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Abstract

Feeding 9-10 billion people by 2050 and preventing dangerous climate change are two of the greatest challenges fac-
ing humanity. Both challenges must be met while reducing the impact of land management on ecosystem services
that deliver vital goods and services, and support human health and well-being. Few studies to date have considered
the interactions between these challenges. In this study we briefly outline the challenges, review the supply- and
demand-side climate mitigation potential available in the Agriculture, Forestry and Other Land Use AFOLU sector
and options for delivering food security. We briefly outline some of the synergies and trade-offs afforded by mitiga-
tion practices, before presenting an assessment of the mitigation potential possible in the AFOLU sector under
possible future scenarios in which demand-side measures codeliver to aid food security. We conclude that while sup-
ply-side mitigation measures, such as changes in land management, might either enhance or negatively impact food
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security, demand-side mitigation measures, such as reduced waste or demand for livestock products, should benefit
both food security and greenhouse gas (GHG) mitigation. Demand-side measures offer a greater potential (1.5-15.6 Gt
CO,-eq. yr ') in meeting both challenges than do supply-side measures (1.54.3 Gt CO,-eq. yr ' at carbon prices
between 20 and 100 US$ tCO,-eq. yr '), but given the enormity of challenges, all options need to be considered. Sup-
ply-side measures should be implemented immediately, focussing on those that allow the production of more agri-
cultural product per unit of input. For demand-side measures, given the difficulties in their implementation and lag
in their effectiveness, policy should be introduced quickly, and should aim to codeliver to other policy agenda,
such as improving environmental quality or improving dietary health. These problems facing humanity in the
21st Century are extremely challenging, and policy that addresses multiple objectives is required now more than

ever.
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Introduction

The earth’s lands provide humanity with a multitude
of goods and services (Millennium Ecosystem Assess-
ment, 2005), and as we move towards a global popula-
tion of 9-10 billion people by 2050 (Godfray et al.,
2010), land availability becomes an ever more critical
issue (Smith et al., 2010). There are competing demands
for land for providing food, water, timber, energy,
settlements, infrastructure, recreation and biodiversity.
(Lotze-Campen et al., 2010; Lambin & Meyfroidt, 2011;
Coelho et al., 2012; Erb et al., 2012a,b). Many previous
assessments of the greenhouse gas mitigation potential
in the Agriculture, Forestry and Other Land Use (AFO-
LU) sector have failed to account explicitly for the
impact on the other services provided by land, and the
inter-related nature of the global issues related to land
use (Wirsenius et al., 2010).

Perhaps two of the greatest challenges facing human-
ity are (1) the need to feed a growing population and
(2) trying to avoid dangerous climate change and
adapting to the impacts that we cannot avoid. The solu-
tion to both challenges must be met partly by changing
the way we manage our land. If this dual challenge
were not daunting enough, we also need to improve
the resilience of food production to future environmen-
tal change (Easterling et al., 2007), protect biodiversity
(FAO, 2010), protect our freshwater resource (Frenken
& Kiersch, 2011), move to healthier diets (WHO, 2004,
and reduce the adverse impacts of food production on
the whole range of ecosystem services (Firbank et al.,
2011). The challenge related to providing enough food
for this growing population is likely to be greater than
implied by the population increase alone as standard of
living is increasing in many countries with a per capita
increase in calorific intake.

Most studies to date (with a few notable exceptions)
have focussed on one challenge or another (e.g. GHG
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mitigation, food security, energy provision), but have
not considered the complex knock-on effects that arise
from the use of land. For example, in the two most
recent assessment reports by the Intergovernmental
Panel on Climate Change (IPCC; IPCC, 2001, 2007),
greenhouse gas mitigation potential in the AFOLU sec-
tor was assessed using the SRES scenarios (Nakicenovic
et al., 2000), the storylines of which prescribed changes
in population, wealth and dietary preference. Because
of this, consumption-based measures (e.g. changes in
food demand and dietary shifts) in the AFOLU sector
have never been fully assessed by the IPCC. In addi-
tion, the agriculture and forestry sectors have largely
been assessed separately; they were dealt with in sepa-
rate chapters in the Fourth Assessment Report (IPCC,
2007). For these reasons, an integrated consideration of
the land available for mitigation, and for delivering the
many other goods and services it provides, has not
occurred within IPCC Assessment Reports to date.

In this study, we explore how the AFOLU sector can
contribute to greenhouse gas mitigation and how food
supply capacity can be maintained, while using the
same limited land base. Furthermore, we examine how
supply-side and consumption-side measures (and the
interactions between them) might be used to address
the dual challenges of food security and climate
change. To provide the state of the art, we focus mainly
on literature published since the last IPCC Assessment
Report (IPCC, 2007).

Global challenges for the AFOLU sector

The food security challenge

Feeding 9-10 billion people by 2050 will be an enor-
mous challenge (Evans, 1998; Godfray et al., 2010), and
has been a topic for many decades (Pimental et al.,
1973). A number of options have been proposed to help
address the food security challenge, including closing
the yield gap (reducing the difference between the
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attainable yield and that actually realized), increasing
the production potential of crops (largely through use
of new technologies and investment in research),
reduced waste, increasing multipurpose systems,
changing diets and expanded aquaculture, which all
need to be coordinated in a multifaceted and linked
global strategy to ensure sustainable and equitable food
security (Godfray et al., 2010; Tilman et al., 2011).

The climate change challenge

The United Nations Framework Convention on Climate
Change (UNFCCC) was established to limit future cli-
mate change to a mean temperature not exceeding 2 °C
above preindustrial times (UNFCCC, 2012). This is an
extremely demanding target; there are various ways of
meeting this target, but all require limiting increases in
(or even reducing) the CO, concentration in the atmo-
sphere, meaning that very significant cuts (>80%) in
GHG emissions are needed over the coming decades
(Meinshausen et al., 2009). AFOLU is estimated to be
responsible for around 17-31% of anthropogenic GHG
emissions (Bellarby et al., 2008), and there is significant
potential for reducing these emissions, largely through
reduced non-CO, emissions from agriculture, avoiding
deforestation and forest degradation, net carbon
sequestration in soil and vegetation (Nabuurs et al.,
2007; Smith et al., 2007a) and use of land for provision
of renewable, low carbon energy bioenergy (Chum
et al., 2011; Coelho et al., 2012). Land use is therefore a
critical component of any climate change solution.

Nonprovisioning ecosystem services

The land delivers a multitude of goods and services in
addition to the provision services of food and fibre that
it is usually managed for (Smith et al., 2012a). Of the
goods and services considered by the Millennium Eco-
system Assessment (Millennium Ecosystem Assess-
ment, 2005), land is critical in delivering the following
goods: food, fibre, energy, water, natural medicine,
recreation, tourism, pollution and noise control, pest
and disease control, equitable climate, erosion control
and plays a role in delivering some aesthetic, inspira-
tional and spiritual/religious cultural services (UK-
NEA, 2011). Underpinning these final goods and
services, the land is also instrumental in delivering bio-
diversity, and the intermediate services of primary
production, water cycling, soil formation, nutrient
cycling and decomposition (UKNEA, 2011). In manag-
ing the land for either GHG mitigation, or for deliver-
ing food and fibre, the other goods and services are
also potentially affected, either positively or negatively
(e.g. Smith et al., 2012a).

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302

Land as a limiting resource

Not all of the total land area of the planet (134 mil-
lion km?) is suitable for food production, due to
climatic, soil and topographic constraints. FAO (2011)
estimates that the area of current cropland production
is 15.6 million km? with an estimated additional
27 million km® potentially available as prime or good
land for the cultivation of conventional food and feed
crops. FAO projects that the cropland area may expand
by about 1.5-2.0 million km? up to 2050 under a busi-
ness-as-usual scenario, where most of the increase in
food supply will come from intensification (Fischer
et al., 2011).

Land is used for many purposes, e.g. production of
goods and services through agriculture and forestry,
housing and infrastructure and absorption or deposi-
tion of wastes and emissions (Dunlap & Catton, 2002).
Many of these functions limit the ability to deliver
others, e.g. the area required for crops is not available
for forestry or housing, leading to competition for
land. In some cases land use is related to the nature
of land, e.g. forestry on steep, rocky slopes; in other
cases land can be used for several purposes, illus-
trated in particular by small farmers and indigenous
groups in developing countries. Economic and popu-
lation growth, changing consumption patterns and
increased demand for bioenergy are expected to
increase the competition for scarce land and water
resources (Berndes, 2002; Smith ef al., 2010; Woods
et al., 2010).

Mitigation activities in agriculture and forestry can
result from (1) changes in land management practices
and technology (referred to here as supply-side measures),
or (2) changes in the consumption of land-based resources
(e.g. diets; referred to here as demand-side measures).
Demand-side and supply-side measures may result in
very different feedbacks, with different synergies and
trade-offs. All of these feedbacks are influenced by
climate change, through its impact on crucial ecophysi-
ological drivers such as temperature, water availability
and CO; content of the atmosphere.

Figure 1 shows why synergies and trade-offs are dif-
ferent for demand-side and supply-side measures.
Demand-side measures save GHG emissions (1) by
reducing the production emissions (e.g. CH; from
enteric fermentation, N,O from fertilizers or CO, from
tractor fuels) and also GHG emissions associated with
inefficiencies and management of organic waste (2) by
reducing land demand, i.e. making areas available for
other uses, e.g. afforestation or bioenergy, or allowing
adoption of less intensive or more integrated cultiva-
tion technologies such as organic or agro-ecological
agriculture (Stehfest et al.,, 2009; Popp et al., 2010;
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Fig. 1 Global land use and biomass flows in 2000 from the cradle to the grave. Values in Pg dm yr~' (= Gt dry matter yr—') dry matter.
Sources: Area estimates from Erb et al., (2007); Schneider et al., (2009); FAO, (2010). Data on biomass harvest on cropland and grazing
land, food and feed production and animal product output taken from Krausmann et al., (2008). The allocation of cropland products to
material and energy use (mainly harvested crop residues) based on shares in Wirsenius, (2003). Data on forestry harvest from FAO-
STAT, (2011). Data from Sims et al., (2006) were used to approximate wood-fuel harvest from nonforested land and compartments not
contained in FAOSTAT. Bioenergy flows to final consumption derived from Sims et al., (2006). Energy units were converted into dry-
matter biomass using an average energy content of 18.5 MJ kg™'. Waste flows from livestock systems include manure and bedding
materials, both assumed to be brought to fields or dropped during grazing. Waste flows from the livestock system comprise offal and
fats from meat production; material processing generates residues from wood processing. Some of these flows are recycled in energy
production. Waste flows from material consumption include recovered wood in buildings and solid wastes (derived from Sims et al.,
2006). Food consumption losses include food losses, human faeces and urine and were estimated based on ratios derived from Kummu
et al., (2012) and Wirsenius, (2000). Residues inputs in the livestock sector include, e.g. bran, oil cakes and uneaten food. Flows from
processing to final use (blue) were derived by subtracting inputs and outputs for each compartment and are thus indicative only. The
difference between inputs and outputs in the consumption compartment is assumed to be directly released to the atmosphere (e.g. CO,
from respiration). Note: many of these data are uncertain; many data sources were merged. Although this was done as carefully as pos-
sible, double counting cannot be entirely ruled out. Furthermore, official statistics frequently do not take biomass flows in subsistence
economies into account, which may therefore not be fully captured in this figure. Nevertheless, it is a useful indication of the scale of
global biomass flows through various compartments.

