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ARTICLE INFO ABSTRACT

The Sustainable Development Goals (SDGs) imply country-led implementation. Yet, their achievement depends
on sustainability targets compatible across different sectors and scales. Our study examines how the GHG
emission intensity of agriculture (EIA) should evolve globally, regionally (Western Europe) and nationally (The
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Fsrrade'?ffs i Netherlands) under different socioeconomic pathways, so that two major aims of SDGs 2 and 13 (i.e. sufficient
Acgi?:ﬁfu::a SIS food production and climate change mitigation) are achieved simultaneously. Results show that, by 2050, re-

lative to 2010 values, EIA should decrease at all three levels when measured on a product basis (GHG emissions
per ton dry matter) and on a land basis (GHG emissions per ha). This indicates that, globally, agriculture should
be intensified per unit area, while in Western Europe and even more so in the Netherlands additional emission
reductions require increased production efficiency and lower production volumes. Projected reductions in me-
thane and nitrous oxide emissions from enteric fermentation, manure management and fertilizer application in
Dutch agriculture are much higher than what would be achieved through the extrapolation of current trends.
Given the high costs of increasing production efficiency further, our analysis indicates the need for significantly
more ambitious policy targets and systemic changes, including reduced consumption of animal-sourced food.
Besides shedding light on the interaction between climate and agricultural strategies, our analysis illustrates the
application of cross-scale thinking in the operationalization of the SDG agenda and underscores the need for
concerted action amongst countries.

1. Introduction

The 17 Sustainable Development Goals (SDGs) launched in 2015 by
the United Nations aim at “ending poverty, protecting the planet
and ensuring prosperity for all” (UN, 2015). The SDGs were designed
according to the principle of country-led implementation, through
which local diversity and context-specificities should be considered. At
the same time, sustainability actions taken locally must, on aggregate,
be consistent with planetary boundaries and global ambitions such as
reducing poverty worldwide (Rockstrom et al., 2009). The pursuit of
the SDG agenda thus relies on the simultaneous and integrated
achievement of targets at the national, regional and global levels.

Policies to implement the SDGs also need to take account of the
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interactions between the SDGs. These interactions have been recently
highlighted by several studies (Nilsson et al., 2016; van Vuuren et al.,
2015; Pradhan et al., 2017). Here, we focus mostly on the interactions
between SDGs related to climate change and food systems. Agriculture
is directly responsible for around 13% of global greenhouse gas (GHG)
emissions (Stocker et al., 2013) and constitutes the main driver behind
land-use emissions. Despite uncertainties as to its exact contribution to
climate change mitigation (Wollenberg et al., 2016), the sector is
paramount to reach the goals of the Paris Climate Agreement (which
imply net zero GHG emissions after 2050), especially given its inter-
action with land-based mitigation strategies (Popp et al., 2017) and the
possible need for negative emissions (Allen et al., 2018). Moreover,
there will be a clear need to increase food production globally over the
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same period in order to feed 9-10 billion people in 2050 (Godfray et al.,
2010), despite possibly detrimental impacts of climate change. The
future development of agriculture is hugely important for climate se-
curity (SDG 13), food security (SDG 2), economic prosperity of rich and
poor regions alike (SDG 1) and terrestrial and marine biodiversity
(SDGs 14 and 15).

While regional trajectories of agricultural emissions are crucial for
climate change mitigation, much uncertainty exists as to the various
development pathways that society may undertake. The unpredict-
ability of climate change itself, as well as population dynamics, market
fluctuations, trade flows and varying governance levels are some of the
factors that compound such uncertainty, ultimately rendering scenario
analysis valuable. In the case of global sustainability targets like climate
change mitigation, additional complexity arises from the issue of effort-
sharing. Defining the level of responsibility of each world region — so
that they achieve an emission intensity of agriculture (EIA) compatible
with global climate change mitigation targets — involves ethical, his-
torical, economic and development-related factors.

