated assessments of ecosystems and
management strategies and have been adopted by several international
7 of 10
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organizations, including the Organization for Economic Cooperation
and Development and the World Health Organization (44, 45).

The assimilative capacity of the land system is closely related to both
supply- and demand-side constraints on natural resources. These con-
straints are reflected in both the “normal” functioning of agricultural
and environmental systems—their capacities to meet demand for food,
health, resources, biodiversity, and other essential ecosystem services—
and their vulnerability to future anthropogenic or natural shocks (43, 44).
Through their direct and indirect effects on resource supply anddemand,
SDGpolicies can govern both themagnitude and distribution of pressure
throughout the land system, and this results in linked outcomes—that is,
trade-offs and cobenefits—among disparate SDG objectives.

Because SDG policies are assembled into strategies, pressure mani-
fests in the intensity of trade-offs between coeval goals.When resource-
use efficiency is held constant, global economic development spurs
demand for commodities, which increases pressure on the land sys-
tem and raises the prospective costs of essential conservation policies.
At the same time, evolving resource limitations, whether due to con-
servation policies or due to natural or man-made scarcities, can gen-
erate opportunity costs that strain the assimilative capacity of
agricultural and economic systems.

This analysis seeks to examine the pressure that conservation
policies can place on agricultural systems and, by extension, food
security. For example, land-use change restrictions in support of
biodiversity and emissions mitigation can increase pressure on food
production systems by limiting their capacity to expand in response to
market shifts, climate change, or soil degradation. Expanded bioenergy
production may further the essential goal of energy sector de-
carbonization, but it also increases demand for arable land, fresh
water, and fertilizers and therefore increases food system pressure.
Conversely, investments in resilient and high-intensity production
systems, waste reduction, and reduced meat consumption can reduce
pressure by improving resource-use efficiency.
 on S
eptem

ber 19, 2016
/

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/9/e1501499/DC1
section S1.1. Overview of the general approach to the SDG land resource nexus.

section S1.2. Quantitative approach to modeling trade-offs and cobenefits.
section S1.3. Developing policy clusters in association with SDG targets.
section S1.4. Defining SDG strategies from individual policy alternatives.
section S2.1. The analytical framework for modeling SDG scenarios.
section S3.1. Indicators for assessing SDG strategies.
section S3.2. Normalized scores.
section S3.3. EI scores.
section S3.4. Fit statistics.
section S3.5. Complete GLOBIOM scenario results.
fig. S1. Diagram illustrating the conceptualization of the analysis.
fig. S2. SDG clusters, policies, and strategies.
fig. S3. Future primary energy supply from biomass.
fig. S4. Short-rotation tree plantation areas.
fig. S5. Indicators of environmental performance of Global Energy Assessment scenarios.
fig. S6. Aggregate crop yield projections by SSP.
fig. S7. Historical and projected global food consumption.
fig. S8. Global consumption patterns of livestock products.
fig. S9. Diagrammatic illustration of the GLOBIOM model.
fig. S10. Graphical representation of interactions among policy clusters.
fig. S11. Representation of SDG scenario output and evaluation.
fig. S12. Spider charts showing GLOBIOM results for three SDG strategies (in three SSPs).
fig. S13. Normality test on fit residuals from single-policy strategies.
fig. S14. Normality test on fit residuals from depressurizing strategies.
fig. S15. Normality test on fit residuals from pressurizing strategies.
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
fig. S16. Circular plots for SSPs 1 and 3.
table S1. Overview of definitions for three food system resilience policy cluster policies.
table S2. Projected change in meat consumption per capita.
table S3. SDG strategy definition table.
table S4. GLOBIOM scenario results (values and normalized scores) for SSP1 scenarios.
table S5. GLOBIOM scenario results (values and normalized scores) for SSP2 scenarios.
table S6. GLOBIOM scenario results (values and normalized scores) for SSP3 scenarios.
table S7. GLOBIOM scenario results (values and percent deviation from 2010 value, at top) for
SSP1 scenarios.
table S8. GLOBIOM scenario results (values and percent deviation from 2010 value, at top) for
SSP2 scenarios.
table S9. GLOBIOM scenario results (values and percent deviation from 2010 value, at top) for
SSP3 scenarios.
References (49–72)
REFERENCES AND NOTES
1. J. D. Sachs, From millennium development goals to sustainable development goals. Lancet

379, 2206–2211 (2012).