Erb et al., 2012ab). The ecological feedbacks of water) of other resources. Based on Fig. 1 one may
demand-side measures are, therefore, generally benefi- distinguish four cases:

cial, as they reduce competitive demand for land and

water. Health impacts are also deemed positive, as the e Reducing waste and optimization of biomass-flow cascades
studies considered here generally assume a switch to through use of residues and by-products, recycling
healthier diets (see below). This is different to supply- and energetic use of wastes and residues (Haberl &
side measures which may require either more land Geissler, 2000; Haberl et al., 2003; WBGU, 2009). Such
and/or more inputs (e.g. fertilizers and irrigation measures increase the efficiency of resource use, but
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there may be trade-offs as well. For example, using
crop residues for bioenergy or roughage supply may
leave less C in cropland ecosystems, and may
adversely impact soil quality and the C balance of
croplands (Blanco-Canqui & Lal, 2009; Ceschia et al.,
2010).

o Land-sparing measures include measures such as
increases in yields in croplands (Burney et al., 2010;
Popp et al., 2011a; Tilman et al., 2011), grazing land
or forestry or increases in the efficiency of biomass
conversion processes such as livestock feeding
(Steinfeld et al., 2010; Thornton & Herrero, 2010).
Such options reduce demand for land, but there may
be trade-offs with other ecological, social and eco-
nomic costs JAASTD, 2009) that need to be miti-
gated (Tilman ef al., 2011). Increases in yields may
also increase consumption (Lambin & Meyfroidt,
2011; Erb et al., 2012a,b; Rose et al., 2013), and cause
local and regional land expansion, as technological
improvements and productivity gains potentially
also make agricultural activity more profitable and
thus more attractive (Lambin & Meyfroidt, 2011;
Rose et al., 2013). Whether the net effect is a reduc-
tion in GHG emissions depends on the land-use
change (LUC) emissions.

o Land-demanding measures that harness the production
potential of the land for either C sequestration, main-
tenance of C stocks or production of dedicated
energy crops. These options increase demand for
land (and often water) and may have substantial
social, economic and ecological effects (positive or
negative) that need to be managed sustainably
(UNEP, 2009; WBGU, 2009; Chum et al., 2011; Coelho
et al., 2012). Such measures may directly or indirectly
result in higher land pressure, inducing changes in
land management and LUC, resulting in net C emis-
sions or removals depending on whether changes
result in larger or smaller C stocks. The common
example of C stock losses is when forests are con-
verted into croplands, which contribute to price
increases in agricultural products or negatively affect
livelihoods of poor people that need to be balanced
against possible positive effects such as investments
improving agriculture productivity, GHG reduction
or job creation (Chum et al., 2011; Coelho et al., 2012).

o Alternative uses of biomass such as the use of grains for
food, animal feed and as feedstock for biofuels, or
the use of wood residues for chipboards, paper and
bioenergy, offer opportunities for the agriculture and
forestry sectors, which can find new markets for their
products and also make economical use of biomass
flows previously considered to be waste. But it may
also result in increased land demand with the effects
already described above.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302

An integrated energy/agriculture/land-use appro-
ach for mitigation in AFOLU is necessary to optimize
synergies and mitigate negative effects (Popp et al.,
2011b; Creutzig et al., 2012; Smith, 2012a). In the follow-
ing sections we review recent literature providing esti-
mates of the mitigation potential in the AFOLU sector,
and studies proposing options for delivering food secu-
rity, before analysing interactions between GHG miti-
gation, food security and the provision of other
ecosystem services by land.

GHG mitigation in the AFOLU sector

Supply-side estimates of GHG mitigation potential in the
AFOLU sector

Supply-side mitigation measures act by reducing the
net GHG emissions from agriculture and forestry by
changes in management. There are six main ways that
supply-side mitigation activities in the AFOLU sector
can reduce climate forcing, which are discussed
below.

Reductions in direct N,O or net CHy emissions from
agriculture could result in emission reductions of
around 600 Mt CO,-eq. yr ' in 2030, according to bot-
tom-up estimates in Smith et al., (2008). Estimates from
top-down models range from about 270-1900 Mt CO,-
eq. yrf1 (Smith et al., 2007a). Reductions in N,O largely
arise through better management of soils and fertilizer
applications, whereas reductions in CH,; emissions
arise from managing enteric fermentation emissions
from livestock, emissions from rice paddies and emis-
sions from manure management (Smith et al., 2008).
More recent estimates suggest a higher mitigation
potential for N,O reduction from fertilizer use (Flynn
& Smith, 2010; Reay et al., 2012) than estimated in
Smith et al., (2007a, 2008). Additives that modify the
conversion processes affecting N in soil to decrease
N,O emissions can be synthetic (e.g. nitrification inhib-
itors) or organic (biochar). Reductions can be measured
in absolute terms, or as emissions intensity, which is a
measure of GHG emissions per unit of agricultural
product.

Potential reductions in GHG emissions from energy use
in agriculture and forestry (Spedding & Walsingham,
1976) from direct (e.g. tractors) or indirect (e.g. produc-
tion of fertilizers) uses were estimated to be 770 Mt
CO,-eq. yr ! in 2030 by Smith et al., (2008). Schneider
& Smith, (2009) suggested that energy emissions from
global agriculture could be reduced by 500 Mt CO,-eq.
yr ! if countries with below-average energy efficiency
in agriculture increased their efficiency to the average
levels of the year 2000. Like the substitution of fossil
fuels by bioenergy (see below), the emission reduction
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occurs in the energy, industry, transport and buildings
sectors.

Reductions in carbon losses from biota and soils have the
potential to reduce GHG emissions significantly
through reductions in loss of large carbon stores such
as those in soils (particularly, soils rich in carbon such
as peatlands) and vegetation (particularly, vegetation
with large carbon stocks such as forests). These large
carbon stores can be protected and sustainably man-
aged by policies such as REDD (Reduced Emissions
from Deforestation and Degradation), whereby the total
elimination of deforestation by 2030 could theoretically
deliver a mitigation potential ~2.3-5.8 Gt CO,-eq. yrf1
(Sathaye et al., 2006; Blaser & Robledo, 2007; UNFCCC,
2007; Strassburg et al., 2008). Peatland carbon stocks,
amounting to >2000 Gt CO,-eq. (Joosten et al., 2013),
could be protected by similar policies. Leakage effects
may reduce the effectiveness of protection measures,
which also need to be evaluated.

Enhancement of carbon sequestration in biota and soils
has the potential to reduce net GHG emissions by
increasing carbon stocks in soils and vegetation. The
technical mitigation potential for carbon sequestration
in agricultural soils (including the restoration of culti-
vated organic soils, which could also be considered as a
reduced loss of carbon — see above) was estimated to be
around 4.8 Gt COyeq. y ' in 2030, with economic
potentials of 1.5, 2.2 and 2.6 Gt CO,-eq. yrf1 at carbon
prices of 0-20, 0-50 and 0-100 USD t CO,-eq.” ' respec-
tively (Smith et al., 2007a, 2008; Smith, 2008). The
potential for net sequestration of carbon through affor-
estation, reforestation, forest restoration and improved
forest management (but excluding reduced deforesta-
tion — see above) was estimated to be 2.3-5.7 Gt CO,-
eq. yr ' [adding the global values for forestation and
sustainable forest management (Nabuurs et al., 2007)].
Another possibility is to intercept and stabilize carbon
cycling from plant to atmosphere through pyrolysis —
producing both bioenergy in the form of combustible
syngas and returning carbon to soil in the form of bio-
char (the solid product of pyrolysis). This has an esti-
mated technical potential to sequester 1.6 Gt CO, yr '
into soil compared with alternative use of the material
converted (Woolf et al., 2010; Berndes et al., 2011).

Change in albedo and evapotranspiration. LUC may also
influence climate by modifying physical properties of
the surface, altering for instance evapotranspiration
and albedo, i.e. the extent to which the land surface
reflects incoming sunlight. These impacts can be signifi-
cant (Betts et al., 2007; Bernier et al., 2011), but as we
focus on GHG emission reduction, we will not discuss
them further here.

Provision of biomass with low-GHG emissions that can
replace high-GHG materials and fossil fuels uses either

dedicated energy crops (Havlik ef al., 2011) or residues
from agriculture (straw, dung) or forestry (e.g. forest
thinnings, slash). Like the improvement of energy effi-
ciency (see above), the emission reduction occurs in the
energy, industry, transport and buildings sectors. The
estimates for the potential for GHG mitigation from
bioenergy range very widely due to different assump-
tions about the land available (e.g. only degraded land
to any land) and the fossil fuels replaced (i.e. gas vs. oil
vs. coal), and assumptions about the magnitude of indi-
rect emissions and the effectiveness to avoid them (e.g.
through introduction of sustainability criteria). Esti-
mates from global top-down energy system/economic
models in IPCC AR4 estimated the GHG mitigation
potential to be 0.7-1.3 Gt CO,-eq. yr ' at carbon prices
up to 20 USD t COy-eq. ' and ~2.7 Gt CO,-eq. yr " at
prices above 100 USD t COy-eq. "' (Smith et al., 2007a).
Only few studies so far have comprehensively assessed
the interaction of many terrestrial mitigation measures
and their competitive interactions (Obersteiner et al.,
2010).

Demand-side mitigation potentials in the AFOLU sector

The character of food and fibre demand can strongly
influence GHG emissions in the production chain.
Given the food security issues discussed elsewhere in
this article, this is a sensitive issue. Nevertheless, there
are opportunities in both developing and industrialized
countries today, which may become even more impor-
tant for currently developing and emerging regions, if a
similar consumption path to industrialized regions is
followed in the future.

Two options exist to reduce GHG emissions through
changes in food demand: (1) Reduction in losses and
wastes of food in the supply chain as well as during
final consumption (e.g. food bought and wasted during
preparation or not consumed at all), and (2) changes in
diet, towards less resource-intensive food, i.e. shifts to
less GHG-intensive animal food products (notably from
ruminant meat to pig and poultry), or to appropriate
plant-based food to maintain protein supply, as well as
reduction in overconsumption in regions where this is
prevalent.

As regards reductions in losses in the food supply
chain, globally, it has been estimated that approxi-
mately 30-40% of all food production is lost in the sup-
ply chain from harvest to final consumers (Godfray
et al., 2010). In developing countries, losses of up to
40% occur on farm or during distribution as an effect of
poor storage, distribution and conservation technolo-
gies and procedures. In developed countries, losses of
food on farm or during distribution are smaller, but up
to 40% are lost in services sectors and at the consumer

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302



AFOLU GHG MITIGATION AND FOOD SECURITY 2291

level (Foley et al., 2005; Godfray et al., 2010; Parfitt et al.,
2010; Gustavsson et al., 2011; Hodges et al., 2011). Not
all of these losses are ‘avoidable” or ‘potentially avoid-
able’. In the United Kingdom, 18% of the food waste
was classified as ‘unavoidable’, the same amount as
‘potentially avoidable’ and 64% as ‘avoidable’ (Parfitt
et al., 2010). Parfitt et al. (2010) compared recent data
for industrialized countries (Austria, Netherlands, Tur-
key, United Kingdom, United States) and found food
waste at the household level of 150-300 kg food per
household per year.