To date, most of the research on SDGs using integrated assessment
models (IAMs) has focused on the analysis of potential synergies and
trade-offs between SDGs globally (Rao et al., 2016; Obersteiner et al.,
2016; van Vuuren et al., 2015). At this scale, IAMs are appropriate tools
to account for the long-term interactions between human and natural
systems. On the other hand, IAMs’ high level of aggregation in terms of
technological, spatial and temporal scales and relatively coarse global
databases pose limits to the derivation of local policy recommenda-
tions. Several sectoral studies have focused on specific aspects of the
SDG agenda at the more local scale such as population dynamics
(Abel et al., 2016) and agriculture (Kanter et al., 2016). While most of
them propose actions suited to different contexts, also their scalability
is disputed since this is done irrespective of the links between regions
and sectors. Despite the importance of bringing these efforts together
for policy and research, few attempts have been made to check for
consistency between results obtained at different scales or to elucidate
their interdependence. Concerning agriculture, more specifically, a
knowledge gap exists as to whether GHG emission trends observed in
different countries are consistent with emission reduction requirements
estimated at the regional and global scales (Palazzo et al., 2017;
Vervoort et al., 2014).

This study shows what different climate change mitigation path-
ways entail for agricultural emissions at global and regional levels, and
how downscaled country-specific estimates of agricultural emissions
compare with current GHG emission trends and perspective for local
action. All the pathways imply the production of enough food to feed
the world population as well as the achievement of the climate change
mitigation targets set forth by the Paris Agreement.

To illustrate the translation of global targets into local action, while
also exploring the role of developed countries towards the SDGs, we
select the Netherlands as a case study. With intensely managed farms
and high per capita levels of animal-based protein consumption, the
country plays a key role in the global food system as the second largest
exporter of agricultural products and a net importer of feed con-
centrates (CBS, 2016). As such, it offers insights into the kinds of
changes needed for other high-intensity countries to meet global cli-
mate change targets. More broadly, the use of a case study allows us to
derive lessons relevant to the operationalization of SDGs, which in-
variably requires the reconciliation of sustainability targets across
sectors and scales.

2. Methods

To analyse what different climate mitigation pathways entail for
agricultural emissions at global and regional levels, and how down-
scaled country-specific projections of agricultural emissions compare
with current emission trends, we adopt the GHG Emission Intensity of
Agriculture (EIA) as a key performance indicator. EIA is measured for

Global Environmental Change 59 (2019) 101983

each region both in terms of total agricultural produce (EIApy) and
total farmland (EIAy,), as further detailed in Section 2.3. Instead of
presenting results for specific crops as in previous studies (Smith et al.,
2016), we present results for agriculture as a whole, thereby allowing
for flexibility concerning how EIA reductions are achieved at the local
level (including product substitution for the best nutritional outcome
possible).

Our study has three main parts. In the first part (Section 3.1) we use
the result of an integrated assessment model to estimate the EIA of 26
world regions under different scenarios, so that climate change miti-
gation and sufficient food production are both secured by 2050. We
assess how EIA is projected to change across these world regions based
on the lowest cost approach to mitigate climate change. In the second
part (Section 3.2) we use the EIA curves obtained for the “Western
Europe” region (WEU) under all four scenarios to derive a set of EIA
curves for the Netherlands. The downscaling is done according to three
different methods: (i) the Dutch share of WEU's production and GHG
emissions in 2015 remains the same throughout the study's timeframe;
(ii) the 2005-2015 trend of the Dutch share of WEU's production and
GHG emissions is extrapolated until 2050; and (iii) the Dutch agri-
cultural emissions reduce in line with EU policies on effort sharing. In
the third part (Section 3.3) we compare past and current trends of GHG
emissions in Dutch agriculture with downscaled results from the second
part.

2.1. Model framework

IMAGE (Stehfest et al., 2014) is a dynamic integrated assessment
modelling framework of interacting human and natural systems. As
such, it is a useful tool to project and analyse global changes, particu-
larly concerning transitions regarding the use of energy, land, water
and other resources over the long run (up to the year 2100). While
IMAGE models 26 world regions (the region classification map is
available at http://models.pbl.nl/image/index.php/Region_
classification_map), land use, land cover and associated biophysical
processes are treated at a5 X 5 or 30 X 30 arcminute-resolution. The
core model of IMAGE consists of the MAGNET agricultural economy
general equilibrium model, the TIMER energy system simulation model,
and the IMAGE-LPJmL model (which covers land allocation as well as
carbon, water, and crop and vegetation dynamics).