2. D. Griggs, M. Stafford-Smith, O. Gaffney, J. Rockström, M. C. Öhman, P. Shyamsundar,
W. Steffen, G. Glaser, N. Kanie, I. Noble, Policy: Sustainable development goals for people
and planet. Nature 495, 305–307 (2013).

3. United Nations General Assembly, The Future We Want (A/RES/66/288) (United Nations
Publications, New York, 2012).

4. United Nations General Assembly, The Millennium Development Goals Report 2012 (United
Nations Publications, New York, 2012).

5. W. Steffen, Å. Persson, L. Deutsch, J. Zalasiewicz, M. Williams, K. Richardson, C. Crumley,
P. Crutzen, C. Folke, L. Gordon, M. Molina, V. Ramanathan, J. Rockström, M. Scheffer,
H. J. Schellnhuber, U. Svedin, The Anthropocene: From global change to planetary steward-
ship. Ambio 40, 739–761 (2011).

6. W. Steffen, K. Richardson, J. Rockström, S. E. Cornell, I. Fetzer, E. M. Bennett, R. Biggs,
S. R. Carpenter, W. de Vries, C. A. de Wit, C. Folke, D. Gerten, J. Heinke, G. M. Mace,
L. M. Persson, V. Ramanathan, B. Reyers, S. Sörlin, Planetary boundaries: Guiding human
development on a changing planet. Science 347, 1259855 (2015).

7. J. Rockström, W. Steffen, K. Noone, Å. Persson, F. S. Chapin III, E. F. Lambin, T. M. Lenton,
M. Scheffer, C. Folke, H. J. Schellnhuber, B. Nykvist, C. A. de Wit, T. Hughes,
S. van der Leeuw, H. Rodhe, S. Sörlin, P. K. Snyder, R. Costanza, U. Svedin,
M. Falkenmark, L. Karlberg, R. W. Corell, V. J. Fabry, J. Hansen, B. Walker, D. Liverman,
K. Richardson, P. Crutzen, J. A. Foley, A safe operating space for humanity. Nature 461,
472–475 (2009).

8. Intergovernmental Panel on Climate Change, Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, C. B. Field,
V. R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir, M. Chatterjee, K. L. Ebi,
Y. O. Estrada, R. C. Genova, B. Girma, E. S. Kissel, A. N. Levy, S. MacCracken, P. R. Mastrandrea,
L. L. White, Eds. (Cambridge Univ. Press, New York, 2014), vol. 1, pp. 1–32.

9. GEA Writing Team, Global Energy Assessment: Toward a Sustainable Future (Cambridge
Univ. Press, Cambridge, 2012).

10. H. C. J. Godfray, J. R. Beddington, I. R. Crute, L. Haddad, D. Lawrence, J. F. Muir, J. Pretty,
S. Robinson, S. M. Thomas, C. Toulmin, Food security: The challenge of feeding 9 billion
people. Science 327, 812–818 (2010).

11. J. Gustavsson, C. Cederberg, U. Sonesson, R. van Otterdijk, A. Meybeck, Global Food Losses
and Food Waste: Extent, Causes, and Prevention (Food and Agriculture Organization of the
United Nations, Rome, 2011).

12. D. Tilman, C. Balzer, J. Hill, B. L. Befort, Global food demand and the sustainable intensi-
fication of agriculture. Proc. Natl. Acad. Sci. U.S.A. 108, 20260–20264 (2011).

13. M. A. Sutton, A. Bleeker, C. M. Howard, M. Bekunda, B. Grizzetti, W. de Vries, H. J. M. van Grinsven,
Y. P. Abrol, T. K. Adhya, G. Billen, E. A. Davidson, A. Datta, R. Diaz, J. W. Erisman, X. J. Liu,
O. Oenema, C. Palm, N. Raghuram, S. Reis, R. W. Scholz, T. Sims, H. Westhoek, F. S. Zhang,
Our Nutrient World: The Challenge to Produce More Food and Energy with Less Pollution
(Natural Environment Research Council/Centre for Ecology & Hydrology, Edinburgh, 2013).

14. M. C. Eisler, M. R. F. Lee, J. F. Tarlton, G. B. Martin, J. Beddington, J. A. J. Dungait,
H. Greathead, J. Liu, S. Mathew, H. Miller, T. Misselbrook, P. Murray, V. K. Vinod,
R. Van Saun, M. Winter, Agriculture: Steps to sustainable livestock. Nature 507, 32–34 (2014).