A mass-flow modelling study based on FAO commod-
ity balances that covered the whole food supply chain,
but excluded nonedible fractions, found per capita food
loss values ranging from 120 to 170 kg cap ' yr ' in
Sub-Saharan Africa, to 280-300 kg cap ' yr ' in Europe
and North America (Gustavsson et al., 2011). Despite
substantial uncertainties, calculated losses ranged from
20% in Sub-Saharan Africa to >30% in the industrialized
regions.

Most of these studies suggest a range of measures to
reduce wastes throughout the food supply chain,
including investments into harvesting, processing and
storage technologies primarily in the developing coun-
tries, as well as awareness raising, taxation or retail-
sector measures targeted at reduction in retail and
consumer-related losses, primarily in the developed
countries. However, none of the studies reviewed
presents detailed, comprehensive bottom-up estimates
of mitigation potentials, although the potentials are
likely to be quite substantial (Reay et al., 2012). Global
land-use-related GHG emissions in 2050 in a ‘business
as usual’ scenario are estimated to be approximately
11.9 Gt COy-eq. yrf1 (Stehfest et al., 2009). Reay et al.
(2012) assess that for five food types (milk, poultry, pig
and sheep meat and potatoes), loss and wastage-associ-
ated emissions total more than 200 Gg N,O-N. yr ',
equal to approximately 3% of global N,O emissions
from agriculture.

For changes in diets, excluding LUC, studies show
lower GHG emissions for most plant-based food than
for animal products, with the exception of vegetables
grown in heated greenhouses or transported via air-
freight (Carlsson-Kanyama & Gonzalez, 2009). This also
holds for GHG emissions per unit of protein, when ani-
mal-based and plant-based protein supply is compared
(Gonzalez et al., 2011). If land used for the production
of different animal food products was instead assumed
to sequester C corresponding to modelled natural
vegetation growth, the resulting C sink would equate
to 25-470% of the GHG emissions associated with the
food production — assuming the land was not subject to
any other LUC during 30-100 years (Schmidinger &
Stehfest, 2012).
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Modelling studies show that changes in future diets
can have a significant impact on GHG emissions from
food production. Using the GLOBIOM model, Havlik
et al. (2011) suggest that GHG mitigation potentials
could be close to 2 Gt CO,-eq. yr ' under different
future scenarios of crop and livestock production.
Using a coupled model system, comprising the land-
use allocation model MAgPIE and the dynamic global
vegetation model LPJmL, Popp et al. (2010) examined
several scenarios: In a ‘constant diet’ scenario that con-
siders only population growth, agricultural non-CO,
emissions (CHy and N,O) would rise from 5.3 Gt CO,-
eq. yr ' in 1995 to 8.7 Gt COyeq. yr ' in 2055. If
current dietary trends (increased consumption of ani-
mal-related food) were assumed to continue, emissions
were projected to rise to 15.3 Gt CO,-eq. yr !, whereas
the GHG emissions of a ‘decreased livestock product
scenario’ were estimated to be 4.3 Gt CO,-eq. yr ' in
2055. A combination of increased consumption of
livestock products and implementation of technical
mitigation measures (supply-side measures) reduced
emissions compared with the scenario with increased
consumption of livestock products, but emissions in
2055 were still higher than in the ‘constant diet’ sce-
nario (9.8 Gt COs-eq. yr '), whereas the emissions
could be reduced to 2.5 Gt CO,-eq. yr ' in 2055 in a
‘reduced meat plus technical mitigation” scenario. Popp
et al. (2010) concluded that the potential to reduce GHG
emissions through changes in consumption (i.e.
demand-side measures) was substantially higher than
that offered by supply-side, technical GHG mitigation
measures.

Stehfest et al. (2009) examined the effects of changes
in diets on GHG emissions based using the IMAGE
model; their study included CO,, CH4 and N,O. They
estimated that land-use-related GHG emissions (includ-
ing C sequestration in land) will rise to 11.9 Gt CO,-eq.
yr ! in the year 2050 in a scenario largely based on
FAO (2006). They investigated several other diets, (1)
no ruminant meat — here all ruminant meat is substi-
tuted by proteins derived from plant products, (2) no
meat — all meat substituted by plant products, (3) no
animal products — all animal products, including eggs
and milk, substituted by plant products and (4) a
‘healthy diet” based on recommendations of the
Harvard Medical School — this diet implies reductions
in animal product intake in countries with rich diets,
but increases in countries with poor, protein-deficient
diets. Their findings show a huge range of future emis-
sions with changes in diets resulting in GHG emissions
compared with business as usual ranging from 36% to
66% (see Table 1). Depending on the scenario, CO,
contributed 44-67% to the total emission reduction,
CHy4 28-47% and N,O 6-11%. A large fraction of the
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Table 1 Food supply-chain-related GHG mitigation potentials in 2050

Global GHG reduction potential
compared with ‘business as usual’

scenario [Gt CO,-eq yr’l]

Sources

Reduction in food supply chain losses and wastes 0.76-1.5
Switch to a ‘no ruminant meat’ diet 5.8*
Switch to a ‘no meat’ diet 6.4*
Switch to a purely plant-based diet 7.8%

Switch to a ‘healthy” diet (Harvard Medical School) 4.3*

Extrapolation from Gustavsson

et al. (2011) and Stehfest et al. (2009)
Stehfest et al. (2009)

Stehfest et al. (2009)

Stehfest et al. (2009)

Stehfest et al. (2009)

*Original values were given in C-eq and were converted into CO,-eq by multiplication with 3.66667.

total GHG reduction was due to the availability of lar-
ger areas for carbon sequestration; in addition to the
above-cited reductions in land-based emissions, land
sparing was also assumed to allow for a higher bioener-
gy production, which helped to lower GHG emissions
in the energy sector. Stehfest et al. (2009) also analysed
the effects of the adoption/nonadoption of dietary
change on abatement costs required to reach a prede-
fined GHG concentration target (450 ppm COj-eq.).
They found that a global adoption of the ‘healthy diet’
would reduce global GHG abatement costs by about
50% compared to the reference case because fewer
costly measures in the energy sector are required if
these large, and comparably cost effective, mitigation
potentials in the land sector are implemented.

For demand-side options related to wood and forestry, glo-
bal carbon stocks in long-lived products (i.e. carbon
contained in products in use; e.g. wood or plastics in
buildings, libraries or furniture, roads paved with bitu-
men, but not carbon in landfills) were approximately
8.4 Gt CO, in 1900 and increased to 37.0 Gt CO, in
2008. Per capita C stocks remained about constant at
~5 t CO, Cap71 with a falling share of wood products
(68% in 2008) and a rising share of plastics and bitu-
men. The rate of C sequestered in these stocks
increased from 62 Mt CO, yr' in 1900 to a maximum
of 690 Mt CO, yr ' in 2007. The net amount of C
sequestered annually (C inflows minus C outflows of
socioeconomic C stocks) in long-lived wood products
in recent decades ranged from ~180 to 290 Mt CO, yr ™!
(Lauk ef al., 2013). If inflows were to rise through
increased use of long-lived wood products, C seques-
tration in wood-based products could be enhanced,
thus contributing to GHG mitigation. Substitution of
GHG-intensive construction materials (such as con-
crete) with wood may reduce emissions, but reuse of
the wood for energy at the end of its life in buildings is
critical (Bottcher et al., 2012; Nassén et al., 2012) as are
the GHG reduction policies implemented in the energy
sector.

Improving traditional biomass use, which is mostly
devoted to satisfy the cooking energy needs of 2.7 bil-
lion people worldwide and involves large emissions of
GHG gases and black carbon will also help mitigate
climate change. Improved cookstoves (ICS) and other
advanced biomass systems for cooking are cost effec-
tive for achieving large benefits in energy use reduction
and climate change mitigation (Berrueta et al., 2008).
The global mitigation potential of advanced ICS,
excluding black carbon emission reductions, was esti-
mated to be between 0.6 and 2.4 Gt CO,-eq. yrfl.
Reduction in fuel wood and charcoal through adoption
of advanced ICS may help reduce pressure on land and
improve aboveground biomass stocks and soil and
biodiversity conservation (Chum et al., 2011).

Food security

Food security is a multifaceted challenge, involving
much more than just food production. Indeed, food
production is just one of the challenges of providing
food availability (which also relies on distribution and
exchange), and food availability is just one aspect of
food security which includes also food access and food
utilization (see Smith & Gregory, 2013). In this review,
we do not attempt to address all aspects of food secu-
rity; rather we focus on those aspects of food security
that interface with greenhouse gas mitigation in agri-
culture. Historical expansion of agriculture into forests
and natural ecosystems (Bruinsma, 2003) has contrib-
uted significantly to the loss of what we now refer to as
ecosystem services (Costanza et al.,, 1997). Because
many ecosystem services are lost on such conversion, it
is apparent that future increases in food supply need to
be met without large increases in agricultural area, i.e.
to derive more agricultural products from the same
area (Godfray et al., 2010; Smith ef al., 2010; Smith,
2012b).

The main means of intensifying crop production will
be through increased yields per unit area together with
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a smaller contribution from an increased number of
crops grown in a seasonal cycle. As cereal production
(wheat, maize and rice) has increased from 877 Mt in
1961 to 2342 Mt in 2007, the world average cereal yield
has increased from 1.35 t ha ' in 1961 to 3.35 t ha ' in
2007, and is projected to be about 4.8 t ha™' in 2040.
Simultaneously, per capita arable land area has
decreased from 0.415 ha in 1961 to 0.214 ha in 2007
(Smith et al., 2010). Put another way, had the increases
in yield of the last 60-70 years not been achieved,
almost three times more land would have been
required to produce crops to sustain the present popu-
lation; land that does not exist except by using some
that is unsuitable for cropping. So some form of sus-
tainable intensification of food production will be
required (Garnett & Godfray, 2012).

Smith (2012b) and Smith & Gregory (2013) recently
reviewed the literature exploring options for sustain-
able intensification, which are outlined below. Tilman
et al. (2011) conclude that securing high yields on exist-
ing croplands of nations where yields are suboptimal is
very important if global crop demand is to be met with
minimal environmental impact. At the high-tech end
are options such as the genetic modification in living
organisms and the use of cloned livestock and nano-
technology (IAASTD, 2009; Godfray et al., 2010; Fore-
sight, 2011), whereas at the low-tech end are options
such as the closure of yield gaps, e.g. by the redistribu-
tion of inputs such as nitrogen fertilizer from regions
which overfertilize (such as China) to regions were
nitrogen supply is limiting (such as much of sub-Saha-
ran Africa; Foley et al., 2011; Mueller et al., 2012; Porter
et al., 2010; Tilman et al., 2011).