2.1.1. Agricultural economics

In IMAGE, projected development of the agricultural economy is
calculated using the agroeconomic model MAGNET (Woltjer et al.,
2014). MAGNET is a computable general equilibrium model (CGE)
connected via a soft link to the core model of IMAGE. MAGNET is an
extended version of the GTAP model (Hertel, 1997), which is a multi-
regional, static, applied CGE. In addition, MAGNET includes interna-
tional and EU agricultural policies, such as production quota and ex-
port/import tariffs (Helming et al., 2010).

Supply and demand: In MAGNET, demand for agricultural products is
calculated based on changes in income, income elasticities, preference
shift, price elasticities, cross-price elasticities, and the commodity prices
arising from changes in the supply side. Demand and supply are ba-
lanced via prices to reach equilibrium. Income elasticities for agri-
cultural commodities are consistent with FAO estimates (Britz, 2003)
and dynamically depend on purchasing power parity-corrected GDP per
capita. The supply of all commodities is modelled by an input-output
structure that explicitly links the production of goods and services for
final consumption via different processing stages back to primary pro-
ducts (crop and livestock products) and resources. At each production
level, input of labour, capital and intermediate inputs or resources (e.g.
land) can be substituted for one another according to changes in their
relative prices.

Regional aggregation and trade: MAGNET calculations are made at
the level of 129 regions, aggregated to 26 regions when linked with
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IMAGE. Like other CGE models, MAGNET assumes that products traded
internationally are differentiated according to their country of origin; it
follows that domestic and foreign products are imperfect substitutes.

Land use: MAGNET includes a dynamic land supply function
(van Meijl et al., 2006) that accounts for the suitability and availability
of land for agricultural use, based on information from IMAGE. A nested
land use structure accounts for the differences in substitutability of the
various types of land use.

Land supply: MAGNET calculates land supply as a function of land
used in agriculture and land prices. Total land supply includes all land
that is potentially available for agriculture, where crop production is
possible under soil and climate conditions, and where no other re-
strictions apply such as urban or protected area designations. In IMAGE,
land supply in each region is obtained from potential crop productivity
and land availability on a 5 X 5 arcminute-resolution. The supply curve
depends on total land supply, current agricultural area, current land
price, and estimated price elasticity of land supply in the starting year
(Mandryk et al., 2015). In regions with a large reserve of suitable
agricultural land, such as Sub-Saharan Africa and some regions in South
America, the price elasticity of land supply is higher, with expansion of
agricultural land occurring at smaller price changes. Land supply can be
restricted in IMAGE and MAGNET. The exclusion of some areas from
the land supply curve leads to lower elasticities, less land-use change
and higher prices (Overmars et al., 2014).

Agricultural intensification: Biophysical yield effects due to climate
and area changes are calculated by the dynamic global vegetation
model LPJmL (Bondeau et al., 2007) and communicated to MAGNET.
Crop and pasture yields in MAGNET may change as a result of four
processes: (i) autonomous technological change (external scenario as-
sumption); (ii) substitution of production factors (endogenous); (iii)
climate change (from IMAGE); and (iv) changes in agricultural area
affecting crop yields (e.g. decreasing yields due to expansion into less
suitable regions from IMAGE).

2.1.2. Land-use allocation

IMAGE distinguishes extensive grassland, agricultural and non-
agricultural grid cells, and within agricultural land areas fractions of
grass, seven rain-fed and seven irrigated crop types, and bioenergy
crops. These include temperate cereals, rice, maize, tropical cereals,
roots and tubers, pulses and oil crops (both rain-fed and irrigated);
grass, sugar cane and maize for bioenergy; and woody and non-woody
bioenergy.

Cropland abandonment and expansion are based on productivity
levels of each location. Expansion allocation, in particular, is de-
termined through an algorithm with four drivers: potential crop yields,
accessibility (Nelson, 2008), population density (Klein Goldewijk et al.,
2010), and terrain slope index (IIASA, 2012). Next to land use alloca-
tion, IMAGE land management models the livestock production for five
classes (beef, dairy cattle, pigs, poultry, sheep and goats) for 26 regions.
Ruminants can be produced in intensive or extensive systems, taking
into account large variations between regions in feed composition, feed
efficiency, genetic animal productivity and age at slaughter
(Bouwman et al., 2005). The livestock production module determines
the amount of feed crops and grass required to fulfil demand for animal
production as calculated by MAGNET. Expansion or abandonment of
grazing land depends on demand for grass and follows the same allo-
cation procedure as cropland.