15. B. Phalan, M. Onial, A. Balmford, R. E. Green, Reconciling food production and biodiversity
conservation: Land sharing and land sparing compared. Science 333, 1289–1291 (2011).

16. T. M. Brooks, R. A. Mittermeier, G. A. B. da Fonseca, J. Gerlach, M. Hoffmann, J. F. Lamoreux,
C. G. Mittermeier, J. D. Pilgrim, A. S. L. Rodrigues, Global biodiversity conservation priorities.
Science 313, 58–61 (2006).
8 of 10

http://advances.sciencemag.org/cgi/content/full/2/9/e1501499/DC1
http://advances.sciencemag.org/cgi/content/full/2/9/e1501499/DC1
http://advances.sciencemag.org/


R E S EARCH ART I C L E

 on S
eptem

ber 19, 2016
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

17. G. Kindermann, M. Obersteiner, B. Sohngen, J. Sathaye, K. Andrasko, E. Rametsteiner,
B. Schlamadinger, S. Wunder, R. Beach, Global cost estimates of reducing carbon emis-
sions through avoided deforestation. Proc. Natl. Acad. Sci. U.S.A. 105, 10302–10307 (2008).

18. L. P. Koh, T. M. Lee, Sensible consumerism for environmental sustainability. Biol. Conserv.
151, 3–6 (2012).

19. T. Tscharntke, Y. Clough, T. C. Wanger, L. Jackson, I. Motzke, I. Perfecto, J. Vandermeer,
A. Whitbread, Global food security, biodiversity conservation and the future of agricultural
intensification. Biol. Conserv. 151, 53–59 (2012).

20. International Council for Science, International Social Science Council, Review of Targets
for the Sustainable Development Goals: The Science Perspective, A. S. Stevance, J. Mengel,
D. Young, G. Glaser, C. Symon, Eds. (International Council for Science, Paris, 2015).

21. D. P. van Vuuren, M. Kok, P. L. Lucas, A. G. Prins, R. Alkemade, M. van den Berg, L. Bouwman,
S. van der Esch, M. Jeuken, T. Kram, E. Stehfest, Pathways to achieve a set of ambitious global
sustainability objectives by 2050: Explorations using the IMAGE integrated assessment model.
Technol. Forecast. Soc. Change 98, 303–323 (2015).

22. International Resource Panel,Managing and Conserving the Natural Resource Base for Economic
and Social Development (United Nations Environment Programme, Paris, 2014).

23. M. Fischer-Kowalski, M. Swilling, E. U. von Weizsäcker, Y. Ren, Y. Moriguchi, W. Crane,
F. Krausmann, N. Eisenmenger, S. Giljum, P. Hennicke, P. Romero Lankao, A. Siriban Manalang,
S. Sewerin, Decoupling Natural Resource Use and Environmental Impacts from Economic Growth
(United Nations Environment Programme, Paris, 2011).

24. J. A. Foley, N. Ramankutty, K. A. Brauman, E. S. Cassidy, J. S. Gerber, M. Johnston,
N. D. Mueller, C. O’Connell, D. K. Ray, P. C. West, C. Balzer, E. M. Bennett, S. R. Carpenter,
J. Hill, C. Monfreda, S. Polasky, J. Rockström, J. Sheehan, S. Siebert, D. Tilman, D. P. M. Zaks,
Solutions for a cultivated planet, Nature 478, 337–342 (2011).

25. M. Nilsson, Å. Persson, Can Earth system interactions be governed? Governance functions
for linking climate change mitigation with land use, freshwater and biodiversity protection.
Ecol. Econ. 75, 61–71 (2012).

26. B. C. O’Neill, E. Kriegler, K. Riahi, K. L. Ebi, S. Hallegatte, T. R. Carter, R. Mathur,
D. P. van Vuuren, A new scenario framework for climate change research: The concept
of shared socioeconomic pathways. Clim. Change 122, 387–400 (2014).

27. B. A. McCarl, T. H. Spreen, Price endogenous mathematical programming as a tool for
sector analysis. Am. J. Agric. Econ. 62, 87–102 (1980).

28. P. Havlík, H. Valin, M. Herrero, M. Obersteiner, E. Schmid, M. C. Rufino, A. Mosnier,
P. K. Thornton, H. Böttcher, R. T. Conant, S. Frank, S. Fritz, S. Fuss, F. Kraxner,
A. Notenbaert, Climate change mitigation through livestock system transitions. Proc. Natl.
Acad. Sci. U.S.A. 111, 3709–3714 (2014).