Godfray et al. (2010) examined the possibility of
increasing crop production limits, as not all crop yields
are similar, with some plant species being far more
productive. They argue that modern genome sequenc-
ing techniques will allow a range of food crops to be
developed more quickly than has been possible in the
past, and without the reliance on increased water and
fertilizer input that characterized the Green Revolution.
Whereas current genetically modified crops rely on sin-
gle gene manipulations, Godfray et al. (2010) suggest
that by 2050, it will be possible to manipulate traits
controlled by many genes and confer desirable traits
(such as improved nitrogen and water-use efficiency).
Cloned animals with innate resistance could also
reduce losses from disease. Genetic manipulation, then,
could play a role in future sustainable intensification,
although in some regions (such as Europe) public
opposition to genetic modification currently prevents
its use.

Foley et al. (2011) and Mueller et al. (2012) examined
the closure of the yield gap as a mechanism of
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sustainable intensification (in some regions) by rebal-
ancing the distribution of inputs to optimize produc-
tion. Cassman et al. (2002) noted that many regions of
the globe are overfertilized, whereas others are under-
fertilized. Foley et al. (2011) also showed that benefits
and impacts of irrigation are not evenly distributed and
that water needed for crop production varies greatly
across the globe. They suggest that redistributing these
imbalances could largely close the yield gap, and show
that bringing yields to within 95% of their potential for
16 important food and feed crops could add 2.3 billion
tonnes (5 x 10'° kilocalories = 21 x 10 kJ = 21 EJ) of
new production, which represents a 58% increase
(Foley et al., 2011). Closing the yield gap of the same
crops to 75% of their potential would give a global
production increase of 1.1 billion tonnes (2.8 x 10"
kilocalories = 11.7 x 10" kJ = 11.7 EJ), which is a 28%
increase. Mueller et al. (2012) updated this work by
examining nutrient redistribution and improved water
management in more detail.

Other agronomic mechanisms for increasing crop
productivity include better matching of nutrient sup-
ply to crop need (e.g. improved fertilizer management,
precision farming), better recycling of nutrients,
improved soil management (to reduce erosion, main-
tain fertility and improve nutrient status) and better
matching of crops with the bioclimatic regions where
they thrive. All of these efficiency improvements are
possible now, but their impact on closing the yield gap
remains largely unquantified. Another parameter that
needs to be considered is water management. Avail-
ability of water and competition for different water
uses can have an important impact on agricultural pro-
ductivity as well as a number of social impacts (Rocks-
trom et al., 2010).

As described in the paragraphs above, considerable
attention has been paid to prospects for increasing
food availability, and limiting agricultural expansion,
through higher yields on cropland. In contrast, pros-
pects for efficiency improvements in the entire
food-chain and dietary changes towards less land-
demanding food have not been explored as extensively
(Wirsenius et al., 2010). Given that conversion effi-
ciency of plant to animal matter conversion is in the
region of 10%, and that about a third of the world’s
cereal production is fed to animals, a reduction in the
livestock product consumption could greatly reduce
the need for more food. On average, the production of
beef protein requires several times the amount of land
and water than the production of vegetable proteins,
such as cereals. Whereas meat currently represents
only 15% of the total global human diet, approximately
80% of the agricultural land is used for animal grazing
or the production of feed and fodder for animals.
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Much of the increasing demand for livestock products
to 2050 is projected to occur in developing countries
(FAO, 2006). Changes towards diets that include less
livestock products reduce food demand, increase food
supply potential and dramatically decrease the
demand for land (Smith & Gregory, 2013). In a refer-
ence scenario of Wirsenius et al. (2010) — developed to
represent FAO projections — global agricultural area
expands from the current 5.1 billion ha to 5.4 bil-
lion ha in 2030. In the faster-yet-feasible livestock pro-
ductivity growth scenario, global agricultural land use
decreases to 4.8 billion ha. In a third scenario, combin-
ing the higher productivity growth with a substitution
of pork and/or poultry for 20% of ruminant meat,
agricultural land use drops further, to 4.4 billion ha. In
a fourth scenario, applied mainly to high-income
regions that assumes a minor transition towards vege-
tarian food (25% decrease in meat consumption) and a
somewhat lower food wastage rate, agricultural land
use in these regions decreases further, by about 15%
(Wirsenius et al., 2010).

Synergies and trade-offs of mitigation in the
AFOLU sector with other environmental outcomes

The implementation of the AFOLU mitigation mea-
sures (Section 2) will result in a range of other out-
comes, some being beneficial (synergies) and others
detrimental (trade-offs; Smith et al., 2007b). Apart from
considering activities in terms of net GHG mitigation
benefit, other outcomes that can be considered includ-
ing profitability (Sandor et al., 2002), energy use, biodi-
versity (Koziell & Swingland, 2002; Venter et al., 2009),
aspects of social amenity and social cost. Some of these
factors can be easily measured, whereas metrics for
others are less clear. Modelling frameworks are being
developed which allow an integrated assessment of
multiple outcomes at project to national scales.

Synergies

In several cases, the implementation of AFOLU mitiga-
tion measures may result in an improvement in land
management. There are many examples where existing
land management is suboptimal, resulting in various
forms of desertification or degradation including wind
and water erosion, sedimentation of rivers, rising
groundwater levels, groundwater contamination, eutro-
phication of rivers and groundwater or loss of biodiver-
sity. Management of these impacts is implicit in the
United Nations Convention to Combat Desertification
(UNCCD, 2011) and Convention on Biological Diversity
(CBD), and thus mitigation action may contribute to a
broader global sustainability agenda.

Major potential synergies include:

e Increases in food and fibre production: including
increases in food yields and timber production, such
as within agroforestry systems, or the conversion of
agriculture to forestry.

e Increases in water yield and quality. Water yield and
quality is often affected by land management and
surface cover, in particular (Calder, 2005). Reducing
deforestation and shifting from annual crops to
perennial plants can reduce water quality impacts
such as eutrophication, turbidity and salinity (Maes
et al., 2009; Dimitriou et al., 2011). Plantations can be
managed as buffer strips for capturing the nutrients
in passing run-off water (Borjesson & Berndes, 2006;
Dimitriou & Rosenqvist, 2011). Watershed restora-
tion by reforestation can result in an array of benefits
including improvements in water quality (Townsend
et al., 2012), biodiversity (Swingland et al., 2002),
shading to reduce water temperatures (Deal et al.,
2012) or improvements in amenity.

e Improvements in biodiversity conservation: Biodiversity
conservation can be improved both by reducing
deforestation, and by using reforestation/afforesta-
tion to restore biodiverse communities on previously
developed farmland (Koziell & Swingland, 2002;
Swingland ef al., 2002; Harper ef al., 2007). Integra-
tion of perennial grasses and woody plants into
monocultural landscapes can similarly improve spe-
cies diversity (Dimitriou et al., 2011). Reforestation
may also provide a mechanism to fund translocation
of biodiverse communities in response to climate
change;

e [mprovements in sustainable agriculture: Stubble reten-
tion and minimum tillage may also increase crop
yields and reduce the amount of wind and water ero-
sion due to an increase in surface cover (Lal, 2001);
agroforestry systems will reduce wind erosion by
acting as wind breaks and may increase crop produc-
tion as can biomass plantations.

o Restoration of degraded land: Reforestation or bioenergy
systems can be used to restore or stabilize degraded
land (Wicke et al., 2011; Sochacki et al., 2012). In
many cases, there is no economic incentive to restore
such lands, and carbon mitigation may not only
provide the capital to allow this to occur but also
allow it to occur at watershed or catchment scales
(Harper et al., 2007).

e [ncrease in economic activity: Economic activity can
increase through an increase in the overall capital
available in particular systems and thus intensi-
fication. Examples include the capital costs of
mitigation systems that involve the reforestation
or revegetation of agricultural land, and the
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consequent increase in demand for labour and other
inputs. In some situations, several synergies can be
sold (e.g. timber, water), thus providing additional
cash flow for landholders.

Several of these synergies may result in additional
payment streams — and thus impact on the net cost of
mitigation. Examples include reforestation schemes
that also produce timber. Other synergies may not be
easily valued.

Trade-offs

In some situations mitigation activities may result in
negative consequences. Examples of trade-offs include:

o Competition with food availability (‘food vs. fuel’). Miti-
gation measures may result in a decrease in the
amount of land available for food production (e.g.
reforestation of farmland to sequester carbon or pro-
duce bioenergy), decrease yields (e.g. competition
between trees and crops, reduced yields with
reduced fertilizer inputs) or directly compete for
food materials as a bioenergy feedstock (e.g. conver-
sion of sugar or maize into ethanol). Also, strategies
targeting land that is judged as not needed or unsuit-
able for food crops can impact food production by
claiming other resources (labour, capital) that other-
wise might have been used for food production.

o [mpacts on water availability: Forestry projects can
result in reduced water yields (Jackson et al., 2005) in
either groundwater or surface catchments, or where
irrigation water is used to produce bioenergy crops.
LUC such as reforestation and establishment of high-
yielding biomass plantations on lands with sparse
vegetation (e.g. degraded pastures) can salinize or
acidify some soils and reduce downstream water
availability by using irrigation water or redirecting
precipitation from run-off and groundwater recharge
to evapotranspiration (Jackson ef al., 2005; Zomer
et al., 2006; Berndes, 2008). The net effect on the state
of water depends on the character of land use and
water management associated with the new land use
compared with the previous situation (e.g. Garg
et al., 2011).

o [mpacts on biodiversity where the mitigation project
involves land-use change. An example of this is palm
oil development following deforestation.

o Precluding other land-use options. Agricultural profit-
ability often relies on landholders being able to
switch between crops. Mitigation projects may have
rules that require the mitigation activity to be
in place for 70-100 years; this can reduce future flexi-
bility in land use. Similarly, landholders have to
consider the marginal spread of carbon prices
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between when they sell and wish to repurchase
carbon credits.

Assessing the overall costs and benefits

A range of synergies and trade-offs are summarized
here; this analysis is qualitative. More sophisticated,
quantitative analyses are being developed and will
involve consideration of multiple interacting factors.

Ecosystem markets. In some jurisdictions ecosystem
markets are developing (Costanza et al., 1997; Millen-
nium Ecosystem Assessment, 2005; Engel et al., 2008;
Deal & White, 2012; Wiinscher & Engel, 2012) and these
allow valuation of various components of land-use
changes, in addition to carbon mitigation (Mayrand &
Paquin, 2004; Barbier, 2007). Different approaches are
used; in some cases the individual components (both
synergies and trade-offs) are considered singly (bun-
dled), in other situations they are considered in foto
(stacked). Ecosystem market approaches provide a
framework to value the overall merits of mitigation
actions at both project, regional and national scales
(Farley & Costanza, 2010). The ecosystem market
approach also provides specific methodologies for
valuing the individual components (e.g. water quality
response to reforestation, timber yield), however, for
some types of ecosystem services (e.g. biodiversity,
social amenity) these methodologies are less well
developed.

Scale of impacts. It is also important to consider the scale
of any impacts. The synergies and trade-offs from miti-
gation measures will be largely scale dependent — thus
if the uptake of mitigation is poor, then the synergies
and trade-offs will be likewise poor —, whereas large-
scale carbon mitigation investment may result in large-
scale landscape change. Where this displaces other
commodities, there are likely to be impacts on markets.
Such analyses will also need to consider the impacts of
climate change on mitigation and associated synergies
and trade-offs.