2.1.3. Model calibration and validation

For the purposes of calibration, IMAGE reproduces history from
1971 onwards. The historical land use in IMAGE is consistent with FAO
statistics. Historical rates of regional crop yield changes, efficiency of
livestock systems and fertilizer application are calibrated to FAOSTAT
data, while the FAO Agricultural Outlook (Alexandratos and
Bruinsma, 2012) aids the calibration of future projections. The energy
module of IMAGE (TIMER) is calibrated according to the International
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Energy Agency (IEA, 1970-2012) while land use emission factors are
based on the EDGAR database (JRC, 2011).

As for validation, modelling consortia (e.g. IAMC, AgMIP) con-
ducted several model comparison exercises in the past years high-
lighting differences concerning projected land use, agricultural pro-
duction, crop yields, carbon and nutrient cycles and response to climate
shocks (Popp et al., 2017; Lampe et al., 2014; Nelson et al., 2014;
Schleussner et al., 2018). These differences affect each models’ miti-
gation potential of the agricultural sector. When it comes to CH4 and
N,O from agriculture, IMAGE is in line with emission projections from
other integrated assessment models under both SSP1 and SSP2 (Popp
et al., 2017; van Meijl et al., 2018). Moreover, IMAGE is the marker for
simulations under SSP1, which other models try to emulate
(van Vuuren et al., 2017b), while the analysis of different scenarios
allows us to explore uncertainty in some parameters.

2.1.4. Carbon tax

In IMAGE, a price on greenhouse gas emissions (‘carbon tax’) is
introduced to meet the climate targets. This price stimulates changes in
production and consumption patterns related to the energy system, and
production emissions in the land system, to reduce all gaseous emis-
sions covered by the Kyoto Protocol (i.e. CO,, CH,4, N3O and others). It
should be noted that the tax is not intended as a specific policy in-
strument, but rather constitutes a generic mechanism — used in most
IAMs - to simulate the effort involved in abating emissions. As a result,
changes in the model with marginal cost below the level of the tax will
be introduced. In IMAGE, the climate policy model FAIR-SimCAP is
used to determine global emission pathways with a long-term climate
target (den Elzen et al., 2008). The FAIR-SimCAP model receives input
on mitigation costs from the various components of IMAGE. This in-
cludes information on CO, emission reduction in energy, but also action
to reduce non-CO, emissions in all sectors. The ambition level of REDD
and reforestation of degraded forest areas is roughly calibrated to the
carbon price (Kindermann et al., 2008).

2.2. Scenarios

EIA simulations are done under two storylines, so-called Shared
Socioeconomic Pathways (SSPs). SSPs consist of development trajec-
tories representative of a range of possible socioeconomic conditions for
the future. As such, they provide a framework for the assessment of
sustainability pathways across storylines and associated challenges for
climate mitigation and adaptation (Riahi et al., 2017; Van Vuuren et al.,
2014; O'Neill et al., 2014; Ebi et al., 2014). In our analysis, the two SSP
baselines able to meet climate mitigation targets from the Paris Climate
Agreement according to IMAGE projections were considered:

- SSP1 (“Sustainability”) - Describes a future pathway with low
challenges for adaptation and mitigation, where the world shifts
gradually towards a state of greater sustainability. Under climate
change mitigation targets, land use is strongly regulated (tropical
deforestation falls significantly); crop yields rapidly increase in low-
and medium-income regions; animal calorie intake is decoupled
from household income (which, in face of a higher income, implies a
lower increase of animal protein intake compared to historical
trends); food waste is reduced; international food markets are well-
connected; and international cooperation on climate change miti-
gation starts in 2020 with integral participation of the land use
sector.