29. P. Havlík, U. A. Schneider, E. Schmid, H. Böttcher, S. Fritz, R. Skalský, K. Aoki, S. De Cara,
G. Kindermann, F. Kraxner, S. Leduc, I. McCallum, A. Mosnier, T. Sauer, M. Obersteiner,
Global land-use implications of first and second generation biofuel targets. Energy Policy
39, 5690–5702 (2011).

30. P. Havlík, H. Valin, A. Mosnier, M. Obersteiner, J. S. Baker, M. Herrero, M. C. Rufino, E. Schmid,
Crop productivity and the global livestock sector: Implications for land use change and
greenhouse gas emissions. Am. J. Agric. Econ. 95, 442–448 (2012).

31. H. Valin, R. D. Sands, D. van der Mensbrugghe, G. C. Nelson, H. Ahammad, E. Blanc,
B. Bodirsky, S. Fujimori, T. Hasegawa, P. Havlík, E. Heyhoe, P. Kyle, D. Mason-D’Croz,
S. Paltsev, S. Rolinski, A. Tabeau, H. van Meijl, M. von Lampe, D. Willenbockel, The future
of food demand: Understanding differences in global economic models. Agric. Econ. 45,
51–67 (2014).

32. E. Céline, M. Philippe, V. Astrid, B. Catherine, C. Musampa, D. Pierre, National forest cover
change in Congo Basin: Deforestation, reforestation, degradation and regeneration for the
years 1990, 2000 and 2005. Glob. Chang. Biol. 19, 1173–1187 (2013).

33. D. L. A. Gaveau, M. Linkie, Suyadi, P. Levang, N. Leader-Williams, Three decades of de-
forestation in southwest Sumatra: Effects of coffee prices, law enforcement and rural poverty.
Biol. Conserv. 142, 597–605 (2009).

34. P. J. Ferraro, The local costs of establishing protected areas in low-income nations:
Ranomafana National Park, Madagascar. Ecol. Econ. 43, 261–275 (2002).

35. A. Mosnier, P. Havlík, M. Obersteiner, K. Aoki, E. Schmid, S. Fritz, I. McCallum, S. Leduc,
Modeling impact of development trajectories and a global agreement on reducing
emissions from deforestation on Congo Basin forests by 2030. Environ. Resour. Econ.
57, 505–525 (2014).

36. V. M. Adams, R. L. Pressey, R. Naidoo, Opportunity costs: Who really pays for conservation?
Biol. Conserv. 143, 439–448 (2010).

37. D. Zhang, V. J. Karplus, C. Cassisa, X. Zhang, Emissions trading in China: Progress and
prospects. Energy Policy 75, 9–16 (2014).

38. R. A. Mittermeier, P. R. Gil, M. Hoffman, J. Pilgrim, T. Brooks, C. G, Mittermeier, J. Lamoreux,
G. A. B. da Fonseca, Hotspots Revisited: Earth’s Biologically Richest and Most Endangered
Terrestrial Ecoregions (University of Chicago, Boston, 2005).

39. P. C. West, J. S. Gerber, P. M. Engstrom, N. D. Mueller, K. A. Brauman, K. M. Carlson,
E. S. Cassidy, M. Johnston, G. K. MacDonald, D. K. Ray, S. Siebert, Leverage points for
improving global food security and the environment. Science 345, 325–328 (2014).
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
40. S. Bringezu, H. Schütz, W. Pengue, M. O’Brien, F. Garcia, R. Sims, R. W. Howarth, L. Kauppi,
M. Swilling, J. Herrick, Assessing Global Land Use: Balancing Consumption with Sustainable
Supply. A Report of the Working Group on Land and Soils of the International Resource Panel
(United Nations Environment Programme, Nairobi, 2014).

41. S. Fritz, L. See, I. McCallum, C. Schill, M. Obersteiner, M. van der Velde, H. Boettcher,
P. Havlík, F. Achard, Highlighting continued uncertainty in global land cover maps for
the user community. Environ. Res. Lett. 6, 044005 (2011).

42. A. Muhammad, J. L. Seale Jr., B. Meade, A. Regmi, International Evidence on Food Consumption
Patterns: An Update Using 2005 International Comparison Program Data (USDA-ERS Technical
Bulletin No. 1929, United States Department of Agriculture, Washington, DC, 2011).