Getting a balance between mitigation options and
other societal goals — including food security and pres-
ervation of ecosystem services — requires understand-
ing the dynamics of land governance. It is necessary to
assess the role of different social actors under different
land management options as well as the potential
impacts of various incentives mechanisms, financing
schemes, technology access and land tenure agree-
ments. Ideally, such an assessment, combined with a
good understanding of the climate mitigation potential,
would form the basis for international agreements
as well as national legislations aimed at maximizing
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societal and environmental benefits of land manage-
ment (Ostrom, 2010).

Analysis of the mitigation potential in the AFOLU
sector while delivering food security and
minimizing environmental impact

GHG mitigation options are seldom implemented in
isolation. Working towards ambitious climate mitiga-
tion targets, e.g. limiting global warming to 2 °C,
requires portfolios of measures being implemented at
the same time. In some cases, individual measures can
be effective independently of others. However, in many
cases, implementation of one measure influences the
GHG reduction potentials, and perhaps also the costs,
of other measures. Such interactions are the rule rather
than the exception in complex supply chains such as
the food supply chain.

For example, Popp et al. (2010) showed that a change
in diets towards a smaller fraction of animal products
and a larger fraction of vegetables or staples reduces
the amount of meat, milk and eggs produced, and with
that the GHG emissions from enteric fermentation,
manure management and soil emissions due to animal
feed cropping. But at the same time, the emission
reduction potential of food additives or other technical
mitigation options such as precision farming also
declines, and reduced emissions from livestock produc-
tion are to some extent counteracted by increases in
N,O soil emissions from food cropping, and CH,4 emis-
sions from rice production resulting from the increased
direct use of plants for human consumption. Figure 2
provides a conceptual basis for analysing such interac-
tions.

Figure 2 depicts the interrelations between different
mitigation options related to land. Mitigation options in
the AFOLU sector are strongly linked via their effect on
land demand for food production (‘food area’). Options
aimed at influencing diets (‘food demand’), e.g. either
by changing average per capita consumption (contract
and converge scenarios between industrial and devel-
oping countries) or by reducing food wastes or the
share of livestock products in affluent regions, result in
reduced land demand for food production (positive
relationship; ie. higher food demand results in
increased land demand). Although the production of
enough food is not a sufficient condition for food secu-
rity (Smith & Gregory, 2013), food supply is generally
thought to be positively associated with food security.
Food area demand is negatively related to input-output
efficiency of the food supply chain and yield levels in
agriculture; increasing efficiency or yields will decrease
area demand, except in the case of stimulated
agricultural activity, see below. Efficiency improvement

Food
security

Fig. 2 Interrelationships between different bundles of GHG
mitigation options (grey shaded boxes) and food security. Area
for food production (food area) is a central link of the system.
Option bundles refer to changing food demand, increasing
yields in agriculture, increasing efficiency in the food supply
chain, including livestock feeding efficiency, mitigation options
related to cropland management (e.g. no-tillage agriculture),
reduced deforestation, peatland conversion or afforestation
(forest area) and bioenergy production, either from primary or
secondary biomass sources (e.g. residues). ‘+" and ‘—’ indicate
the direction of the interrelationship: '+ indicates that growth of
one factor drives up another; note that mitigation options
related to food demand would reduce losses or resource-inten-
sive food (e.g. animal products) which would also reduce food
area, but might have feedbacks on yields and efficiency. Dotted
lines indicate ambiguous or loose interrelationships.

measures also include intensification strategies in the
livestock sector that reduce the amount of feed input
per unit of product output (Haberl et al., 2012), e.g. the
switch to feed concentrate or improved feedstuff, as
well as changes in herd management to optimize prod-
uct output. Such efficiency gains are often beneficial for
food security because of their positive effect on food
production, but they can, in certain instances, have neg-
ative effects on food security, e.g. when the ratio of
edible protein input per edible protein output of the
livestock system deteriorates in intensive livestock sys-
tems (Steinfeld et al., 2010; FAO, 2011; Erb et al., 2012b).

The area required for food production is a key factor
influencing the mitigation potentials of primary bioen-
ergy and carbon sequestration in forests (avoided defor-
estation or afforestation) and peatlands (‘forestry’);
increased area demand for food production would
decrease these potentials (negative relationship). Energy
crops and C sequestration may also compete for land,
and hence are negatively related with each other. In con-
trast, management options on cropland, e.g. optimization
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of organic residue addition or drainage in rice cultiva-
tion, increase with the area of food production, as there
is a larger area on which to practice these activities
(Smith et al., 2008); conversely, reduced food demand
would also reduce the potential of such options. If man-
agement options reduce yields, however, agricultural
activity is displaced to other areas, thereby increasing
the demand for land for food production (Haberl et al.,
2011).

Although yield increases thus generally increase
areas available, and therefore potentials for bioenergy
production and C sequestration, yield increases that
rely on increased inputs can result in larger GHG emis-
sions per unit of output during the agricultural produc-
tion process, e.g. by increased N,O emissions (Reay
et al., 2012); only yield increases driven by improved
efficiency (e.g. better timing and placement of fertilizer
to maximize plant uptake) would be expected to reduce
GHG emissions per unit of output (Smith et al., 2008;
Popp et al., 2011b; Reay et al., 2012). Options for reduc-
ing GHG emissions from agriculture, e.g. the use of
organic agricultural methods which sequesters more
carbon in soils than conventional farming (Gattinger
et al., 2012), might reduce GHG emissions per unit of
output, but could increase demand for agricultural land
area if they reduce average yields, as organic agricul-
ture often does (Seufert et al., 2012) or as zero tillage
agriculture may do (Ogle et al., 2012).

Another mitigation option concerns the use of crop-
land residues for soil carbon sequestration (mulching),
which also improves soil quality (‘management for mit-
igation’). The use of this mitigation measure negatively
affects the potential of bioenergy generation from resi-
dues, as the residues are not then available for use in
generating energy (Lal, 2005). Likewise, improved effi-
ciency in the food supply chain will reduce the quantity
of waste flows, which will negatively affect the mitiga-
tion potential of bioenergy from residues and waste
(Haberl et al., 2011).

Thus, mitigation options in the AFOLU sector are
highly interdependent. Direct interrelationships are rel-
atively straightforward to quantify (e.g. the comparison
of the mitigation potential in afforestation vs. fossil fuel
substitution through bioenergy). Indirect interrelation-
ships, mediated via area demand for food production,
which in turn impacts upon the area available for other
purposes, are much less straightforward to quantify
and require systematic approaches. These complex rela-
tionships are often mediated by socioeconomic feed-
backs, e.g. those related to price changes. For example,
switching from one production technology to another
(e.g. from conventional to organic agriculture) may
influence prices and hence demand. Also, increases in
yields may affect demand through supply—-demand

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302

rebound effects, i.e. increases in consumption often
cause the implementation of more efficient, and hence
often more cost-effective ways of production (Lambin
& Meyfroidt, 2011; Erb et al., 2012a,b), although higher
yield and profitability tend to attract migrants and
hence, can increase deforestation rates (Angelsen &
Kaimowitz, 1999).

Table 2 demonstrates the possible magnitude of such
feedbacks in the land system in 2050. It first shows the
effect of single mitigation measures compared with a
reference case, and then shows the combined effect of
the individual measures, using model results discussed
in Erb et al., (2009, 2012a,b) and Haberl et al., (2011).
The biomass-balance model underlying these results
consistently describes land use and biomass flows
between production (i.e. agricultural land use) and con-
sumption of biomass (i.e. nutrition and other uses) for
11 world regions, with trade balancing mismatches of
supply and demand between regions. Based on this
model, we assess in a consistent way the areas freed or
consumed by changing yields, diets and livestock effi-
ciencies, which potentially can be used for bioenergy or
carbon sequestration. The ‘reference’ case is similar to
the projections of the FAO, (2006) for 2050 in terms of
changes in diets and cropland yields, as implemented
in the TREND scenario in Erb et al., (2012a). The ‘diet
change’ case assumes a switch to a low animal
product diet (‘fair and frugal” diet; see Erb et al., 2012a)
and a contract and converge model of global food
demand to the global average in the year 2000 (i.e.
2800 kcal cap ' d ™!, compared to the global mean of
3100 kcal cap ' d™' in the reference case). The ‘yield
growth’ case assumes 9% higher yields than those fore-
cast by FAO (2006), based on the ‘Global Orchestration’
scenario in the Millennium Ecosystem Assessment,
(2005). The livestock ‘feeding efficiency’ gain case
assumes improved livestock feeding efficiencies
according to the ‘intensive’ livestock feeding efficien-
cies as described in Erb et al.,, (2012a); under this
assumption, input-output ratios of livestock are on
average 17% better than in the reference case. The
‘waste reduction’ case assumes a reduction in the losses
in the food supply chain by 6% (see section 2.2.), which
was evaluated by assuming that demand reduction
would linearly reduce all flows. As Table 2 shows, the
combination of all measures results in a substantial
reduction in cropland and grazing areas, even though
the individual measures cannot be added up due to the
interactions between the individual compartments
shown in Fig. 1, and regional disparities considered in
the biomass-balance model (Erb et al., 2012a,b).

In all cases, former agricultural land (i.e. cropland
plus grazing land area) would become available for
nonfood purposes (afforestation or bioenergy crops) if
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Table 2 Changes in global land use and related GHG reduction potentials in 2050 assuming the implementation of measures to
increase C sequestration on farmland, and use of spare land for either bioenergy or afforestation

C sink on
farmland*

Livestock
Food crop area grazing area

Afforestation
of spare land '}

Bioenergy on Total mitigation

spare land{'§ potential Difference in

mitigation from

Cases [Gha] Gt COzeq. yr’1 reference case
Reference 1.60 4.07 3.5 6.1 1.2-94 4.6-12.9 0

Diet change 1.38 3.87 3.2 11.0 2.1-17.0 5.3-20.2 0.7-7.3

Yield growth 1.49 4.06 34 7.3 1.4-114 4.8-14.8 0.2-1.9
Feeding efficiency 1.53 4.04 3.4 7.2 14-11.1 4.8-14.5 0.2-1.6

Waste reduction 1.50 3.82 3.3 10.1 1.9-15.6 5.2-18.9 0.6-6.0
Combined 1.21 3.58 29 16.5 3.2-25.6 6.1-28.5 1.5-15.6

*Cropland for food production and livestock grazing land. Potential C sequestration rates with improved management derived

from global technical potentials in Smith et al. (2008).

tSpare land is cropland or grazing land not required for food production, assuming increased but still sustainable stocking densities

of livestock based on Haberl et al. (2011) and Erb et al. (2012a).
fAssuming 11.8 tCO,. eq ha ™! yr ' (Smith et al., 2000).