SSP2 (“Middle-of-the-road”) - Describes medium challenges for
adaptation and mitigation and is intended to represent a future in
which development trends are not extreme in any of the dimensions,
but rather follow middle-of-the-road pathways. In the climate
change mitigation targets, similar constraints as those in SSP1 are
placed but with lower ambitions, i.e. the decline in deforestation
rates happens at a lower rate; yield increase through technological
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change takes place at a medium pace; dietary patterns follow the
trends of meat consumption historically associated with increasing
income; a semi-open globalized economy prevails; and international
cooperation for climate change mitigation is delayed, with partial
participation of the land use sector.

Regional crop yield changes assume that 50% of the improvement is
autonomous while the other 50% is price-driven. The autonomous
improvement of SSP1 is higher than that of SSP2 thanks to the former's
higher GDP projections. Still in SSP1, fertilizer efficiency improvement
is 20% higher than SSP2, except for in Sub-Saharan Africa where ap-
plication increases due to the occurrence of nutrient mining
(Lassaletta et al., 2014). Likewise, livestock system efficiencies are as-
sumed to increase faster in SSP1 than in SSP2 due to continued eco-
nomic growth and a subsequent increase in demand for animal source
food (less efficient regions experience 50% convergence with the most
efficient regions). For further details on the implementation of the SSPs
in IMAGE, see Appendix (Table S2).

All results are presented for both SSPs and associated climate
change mitigation projections consistent with the achievement of the
1.5 °C and 2 °C climate targets by 2100 (Van Vuuren et al., 2011; Riahi
et al., 2017). Relevant climate policies (in the form of a carbon tax and
land protection strategies) ensure the necessary mitigation level, with
emission reduction taking place in both the energy and the land use
systems (see Appendix — Fig. S1). The four scenarios resulting from the
combination of storylines and climate targets are henceforth called
SSP1-1.5C, SSP2-1.5C, SSP1-2C and SSP2-2C.

2.3. GHG estimates

IMAGE calculates agricultural emissions based on the level of ac-
tivity of different processes (for emission factors, see Doelman et al.,
2018). For land use change emissions, the LPJml model includes carbon
stock accounting on a 30 X 30 arcminute-resolution. For the energy
system, emission factors are assigned to primary energy carriers de-
manded. The options for GHG emissions abatement included in IMAGE
- and used for the projections of climate change mitigation scenarios —
are explained in detailed in the Appendix — part 7.

EIA is calculated as total emissions divided by total agricultural
production (EIApy) and total utilized agricultural area (EIAy,). “Total
agricultural production (Mt DM/year)” includes energy-crops, other
crops, and livestock. “Total emissions (ton CO,eq/year)” include the
major GHG included in the Kyoto Protocol: CH,4 from agricultural waste
burning, enteric fermentation, manure, and rice; and N,O from manure
management, managed soils, biomass burning, and land.

3. Results
3.1. Modelled EIA projections at the global and regional levels

3.1.1. World

Climate change mitigation requires actions in the land and energy
systems (Figure S1). In SSP1-2C, a substantial share of the mitigation is
achieved through land-related measures, particularly lower methane
(CH,4) emissions and afforestation. Contrastingly, in SSP2-2C, higher
food demand and lower technological improvement lead to increased
mitigation efforts from the energy system (Fig. S1) and an overall
higher carbon tax (see Discussion and Appendix — Fig. S3). In both SSPs,
emission reduction comes primarily from decrease in CO5 emissions.

Global agricultural production increases substantially until 2050
under both SSPs due to growing population and affluence (Fig. 1). By
2050, the production of food and feed goes up by 61% in SSP1 (under
both climate targets) and 72% and 73% in SSP2-1.5C and SSP2-2C,
respectively. Livestock production is projected to go up by 50% in SPP1
and 67% in SSP2 irrespective of the climate target considered in each
case. The increase in the production of energy crops is much higher,
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particularly in the second half of the century, as a strategy to reduce
GHG emissions in the energy system and meet mitigation targets. This
happens through so-called negative emissions via the use of bioenergy
combined with carbon capture and storage (Rose et al., 2014; Bauer
et al., 2018; Clarke et al., 2014). In IMAGE, the projected bioenergy use
is primarily based on biofuels from lignocellulosic feedstocks and
electricity or hydrogen production combined with carbon capture and
storage (for details see Daioglou et al., 2019). By 2050, Latin America
(LAM) and Sub-Saharan Africa (SSA) increase their share in global food
production (Fig. S2) due to a projected increase in food demand, as well
as currently high yield gaps and local land abundance. This expansion
takes place in savannahs (tropical forests are protected in climate
change mitigation scenarios) which may have diverse effects on bio-
diversity and other environmental indicators (Doelman et al., 2018).