43. J. Cairns Jr., Assimilative capacity—The key to sustainable use of the planet. J. Aquat. Ecosyst.
Stress Recovery 6, 259–263 (1998).

44. Organization for Economic Cooperation and Development, OECD Core Set of Indicators for
Environmental Performance Reviews (OECD Environment Monographs No. 83, Organization
for Economic Cooperation and Development, Paris, 1993).

45. Millennium Ecosystem Assessment, Ecosystems and Human Well-being: Synthesis (Island
Press, Washington, DC, 2005).

46. H. J. Geist, E. F. Lambin, Proximate causes and underlying driving forces of tropical de-
forestation. BioScience 52, 143–150 (2002).

47. D. J. Rapport, W. G. Whitford, How ecosystems respond to stress: Common properties of
arid and aquatic systems. BioScience 49, 193–203 (1999).

48. R. L. Lewison, M. A. Rudd, W. Al-Hayek, C. Baldwin, M. Beger, S. N. Lieske, C. Jones,
S. Satumanatpan, C. Junchompoo, E. Hines, How the DPSIR framework can be used for
structuring problems and facilitating empirical research in coastal systems. Environ. Sci. Policy
56, 110–119 (2016).

49. A. F. Bouwman, K. W. Van der Hoek, B. Eickhout, I. Soenario, Exploring changes in world
ruminant production systems. Agric. Syst. 84, 121–153 (2005).

50. World Wide Fund for Nature, The Living Forests Report (WWF International, Gland, 2011);
www.panda.org/livingforests.

51. D. M. Olson, E. Dinerstein, The Global 200: Priority ecoregions for global conservation. Ann. Mo.
Bot. Gard. 89, 199–224 (2002).

52. A. J. Stattersfield, M. J. Crosby, A. J. Long, D. C. Wege, Endemic Bird Areas of the World:
Priorities for Biodiversity Conservation (BirdLife International, Cambridge, 1998).

53. S. D. Davis, V. H. Heywood, A. C. Hamilton, Centres of Plant Diversity. A Guide and Strategy
for Their Conservation (ICUN Publications Unit, Cambridge, 1994).

54. W. E. Duellman, Ed., Patterns of Distribution of Amphibians: A Global Perspective (JHU Press,
Baltimore, 1999).

55. T. H. Ricketts, E. Dinerstein, T. Boucher, T. M. Brooks, S. H. M. Butchart, M. Hoffmann,
J. F. Lamoreux, J. Morrison, M. Parr, J. D. Pilgrim, A. S. L. Rodrigues, W. Sechrest,
G. E. Wallace, K. Berlin, J. Bielby, N. D. Burgess, D. R. Church, N. Cox, D. Knox, C. Loucks,
G. W. Luck, L. L. Master, R. Moore, R. Naidoo, R. Ridgely, G. E. Schatz, G. Shire, H. Strand,
W. Wettengel, E. Wikramanayake, Pinpointing and preventing imminent extinctions. Proc. Natl.
Acad. Sci. U.S.A. 102, 18497–18501 (2005).

56. J. Bruinsma, Ed.,World Agriculture: Towards 2015/2030: An FAO Perspective (Earthscan, London,
2003).

57. R. Skalský, Z. Tarasovičová, J. Balkovič, E. Schmid, M. Fuchs, E. Moltchanova, G. Kindermann,
P. Scholtz, GEO-BENE Global Database for Bio-Physical Modeling v. 1.0. Concepts, Methodologies
and Data (International Institute for Applied Systems Analysis, Laxenburg, 2008).

58. T. Takayama, G. G. Judge, Spatial and Temporal Price and Allocation Models (North-Holland
Publishing Company, Amsterdam, 1971).

59. A. Reisinger, P. Havlík, K. Riahi, O. van Vliet, M. Obersteiner, M. Herrero, Implications of
alternative metrics for global mitigation costs and greenhouse gas emissions from agriculture.
Clim. Change 117, 677–690 (2013).

60. G. E. Kindermann, M. Obersteiner, E. Rametsteiner, I. McCallum, Predicting the deforestation-
trend under different carbon-prices. Carbon Balance Manage. 1, 15 (2006).