§High bioenergy value: short-rotation coppice or energy grass directly replaces fossil fuels, energy return on investment 1 : 30,
dry-matter biomass yield 10 t ha ™' yr~' (Smith et al., 2012b). Low bioenergy value: ethanol from maize replaces gasoline and
reduces GHG by 45%, energy yield 75 GJ ha ' yr~' (Chum et al., 2011).

stocking densities on grazing land were increased to
higher, but still sustainable, levels; the latter were
derived from spatially explicit data on the productivity
of grazing areas (see Erb et al., 2009, 2012a,b; Haberl
et al., 2011). Table 2 shows the GHG reductions that
could be achieved in 2050 by using the spare land for
afforestation, assuming a CO, sequestration of 11.8 t
COzeq ha™! yrf1 (based on Smith et al., 2000). GHG
reduction resulting from bioenergy was calculated using
two different assumptions: a high value was calculated
assuming that biomass produced in short-rotation cop-
pice or energy grass plantations would replace fossil
fuels, thereby saving 18.3 tCO,-eq. ha™' yr ' based on
an EROI of 1:30, and an average yield of 10 t dry
matter ha™! yr_1 (Matthews, 2001; Smith et al., 2012b;
but see Johnston et al., 2009). A low value was derived
by assuming that maize would be grown to produce
bioethanol to replace gasoline. The CO, reduction in
replacing gasoline with bioethanol was assumed to be
45% with an average ethanol yield of 75 GJ ha ' yr ',
according to Chum et al. (2011). C sequestration on
cropland and grazing land was calculated using a mean
sequestration rate of 0.60-0.62 tCO,-eq. ha ' yr ',
calculated as mean global figures from the values in
Smith et al. (2008).

When interpreting Table 2 it is essential to keep in
mind that these are indicative values derived using
assumptions described above. They are useful to esti-
mate the magnitude of feedback effects, but they
should only be interpreted as an indication, not as exact
quantification. Important feedbacks such as increased
GHG emissions from additional inputs (e.g. tractors,

fertilizer use) required in intensification (e.g. the yield
growth case) are not included.

Table 2 shows that demand-side measures can have
substantial beneficial effects, in particular through their
ability to create ‘spare land’ that can be used for either
bioenergy or C sequestration through afforestation.
This effect is strong and nonlinear, and cancels out
reduced C sequestration potentials on agricultural
land. Demand-side potentials are substantial when
compared with supply-based mitigation measures (see
also section 2). Uncertainties related to the possible
GHG savings from bioenergy are large and strongly
depend on the assumptions regarding energy plants,
utilization pathway (e.g. substitution for coal used in
power plants vs. liquid biofuels, use of carbon capture
and storage), energy crop yields (see Erb et al., 2012a)
and effectiveness of sustainability criteria. It should
also be noted that the mitigation potentials for bioener-
gy refer to the case that one additional unit of bioener-
gy supplied reduces the according fuels by the same
amount. However, a recent empirical study by York,
(2012) found significantly lower replacement effects,
which would reduce the mitigation potential accord-

ingly.

Implications for climate mitigation and food
security policy

Supply-side mitigation measures have a mixed impact
on food security. Some supply-side mitigation mea-
sures could also enhance agricultural production,
thereby helping to address food security issues.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302
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Improved timing of fertilization and nitrification inhibi-
tors, e.g. can increase crop production as can measures
to improve carbon sequestration (Pan et al., 2009).
Other supply-side measures could potentially reduce
production, e.g. where the mitigation measure
decreases crop yield (e.g. reduced fertilizer inputs).
Demand-side measures, on the other hand, should ben-
efit both food security and GHG mitigation. Our analy-
sis lends further support to the findings of Stehfest
et al. (2009) and Popp et al. (2011a), which suggest that
consumption-based measures offer a greater potential
for GHG mitigation than do supply-side measures. This
finding highlights the need for further research into
demand-side measures, which have received far less
attention than have supply-side measures.

Most technical supply-side measures considered in
previous assessments of mitigation potential in the
AFOLU sector (Nabuurs et al., 2007; Smith et al., 2008;
Smith, 2012b) are close to current practice and can be
implemented by a relatively small number of land man-
agers who can be incentivized to implement the mea-
sures. Demand-side measures, though, will require
behaviour change relative to projected dietary shifts,
and require action from many more actors (all consum-
ers globally). Effecting such behaviour change is one of
the most challenging aspects of any large-scale policy
shift, be that addressing our addiction to fossil fuels,
changing personal travel behaviour or changing our
diet (e.g. Hardeman et al., 2002). Effecting behaviour
change remains one of the greatest challenges to imple-
menting demand-side measures.

If the enormous joint challenges of delivering food
security and reducing climate forcing by 2050 are to be
met, all available options will need to be considered.
Given the challenges of implementing demand-side
measures, supply-side measures should be imple-
mented immediately, focussing on those that improve
agricultural efficiency and allow the production of
more agricultural product per unit of (energy, chemical,
etc.) input, so that both GHG mitigation and food secu-
rity benefit from the change in practice. Given the diffi-
culties in implementing demand-side measures and the
time taken for behaviour change to occur, policy should
be introduced quickly, and should aim to codeliver to
other policy agendas, such as improving environmental
quality (Smith ef al., 2012a) or improving dietary health
(Macdiarmid et al., 2011). Neither challenge will be easy
to address, and joined up policy is required more now
than ever before.

Acknowledgements

PS is a Royal Society Wolfson Merit Award holder and his input
contributes to the University of Aberdeen Environment and

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302

Food Security Theme and to Scotland’s ClimateXChange. The
work also contributed to the EU FP7 project GHG-Europe. ENT
acknowledges FAO Trust Funds GCP/GLO/286/GER and
GCP/GLO/325/NOR provided by the Governments of Ger-
many and Norway. This work contributes to the FAO Project
‘Monitoring and Assessment of GHG Emissions and Mitigation
Potentials in Agriculture.” MH’s input contributes to the CGIAR
Research Programme on Climate Change Agriculture and Food
Security (CCAFS). HH, CL and KHE gratefully acknowledge
support by EU funding (FP7 project VOLANTE, ERC-grant LU-
ISE), the Austrian Academy of Sciences and the Austrian Minis-
try of Science and Research.

References

Angelsen A, Kaimowitz D (1999) Rethinking the causes of deforestation: lessons from
economic models. World Bank Research Observer, 14, 73-98.

Barbier EB (2007) Valuing ecosystem services as productive inputs. Economic Policy,
22, 177-229.

Bellarby J, Foereid B, Hastings A, Smith P (2008) Cool Farming: Climate Impacts of
Agriculture and Mitigation Potential. Greenpeace International, Amsterdam, The
Netherlands.

Berndes G (2002) Bioenergy and water — the implications of large-scale bioenergy
production for water use and supply. Global Environmental Change, 12, 253-271.
Berndes G (2008) Water Demand for Global Bioenergy Production: Trends, Risks and
Opportunities. Report commissioned by the German Advisory Council on Global
Change. Wissenschaftlicher Beirat der Bundesregierung Globale Umweltverdnder-

ungen — WBGU, Berlin, Germany.

Berndes G, Bird N, Cowie A (2011) Bioenergy, Land Use Change and Climate Channge
Mitigation. Background technical report. IEA Bioenergy ExCo:2011:04, Rotorua,
New Zealand.

Bernier PY, Desjardins RL, Karimi-Zindashty Y, Worth D, Beaudoin A, Luo Y, Wang
S (2011) Boreal lichen woodlands: a possible negative feedback to climate change
in eastern North America. Agricultural and Forest Meteorology, 151, 521-528.

Berrueta VM, Edwards RD, Masera OR (2008) Energy performance of wood-burning
cookstoves in Michoacan, Mexico. Renewable Energy, 33, 859-870.

Betts RA, Falloon PD, Goldewijk KK, Ramankutty N (2007) Biogeophysical effects of
land use on climate: model simulations of radiative forcing and large-scale
temperature change. Agricultural and Forest Meteorology, 142, 216-233.

Blanco-Canqui H, Lal R (2009) Crop residue removal impacts on soil productivity
and environmental quality. Critical Reviews in Plant Sciences, 28, 139-163.

Blaser J, Robledo C (2007) Initial Analysis on the Mitigation Potential in the Forestry
Sector. Prepared for the UNFCCC Secretariat. Intercooperation, Bern. 1 August
2007.

Borjesson P, Berndes G (2006) The prospects for willow plantations for wastewater
treatment in Sweden. Biomass and Bioenergy, 30, 428-438.

Bottcher H, Freibauer A, Scholz Y et al. (2012) Setting priorities for land management
to mitigate climate change. Carbon Balance and Management, 7, doi: 10.1186/1750-
0680-7-5.

Bruinsma J (2003) World Agriculture: Towards 2030/2050, An FAO Perscpective. Earth-
scan Publications, London.

Burney JA, Davis SJ, Lobell DB (2010) Greenhouse gas mitigation by agricultural
intensification. Proceedings of the National Academy of Sciences, 107, 12052-12057.

Calder IR (2005) Blue Revolution: Integrated Land and Water Resource Management.
Earthscan, London.

Carlsson-Kanyama A, Gonzalez AD (2009) Potential contributions of food consump-
tion patterns to climate change. The American Journal of Clinical Nutrition, 89,
17045-1709S.

Cassman KG, Dobermann A, Walters DT (2002) Agroecosystems, nitrogen-use
efficiency, and nitrogen management. Ambio, 31, 132-140.

Ceschia E, Béziat P, Dejoux JF et al. (2010) Management effects on net ecosystem
carbon and GHG budgets at European crop sites. Agriculture, Ecosystems and
Environment, 139, 363-383.

Chum H, Faaij A, Moreira J et al. (2011) Bioenergy. In: IPCC Special Report on Renew-
able Energy Sources and Climate Change Mitigation (eds Edenhofer O, Pichs-Madruga
R, Sokona Y, Seyboth K, Matschoss P, Kadner S, Zwickel T, Eickemeier P, Hansen
G, Schlémer S, Von Stechow C), pp. 209-332. Cambridge University Press,
Cambridge, UK.

Coelho S, Agbenyega O, Agostini A et al. (2012) Land and water: linkages to bioenergy.
In: Global Energy Assessment (ed. Johansson T, Patwardhan A, Nakicenonive N,



2300 SMITH etal.

Gomez-Echeverri), pp. 1459-1525. International Institute of Applied Systems Anal-
ysis (ITASA), Cambridge University Press, Cambridge, UK.

Costanza R, D’arge R, De Groot R et al. (1997) The value of the world’s ecosystem
services and natural capital. Nature, 387, 253-260.

Creutzig F, Popp A, Plevin R, Luderer G, Minx J, Edenhofer O (2012) Reconciling
top-down and bottom-up modelling on future bioenergy deployment. Nature
Climate Change, 2, 320-327.

Deal RL, White R (2012) Integrating forest products with ecosystem services: a global
perspective. Forest Policy and Economics, 17, 1-2.

Deal RL, Cochran B, Larocco G (2012) Bundling of ecosystem services to increase
forestland value and enhance sustainable forest management. Forest Policy and
Economics, 17, 69-76.

Dimitriou I, Rosenqvist H (2011) Sewage sludge and wastewater fertilisation of Short
Rotation Coppice (SRC) for increased bioenergy production—biological and eco-
nomic potential. Biomass and Bioenergy, 35, 835-842.

Dimitriou I, Baum C, Baum S et al. (2011) Quantifying Environmental Effects of Short
Rotation Coppice (SRC) on Biodiversity, Soil and Water. IEA Bioenergy Task 43:
2011:01. IEA Bioenergy, Rotorua, New Zealand.

Dunlap RE, Catton JWR (2002) Which function(s) of the environment do we study? a
comparison of environmental and natural resource sociology. Society and Natural
Resources, 15, 239-249.