By 2050, global agricultural GHG emissions are projected to be re-
duced under all scenarios except for SSP2-2C, where it remains largely
unchanged (Fig. 1, middle column) (van Vuuren et al., 2017b; Doelman
et al., 2018). While most of the reduction in net GHG emissions under
SSP1-2C happens until 2050, in SSP2-2C the greater pressure for food
production due to higher population growth causes most of the emis-
sion reduction to take place in the second half of the century. Until
2050, N,O emissions are fairly constant in SSP1 and increase by 30% in
SSP2 with food production roughly doubling. Besides the limited po-
tential to reduce N,O emissions (Gernaat et al., 2015), this is partly
because measures to reduce N,O emissions are more expensive than the
carbon tax (Fig. S3). Alternatively, reductions in meat consumption
(and thus feed production) would allow for a decrease in N,O emissions
(as well as CO, and CH,4 emissions through a reduction in land use
change and number of animals) (van Vuuren et al., 2018).

EIA can be measured per unit output (tCOe tonDM ™) or land use
(tCO4e ha™1). These are presented as EIApy and EIAy,, respectively. By
2050, projected decreases in the world's EIAy, (i.e. 12% in SSP1-2C and
approximately constant in SSP2-2C) are much smaller than decreases in
the world's EIApy (i.e. 52% in SSP1-2C and 56% in SSP2-2C) since most
of the global agricultural production increase is to be achieved through
intensification as opposed to area expansion (Fig. 1).

3.1.2. Western Europe

Agricultural production is projected to increase in WEU, though at a
lower rate than globally. The share of WEU in global food production is
projected to fall from 9% in 2010 to approximately 5% in all scenarios
by 2050, despite a projected overall growth in WEU's total agricultural
production, particularly in SSP2. The projected increase in food pro-
duction is higher in SSP2-1.5C (58%) than in SSP2-2C (21%) because
expansion in LAM and AFR is constrained, leading to more production
in Europe. At the same time, agricultural land is projected to contract in
the WEU under all scenarios, especially in the case of grasslands due to
a shift towards livestock with larger shares of feed crops relative to
grass. The only exception is SSP2-1.5C, under which agricultural land
increases slightly (largely due to bioenergy production).

Over the same period, WEU's share of the world's agricultural
emissions (i.e. 8% in 2010) approximately halves under both SSPs. In
fact, contrary to most world regions, agricultural emissions in Western
Europe are projected to start falling early on under both SSPs (Fig. S4).
From 2010 to 2050, WEU's agricultural emissions under the 2 °C cli-
mate target fall by 49% in SSP1 and 36% in SSP2. Under the 1.5 °C
climate target, they fall by 52% and 34% in SSP1 and SSP2, respec-
tively.

EIA trends at the global level imply different EIA trajectories across
IMAGE's 26 regions (Figs. S5 and S6). While global EIAy, is lower than
WEU's EIAy,, global EIApy; is higher than WEU's EIApy,, reflecting the
region's higher yields. Under SSP1 and SSP2, both in the world and
Western Europe, the projected relative decline in EIApy, is greater than
that of EIAy,. The decline in EIApy, is due to a combination of increased
agricultural production and decreased emissions (with the former
playing the most important role in SSP2-2C), while the decline in EIAy,
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Fig. 1. Global projections of agricultural production (left), agriculture-related GHG emissions (centre) and EIA (right) under two socioeconomic pathways (SPP1 and
SSP2) and two climate targets (1.5 and 2 °C). Under SSP1-1.5C and SSP2-1.5C, global emissions reduce by 1.6 GtCO,eq/yr and 0.2 GtCO»eq/year, respectively. Under
SSP1-2C and SSP2-2C, global emissions decrease by 1.1 GtCOxeq/year and increase by 0.02 GtCO,eq/year, respectively.

is driven by decreased emissions rather than increased acreage under 3.2. Modelled EIA projections downscaled for the Netherlands
both SSPs.
Given the uncertainties about how agricultural production and
emissions will evolve in the future, we obtained EIA projections for the
Netherlands using three different downscaling methods (Fig. 2). In
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Fig. 2. Projections for EIApy (top row) and EIAy, (bottom row) for the Netherlands across all scenarios, according to three downscaling methods.