61. G. E. Kindermann, S. Schörghuber, T. Linkosalo, A. Sanchez, W. Rammer, R. Seidl, M. J. Lexer,
Potential stocks and increments of woody biomass in the European Union under different
management and climate scenarios. Carbon Balance Manage. 8, 2 (2013).

62. H. Valin, P. Havlík, A. Mosnier, M. Herrero, E. Schmid, M. Obersteiner, Agricultural
productivity and greenhouse gas emissions: Trade-offs or synergies between mitigation
and food security? Environ. Res. Lett. 8, 035019 (2013).

63. S. Frank, H. Böttcher, P. Havlík, H. Valin, A. Mosnier, M. Obersteiner, E. Schmid, B. Elbersen,
How effective are the sustainability criteria accompanying the European Union 2020 biofuel
targets? Glob. Chang. Biol. Bioenergy 5, 306–314 (2013).

64. A. Mosnier, P. Havlík, H. Valin, J. Baker, B. Murray, S. Feng, M. Obersteiner, B. A. McCarl,
S. K. Rose, U. A. Schneider, Alternative U.S. biofuel mandates and global GHG emissions: The
role of land use change, crop management and yield growth. Energy Policy 57, 602–614 (2013).

65. P. Lauri, P. Havlík, G. Kindermann, N. Forsell, H. Böttcher, M. Obersteiner, Woody biomass
energy potential in 2050. Energy Policy 66, 19–31 (2014).

66. F. Kraxner, E.-M. Nordström, P. Havlík, M. Gusti, A. Mosnier, S. Frank, H. Valin, S. Fritz, S. Fuss,
G. Kindermann, I. McCallum, N. Khabarov, H. Böttcher, L. See, K. Aoki, E. Schmid, L. Máthé,
9 of 10

http://advances.sciencemag.org/


R E S EARCH ART I C L E

http://a
D

ow
nloaded from

 

M. Obersteiner, Global bioenergy scenarios–Future forest development, land-use implica-
tions, and trade-offs. Biomass Bioenergy 57, 86–96 (2013).

67. A. S. Cohn, A. Mosnier, P. Havlík, H. Valin, M. Herrero, E. Schmid, M. O’Hare, M. Obersteiner,
Cattle ranching intensification in Brazil can reduce global greenhouse gas emissions by
sparing land from deforestation. Proc. Natl. Acad. Sci. U.S.A. 111, 7236–7241 (2014).

68. U. A. Schneider, P. Havlík, E. Schmid, H. Valin, A. Mosnier, M. Obersteiner, H. Böttcher,
R. Skalský, J. Balkovič, T. Sauer, S. Fritz, Impacts of population growth, economic develop-
ment, and technical change on global food production and consumption. Agric. Syst. 104,
204–215 (2011).

69. J. M. Vervoort, P. K. Thorntonn, P. Kristjanson, W. Förch, P. J. Ericksen, K. Kok, J. S. I. Ingram,
M. Herrero, A. Palazzo, A. E. S. Helfgott, A. Wilkinson, P. Havlík, D. Mason-D’Croz, C. Jost,
Challenges to scenario-guided adaptive action on food security under climate change.
Glob. Environ. Chang. 28, 383–394 (2014).

70. T. Sauer, P. Havlík, U. A. Schneider, E. Schmid, G. Kindermann, M. Obersteiner, Agriculture
and resource availability in a changing world: The role of irrigation. Water Resour. Res. 46,
W06503 (2010).

71. S. Frank, E. Schmid, P. Havlík, U. A. Schneider, H. Böttcher, J. Balkovič, M. Obersteiner, The
dynamic soil organic carbon mitigation potential of European cropland. Global Environ. Chang.
35, 269–278 (2015).

72. European Commission, A Policy Framework for Climate and Energy in the Period from 2020
to 2030. Communication from the Commission to the European Parliament, the Council, the
European Economic and Social Committee and the Committee of the Regions (Document
52014DC0015, European Commission, Brussels, 2014).