Easterling W, Aggarwal P, Batima P et al. (2007) Food, fibre and forest products
[chapter 5]. In: Climate Change 2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group II to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (eds Parry ML, Canziani OF, Palutikof JP, Van Der
Linden PJ, Hanson CE), pp. 273-313. Cambridge University Press, Cambrigde,
UK.

Engel S, Pagiola S, Wunder S (2008) Designing payments for environmental services
in theory and practice: an overview of the issues. Ecological Economics, 65, 663-674.

Erb KH, Gaube V, Krausmann F, Plutzar C, Bondeau A, Haberl H (2007) A compre-
hensive global 5 min resolution land-use data set for the year 2000 consistent with
national census data. Journal of Land Use Science, 2, 191-224.

Erb KH, Haberl H, Krausmann F et al. (2009) Eating the planet: Feeding and fuelling
the world sustainably, fairly and humanely - a scoping study. Social Ecology
Working Paper no. 116. Postdam, Vienna.

Erb K-H, Haberl H, Plutzar C (2012a) Dependency of global primary bioenergy crop
potentials in 2050 on food systems, yields, biodiversity conservation and political
stability. Energy Policy, 47, 260-269.

Erb KH, Mayer A, Krausmann F, Lauk C, Plut C, Steinberger ], Haberl H (2012b) The
interrelations of future global bioenergy potentials, food demand and agricultural
technology. In: Socioeconomic and Environmental Impacts of Biofuels: Evidence from
Developing Nations (eds Gasparatos A, Stromberg P), pp. 27-52. Cambridge
University Press, Cambridge, UK.

Evans LT (1998) Feeding the Ten Billion: Plants and Population Growth. Cambridge
University Press, Cambridge.

FAO (2006) World agriculture: Towards 2030/2050. Prospects for Food, Nutrition, Agricul-
ture and Major Commodity Groups, Food and Agriculture Organization of the United
Nations, Global Perspective Studies Unit. Global Perspective Studies Unit, Food and
Agriculture Organization of the United Nations, Rome, June 2006.

FAO (2010) Final Document: International Scientific Symposium Biodiversity and Sustain-
able Diets: United against Hunger. Food and Agricultural Organization, Rome.

FAO (2011) The State of the World's Land and Water Resources for Food and Agriculture
(SOLAW) - Managing systems at risk. Food and Agriculture Organization of the
United Nations, Rome and Earthscan, London.

FAOSTAT (2011) FAO. Food and Agriculture Organization of the United Nations,
Rome (ITA).

Farley ], Costanza R (2010) Payments for ecosystem services: from local to global.
Ecological Economics, 69, 2060-2068.

Firbank L, Bradbury R, Jenkins A et al. (2011) Enclosed farmland [chapter 7]. In: UK
National Ecosystem Assessment. Understanding Nature’s Value to Society. Technical
Report (eds Watson R, Albon S), pp. 197-239. UNEP-WCMC, Cambridge.

Fischer G, Hizsnyik E, Prieler S, Wiberg D (2011) Scarcity and abundance of land
resources: competing uses and the shrinking land resource base. SOLAW Back-
ground Thematic Report — TR02. FAO, Rome, Italy.

Flynn HC, Smith P (2010) Greenhouse Gas Budgets of Crop Production and the Mitigation
Potential of Nutrient Management. International Fertiliser Society, York, UK.

Foley JA, Defries R, Asner GP et al. (2005) Global Consequences of Land Use. Science,
309, 570-574.

Foley JA, Ramankutty N, Brauman KA et al. (2011) Solutions for a cultivated planet.
Nature, 478, 337-342.

Foresight (2011) The Future of Food and Farming. Final Project Report. The Government
Office for Science, London, UK.

Frenken K, Kiersch B (2011) Monitoring agricultural water use at country level: Expe-
riences of a pilot project in Benin and Ethiopia, Suivi de l'utilisation de I'eau agri-
cole au niveau des pays: Expériences d'un projet pilote au Bénin et en Ethiopie.
FAO Land and Water Discussion Paper 9. FAO, Rome.

Garg KK, Karlberg L, Wani SP, Berndes G (2011) Biofuel production on wastelands in
India: opportunities and trade-offs for soil and water management at the
watershed scale. Biofuels, Bioproducts and Biorefining, 5, 410-430.

Garnett T, Godfray C (eds) (2012) Sustainable intensification in agriculture. Navigat-
ing a course through competing food system priorities. In: Food Climate Research
Network and the Oxford Martin Programme on the Future of Food, University of
Oxford, UK, 51pp.

Gattinger A, Muller A, Haeni M et al. (2012) Enhanced top soil carbon stocks under
organic farming. Proceedings of the National Acadeny of Sciences, 109, 18226-18231.
Godfray HCJ, Beddington JR, Crute IR et al. (2010) Food security: the challenge of

feeding 9 billion people. Science, 327, 812-818.

Gonzdlez AD, Frostell B, Carlsson-Kanyama A (2011) Protein efficiency per unit
energy and per unit greenhouse gas emissions: potential contribution of diet
choices to climate change mitigation. Food Policy, 36, 562-570.

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

Haberl H, Geissler S (2000) Cascade utilization of biomass: strategies for a more effi-
cient use of a scarce resource. Ecological Engineering, 16, 111-121.

Haberl H, Erb K-H, Krausmann F, Adensam H, Schulz N (2003) Land-use change
and socio-economic metabolism in Austria-Part II: land-use scenarios for 2020.
Land Use Policy, 20, 21-39.

Haberl H, Erb KH, Krausmann F et al. (2011) Global bioenergy potentials from
agricultural land in 2050: sensitivity to climate change, diets and yields. Biomass
and Bioenergy, 35, 4753-4769.

Haberl H, Steinberger JK, Plutzar C, Erb K-H, Gaube V, Gingrich S, Krausmann F
(2012) Natural and socioeconomic determinants of the embodied human appropri-
ation of net primary production and its relation to other resource use indicators.
Ecological Indicators, 23, 222-231.

Hardeman W, Johnston M, Johnston D, Bonetti D, Wareham N, Kinmonth AL (2002)
Application of the theory of planned behaviour in behaviour change interventions:
a systematic review. Psychology and Health, 17, 123-158.

Harper R]J, Beck AC, Ritson P et al. (2007) The potential of greenhouse sinks to under-
write improved land management. Ecological Engineering, 29, 329-341.

Havlik P, Schneider UA, Schmid E et al. (2011) Global land-use implications of first
and second generation biofuel targets. Energy Policy, 39, 5690-5702.

Hodges R], Buzby JC, Bennett B (2011) Postharvest losses and waste in developed
and less developed countries: opportunities to improve resource use. The Journal of
Agricultural Science, 149, 37-45.

TAASTD (2009) Agriculture at a Crossroads: Global Report. International Assessment of
Agricultural Knowledge, Science and Technology for Development (IAASTD). Island
Press, Washington, D.C.

IPCC (2001) Climate Change 2001: Mitigation. Contribution of Working Group III to the
Third Assessment Report. Intergovernmental Panel on Climate Change. Cambridge Uni-
versity Press, Cambridge, UK and New York, USA.

IPCC (2007) Climate Change 2007: Mitigation. Contribution of Working Group III to the
Fourth Assessment Report. Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK and New York, USA.

Jackson RB, Jobbagy EG, Avissar R et al. (2005) Trading water for carbon with
biological carbon sequestration. Science, 310, 1944-1947.

Johnston M, Foley JA, Holloway T, Kucharik C, Monfreda C (2009) Resetting glo-
bal expectations from agricultural biofuels. Environmental Research Letters, 4,
014004.

Joosten H, Sirin A, Couwenberg J, Laine ], Smith P (2013) The role of peatlands in
climate regulation. In: Peatland Restoration and Ecosystem Services (eds Bonn A, Allot
T, Evans M, Joosten H, Stoneman R). Cambridge University Press, UK. (in press).

Koziell I, Swingland IR (2002) Collateral biodiversity benefits associated with
‘free-market’ approaches to sustainable land use and forestry activities. Philo-
sophical Transactions of the Royal Society of London Series A-Mathematical Physical and
Engineering Sciences, 360, 1807-1816.

Krausmann F, Erb K-H, Gingrich S, Lauk C, Haberl H (2008) Global patterns of socio-
economic biomass flows in the year 2000: A comprehensive assessment of supply,
consumption and constraints. Ecological Economics, 65, 471-487.

Kummu M, De Moel H, Porkka M, Siebert S, Varis O, Ward PJ (2012) Lost food,
wasted resources: global food supply chain losses and their impacts on freshwater,
cropland, and fertiliser use. The Science of the Total Environment, 438C, 477-489.

Lal R (2001) Potential of desertification control to sequester carbon and mitigate the
greenhouse effect. Climatic Change, 51, 35-72.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302



AFOLU GHG MITIGATION AND FOOD SECURITY 2301

Lal R (2005) World crop residues production and implications of its use as a biofuel.
Environment International, 31, 575-584.

Lambin EF, Meyfroidt P (2011) Global land use change, economic globalization, and
the looming land scarcity. Proceedings of the National Acadenmy of Sciences, 108, 3465~
3472.

Lauk C, Haberl H, Erb KH, Gingrich S, Krausmann F (2013) Global socioeconomic
carbon stocks and carbon sequestration in long-lived products 1900-2008. Environ-
mental Research Letters, 7, 034023.

Lotze-Campen H, Popp A, Beringer T, Miiller C, Bondeau A, Rost S, Lucht W (2010)
Scenarios of global bioenergy production: the trade-offs between agricultural
expansion, intensification and trade. Ecological Modelling, 221, 2188-2196.

Macdiarmid J, Kyle J, Horgan G, Loe ], Fyfe C, Johnstone A, Mcneill G (2011) Livewell:
A Balance of Healthy and Sustainable Food Choices. WWEF, UK.

Maes WH, Heuvelmans G, Muys B (2009) Assessment of land use impact on water-
related ecosystem services capturing the integrated terrestrial-aquatic system.
Environmental Science and Technology, 43, 7324-7330.

Matthews RW (2001) Modelling of energy and carbon budgets of wood fuel coppice
systems. Biomass and Bioenergy, 21, 1-19.

Mayrand K, Paquin M (2004) Payments for Environmental Services: A Survey and Assess-
ment of Current Schemes. Unisfera International Centre for the Commission of Envi-
ronmental Cooperation of North America, Montreal, UNISFERA International
Centre for the Commission of Environmental Cooperation of North America,
Montreal.

Meinshausen M, Meinshausen N, Hare W et al. (2009) Greenhouse-gas emission
targets for limiting global warming to 2 °C. Nature, 458, 1158-1162.

Millennium Ecosystem Assessment (2005) Ecosystem and Human Well-being: Synthesis.
Nairobi, United National Environment Program, New York.

Mueller ND, Gerber ]S, Johnston M, Ray DK, Ramankutty N, Foley JA (2012) Closing
yield gaps through nutrient and water management. Nature, 490, 254-257.

Nabuurs GJ, Masera O, Andrasko K et al. (2007) Forestry. In: Climate Change 2007:
Contribution of Working Group III to the Fourth Assessment Report of the Intergoven-
mental Panel on Climate Change (eds Metz B, Davidson OR, Bosch PR, Dave R,
Meyer LA), pp. 541-584. Cambrigde University Press, Cambridge, UK and New
York, USA.