Acknowledgments: The scenarios used in this analysis are substantially indebted to the GLOBIOM
model scenarios developed by coauthors M.O. and P.H. and their collaborators at the World
Wide Fund for Nature (WWF) on the Living Forests Report (72). We thankM. Goud-Collins, formerly
of International Institute for Applied Systems Analysis, and several members of the International
Obersteiner et al. Sci. Adv. 2016; 2 : e1501499 16 September 2016
Resource Panel (IRP) for their input to the analysis design and manuscript drafts. Funding: We
acknowledge support from the European Research Council Synergy grant ERC-2013-SyG-610028
IMBALANCE-P; the EU Seventh Framework Programme, theme ICT-2013.5.4: ICT for Governance
and Policy Modelling under contract no. 611688; the United Nations Environment Programme,
IRP, sub-programme Resource Efficiency (61P1) under contract no. 2105-CPL-5068-3639-1161-
1161; the Beijing Natural Science Foundation (grant 8151002); and the National Science and
Technology Major Project (2015ZX07203-005). Author contributions: M.O. led the study from
the conception through execution in the role of senior author. P.H., M.O., and S. Frank defined
the policy options, and S. Frank, H.V., and A.M. carried out data preprocessing to set up the
scenarios. S. Frank carried out the simulations of policy option scenarios with the GLOBIOM
model. B.W. coded the scripts for numerical and statistical analysis of scenario results.
B.W. and M.O. carried out the analysis of GLOBIOM policy option scenarios. B.W. is respon-
sible for all figures and tables except Fig. 4, which was designed and coded by M.C. B.W.
coordinated the writing and, together with M.C. and M.O., drafted the manuscript with
additional significant contributions from D.v.V., S. Frank, A.P., S. Fritz, M.H., J.L., K.R., F.K.,
and Y.L. Competing interests: The authors declare that they have no competing interests.
Data andmaterials availability: Raw and normalized scenario results are available in section
S3.5. All data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. Additional data related to this paper may be requested from the authors.

Submitted 23 October 2015
Accepted 16 August 2016
Published 16 September 2016
10.1126/sciadv.1501499

Citation: M. Obersteiner, B. Walsh, S. Frank, P. Havlík, M. Cantele, J. Liu, A. Palazzo, M. Herrero,
Y. Lu, A. Mosnier, H. Valin, K. Riahi, F. Kraxner, S. Fritz, D. van Vuuren, Assessing the land
resource–food price nexus of the Sustainable Development Goals. Sci. Adv. 2, e1501499 (2016).
dv
10 of 10

 on S
eptem

ber 19, 2016
ances.sciencem

ag.org/

http://advances.sciencemag.org/


doi: 10.1126/sciadv.1501499
2016, 2:.Sci Adv 

2016)
Kraxner, Steffen Fritz and Detlef van Vuuren (September 16, 
Yonglong Lu, Aline Mosnier, Hugo Valin, Keywan Riahi, Florian
Matthew Cantele, Junguo Liu, Amanda Palazzo, Mario Herrero, 
Michael Obersteiner, Brian Walsh, Stefan Frank, Petr Havlík,
Sustainable Development Goals

food price nexus of the−Assessing the land resource

this article is published is noted on the first page. 
This article is publisher under a Creative Commons license. The specific license under which

article, including for commercial purposes, provided you give proper attribution.
licenses, you may freely distribute, adapt, or reuse theCC BY For articles published under 

. here
Association for the Advancement of Science (AAAS). You may request permission by clicking 
for non-commerical purposes. Commercial use requires prior permission from the American 

licenses, you may distribute, adapt, or reuse the articleCC BY-NC For articles published under 

http://advances.sciencemag.org. (This information is current as of September 19, 2016):
The following resources related to this article are available online at

http://advances.sciencemag.org/content/2/9/e1501499.full
online version of this article at: 

 including high-resolution figures, can be found in theUpdated information and services,

http://advances.sciencemag.org/content/suppl/2016/09/12/2.9.e1501499.DC1
 can be found at: Supporting Online Material

http://advances.sciencemag.org/content/2/9/e1501499#BIBL
 12 of which you can access for free at: cites 50 articles,This article 

trademark of AAAS 
otherwise. AAAS is the exclusive licensee. The title Science Advances is a registered 
York Avenue NW, Washington, DC 20005. Copyright is held by the Authors unless stated
published by the American Association for the Advancement of Science (AAAS), 1200 New 

 (ISSN 2375-2548) publishes new articles weekly. The journal isScience Advances

 on S
eptem

ber 19, 2016
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.sciencemag.org/site/help/about/permissions.xhtml#perm
http://advances.sciencemag.org/content/2/9/e1501499.full
http://advances.sciencemag.org/content/suppl/2016/09/12/2.9.e1501499.DC1
http://advances.sciencemag.org/content/2/9/e1501499#BIBL
http://advances.sciencemag.org/