Nakicenovic N, Alcamo J, Davis G, De Vries B, Fenhann ] (2000) Special Report on
Emissions Scenarios: A Special Report of Working Group 111 of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge, UK.

Nassén J, Hedenus F, Karlsson S, Holmberg ] (2012) Concrete vs. wood in buildings —
an energy system approach. Building and Environment, 51, 361-369.

Obersteiner M, Béttcher H, Yamagata Y (2010) Terrestrial ecosystem management for
climate change mitigation. Current Opinion in Environmental Sustainability, 2,
271-276.

Ogle SM, Swan A, Paustian K (2012) No-till management impacts on crop productiv-
ity, carbon input and soil carbon sequestration. Agriculture, Ecosystems and Environ-
ment, 149, 37-49.

Ostrom E (2010) Beyond markets and States: polycentric governance of complex
economic systems. American Economic Review, 100, 641-672.

Pan G, Smith P, Pan W (2009) The role of soil organic matter in maintaining the
productivity and yield stability of cereals in China. Agriculture, Ecosystems and
Environment, 129, 344-348.

Parfitt J, Barthel M, Macnaughton S (2010) Food waste within food supply chains:
quantification and potential for change to 2050. Philosophical Transactions of the
Royal Society B: Biological Sciences, 365, 3065-3081.

Pimental D, Jurd LE, Bellotti AC, Forster MJ, Oka IN, Sholes OD, Whitman R] (1973)
Food production and the energy crisis. Science, 182, 443-449.

Popp A, Lotze-Campen H, Bodirsky B (2010) Food consumption, diet shifts and asso-
ciated non-CO2 greenhouse gases from agricultural production. Global Environ-
mental Change, 20, 451-462.

Popp A, Dietrich JP, Lotze-Campen H et al. (2011a) The economic potential of bioen-
ergy for climate change mitigation with special attention given to implications for
the land system. Environmental Research Letters, 6, 034017.

Popp A, Lotze-Campen H, Leimbach M, Knopf B, Beringer T, Bauer N, Bodirsky B
(2011b) On sustainability of bioenergy production: integrating co-emissions from
agricultural intensification. Biomass and Bioenergy, 35, 4770-4780.

Porter JR, Challinor A, Ewert F et al. (2010) Food security: focus on agriculture.
Science, 328, 172-173.

Reay DS, Davidson EA, Smith KA, Smith P, Melillo JM, Dentener F, Crutzen PJ
(2012) Global agriculture and nitrous oxide emissions. Nature Climate Change, 2,
410-416.

Rockstrom J, Karlberg L, Wani SP e al. (2010) Managing water in rainfed agriculture—the
need for a paradigm shift. Agricultural Water Management, 97, 543-550.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302

Rose SK, Golub AA, Sohngen B (2013) Total factor and relative agricultural produc-
tivity and deforestation. American Journal of Agricultural Economics, 1-9. doi: 10.
1093/ajae/aas113 (available on-line December 14, 2012)

Sandor RL, Bettelheim EC, Swingland IR (2002) An overview of a free-market
approach to climate change and conservation. Philosophical Transactions of the Royal
Society of London Series A-Mathematical Physical and Engineering Sciences, 360, 1607—
1620.

Sathaye J, Makundi W, Dale L, Chan P, Andrasko K (2006) GHG mitigation potential,
costs and benefits in global forests: a dynamic partial equilibrium approach.
Energy Journal, 27, 127-172.

Schmidinger K, Stehfest E (2012) Including CO, implications of land occupation in
LCAs—method and example for livestock products. The International Journal of Life
Cycle Assessment, doi: 10.1007/s11367-012-0434-7 (in press).

Schneider U, Smith P (2009) Energy intensities and greenhouse gas emission mitiga-
tion in global agriculture. Energy Efficiency, 2, 195-206.

Schneider A, Friedl MA, Potere D (2009) A new map of global urban extent from
MODIS satellite data. Environmental Research Letters, 4, 044003.

Seufert V, Ramankutty N, Foley JA (2012) Comparing the yields of organic and con-
ventional agriculture. Nature, 485, 229-234.

Sims REH, Hastings A, Schlamadinger B, Taylor G, Smith P (2006) Energy crops: cur-
rent status and future prospects. Global Change Biology, 12, 2054-2076.

Smith P (2008) Land use change and soil organic carbon dynamics. Nutrient Cycling in
Agroecosystems, 81, 169-178.

Smith P (2012a) Agricultural greenhouse gas mitigation potential globally, in Europe
and in the UK: what have we learnt in the last 20 years? Global Change Biology, 18,
35-43.

Smith P (2012b) Delivering food security without increasing pressure on land. Global
Food Security. Available at: http://dx.doi.org/10.1016/j.gfs.2012.11.008 (accessed 4
February 2013)

Smith P, Gregory PJ (2013) Climate change and sustainable food production. Proceed-
ings of the Nutrition Society, 72, 21-28.

Smith P, Powlson DS, Smith JU, Falloon P, Coleman K (2000) Meeting Europe’s
climate change commitments: quantitative estimates of the potential for carbon
mitigation by agriculture. Global Change Biology, 6, 525-539.

Smith P, Martino D, Cai Z et al. (2007a) Agriculture. In: Chapter 8 of Climate change
2007: Mitigation. Contribution of Working group III to the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change (eds Metz B, Davidson OR, Bosch PR,
Dave R, Meyer LA), pp. 497-540. Cambridge University Press, Cambridge, UK
and New York, USA.

Smith P, Martino D, Cai Z et al. (2007b) Policy and technological constraints to imple-
mentation of greenhouse gas mitigation options in agriculture. Agriculture, Ecosys-
tems and Environment, 118, 6-28.

Smith P, Martino D, Cai Z et al. (2008) Greenhouse gas mitigation in agriculture.
Philosophical Transactions of the Royal Society of London Series B, Biological Sciences,
363, 789-813.

Smith P, Gregory PJ, Van Vuuren DP et al. (2010) Competition for land. Philosophical
Transactions of the Royal Society B: Biological Sciences, 365, 2941-2957.

Smith P, Ashmore M, Black H et al. (2012a) The role of ecosystems in regulating
climate, and soil, water and air quality. Journal of Applied Ecology, doi: 10.1111/
1365-2664.12016

Smith WK, Zhao M, Running SW (2012b) Global bioenergy capacity as constrained
by observed biospheric productivity rates. BioScience, 62, 911-922.

Sochacki SJ, Harper R], Smettem KRJ (2012) Bio-mitigation of carbon following affor-
estation of abandoned salinized farmland. GCB Bioenergy, 4, 193-201.

Spedding CRW, Walsingham JM (1976) The production and use of energy in agricul-
ture. Journal of Agricultural Economics, 27, 19-30.

Stehfest E, Bouwman L, Vuuren DP, Elzen MGJ, Eickhout B, Kabat P (2009) Climate
benefits of changing diet. Climatic Change, 95, 83-102.

Steinfeld H, Mooney HA, Schneider F, Neville LE (2010) Livestock in a Changing
Landscape. Drivers, Consequences and Responses. Island Press, Washington DC.

Strassburg B, Turner K, Fisher B, Schaeffer R, Lovett A (2008) An Empirically-derived
Mechanism of Combined Incentives to Reduce Emissions from Deforestation. CSERGE
Working Paper ECM 08-01. CSERGE, University of East Anglia, Norwich, UK.

Swingland IR, Bettelheim EC, Grace J, Prance GT, Saunders LS (2002) Carbon, biodi-
versity, conservation and income: an analysis of a free-market approach to land-
use change and forestry in developing and developed countries. Philosophical
Transactions of the Royal Society of London Series A-Mathematical Physical and
Engineering Sciences, 360, 1563-1565.

Thornton PK, Herrero M (2010) Potential for reduced methane and carbon dioxide
emissions from livestock and pasture management in the tropics. Proceedings of the
National Academy of Sciences, 107, 19667-19672.



2302 SMITH etal.

Tilman D, Balzer C, Hill J, Befort BL (2011) Global food demand and the sustainable
intensification of agriculture. Proceedings of the National Academy of Sciences, 108,
20260-20264.

Townsend PV, Harper RJ, Brennan PD, Dean C, Wu S, Smettem KR], Cook SE (2012)
Multiple environmental services as an opportunity for watershed restoration.
Forest Policy and Economics, 17, 45-58.

UKNEA (2011) UK National Ecosystem Assessment Technical Report. UNEP-WCMC,
Cambridge.

UNCCD (2011) UNCCD Statement at UNFCCC COP17 SBSTA, Agenda Item Three. 28
November 2011. United Nations Convention to Combat Desertification, Bonn.

UNEP (2009) Assessing Biofuels, Towards Sustainable Production and Use of Resources.
United Nations Environment Programme (UNEP), Division of Technology, Indus-
try and Ecocnomics, Paris.

UNFCCC (2007) Investment and Financial Flows to Address Climate Change. United
Nations Framework Convention on Climate Change, Bonn.

UNFCCC (2012). Available at: http:/ /unfccc.int/essential_background/the_science/
items/6064.php (accessed 4 February 2013)

Venter O, Laurance WF, Iwamura T, Wilson KA, Fuller RA, Possingham HP (2009)
Harnessing carbon payments to protect biodiversity. Science, 326, 1368.

WBGU (2009) Future Bioenergy and Sustainable Land Use. Earthscan, London.

WHO (2004) Global Strategy on Diet, Physical Activity and Health. World Health Organi-
sation, Rome. Available at http://www.who.int/dietphysicalactivity/strategy/
eb11344/en/index.html (accessed 4 February 2013).

Wicke B, Smeets E, Dornburg V, Vashev B, Gaiser T, Turkenburg W, Faaij A (2011)
The global technical and economic potential of bioenergy from salt-affected soils.
Energy and Environmental Science, 4, 2669-2681.

Wirsenius S (2000) Human Use of Land and Organic Materials: Modelling the Turnover of
Biomass in the Global Food System. Thesis, Department of Physical Resource Theory,
Chalmers University of Technology, Goteborg.

Wirsenius S (2003) The biomass metabolism of the food system: a model-based
survey of the global and regional turnover of food biomass. Journal of Industrial
Ecology, 7, 47-80.

Wirsenius S, Azar C, Berndes G (2010) How much land is needed for global food
production under scenarios of dietary changes and livestock productivity
increases in 2030? Agricultural Systems, 103, 621-638.

Woods ], Williams A, Hughes JK, Black M, Murphy R (2010) Energy and the food
system. Philosophical Transactions of the Royal Society B: Biological Sciences, 365, 2991
3006.

Woolf D, Amonette JE, Street-Perrott FA, Lehmann J, Joseph S (2010) Sustainable
biochar to mitigate global climate change. Nature Communications, 1, 1-9.

Wiinscher T, Engel S (2012) International payments for biodiversity services: review
and evaluation of conservation targeting approaches. Biological Conservation, 152,
222-230.

York R (2012) Do alternative energy sources displace fossil fuels? Nature Climate
Change, 2, 441-443.

Zomer R, Trabucco A, Van Straaten O, Bossio D (2006) Carbon, land and water: a global
analysis of the hydrologic dimensions of climate change mitigation through afforestation/
reforestation. INMI Research Report 101. International Water Management Institute,
Colombo, Sri Lanka, 44 pp.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2285-2302