Method 1, we simply extrapolated current (i.e. 2015) Dutch shares of
food production and GHG emissions within WEU, calibrated according
to FAO statistics (FAOSTAT, 2017) and the latest Dutch National GHG
Inventory Report (Coenen, 2017). Method 2 is the same as Method 1
except that, instead of current shares, we extrapolated a 10-year trend
(i.e. 2005-2015) of the Dutch share of GHG emissions and agricultural
production within WEU. Finally, Method 3 is based on the EU Effort
Sharing Decision (EU-Commission, 2009), which establishes that the
contribution of each EU country towards the EU's total emission must
be proportional to that country's share of the EU's gross domestic pro-
duct per capita. The less wealthy a country, the less ambitious its tar-
gets. By applying this rule and assuming that the Dutch share of WEU's
agriculture production remains the same, we determined what the
Dutch agricultural GHG emissions should be by 2050 and, thus, EIA
trends in the Netherlands.

Total agricultural GHG emissions in the Netherlands are projected
to fall by 34-51% (i.e. 8-12 MtonCOeq) from 2010 to 2050 across all
scenarios and downscaling methods. The three downscaling methods
point at consistent EIA reduction ranges, with the 1.5 °C target implying
a greater reduction of about 5-10 percentage points in both EIAy, and
EIApy than that shown under the 2 °C target (Fig. 2). Both EIAy, and
EIApy must reduce significantly (Table 1).

3.3. Empirical EIA trends in Dutch agriculture

Total GHG emissions in the Netherlands decreased by about 24%
over 1990-2015, from 25.3 to 19.2 MtCOs-eq (Coenen, 2017). The
share of the Dutch emissions attributable to agriculture went from

Table 1

Reduction ranges needed to achieve the 1.5 and 2 °C climate mitigation targets
under SSP1 and SSP2 in terms of EIApy;, EIAy,, methane and nitrous oxide for
the Netherlands. Ranges indicate variations across all three downscaling
methods applied. Values are expressed in % and refer to the 2010-2050 period.

SSP1-1.5C SSP2-1.5C SSP1-2C SSP2-2C
ElApy 55-62 59-62 49-55 49-53
ElAn, 36-44 34-43 31-39 27-37
CH4 47-52 38-39 48-50 35-38
N0 47-51 33-37 46-49 34-38

11.3% in 1990 to 9.8% in 2015 (excluding emissions related to land use
and land-use change), however increasing trends for N,O and CH, from
agricultural processes were observed in recent years. Despite variations
over time in the EIA values associated to dairy and crop production
(Fig. 3), enteric fermentation, manure management and agricultural
soils — particularly the use of organic and synthetic fertilizers — still
constitute the main sources of direct GHG emissions in agriculture
(representing 44%, 23% and 28% of the sector's total emissions in 2015,
respectively) (Table S1).

3.3.1. Methane from enteric fermentation

Cattle alone is responsible for 89.4% of the methane emissions re-
lated to enteric fermentation in the Netherlands (Coenen, 2017). The
emissions are calculated based on the country's herd size multiplied by
animal-specific emission factors (EF), accounting for age and ration. For
IPCC reporting purposes, the Netherlands determines EFs for three ca-
tegories of cattle, of which mature dairy cattle corresponds to the main
share. Since 1990, the emission factor of dairy cattle has increased by
17% due to increased feed intake, while milk productivity increased
even more (39%), ultimately leading to lower EIApy, related to enteric
fermentation of 15% (Fig. 3a).

Numerous strategies have been proposed to reduce enteric methane
emissions but reaching their widespread adoption and full effectiveness
can be difficult. Dutch average yields are already among the highest in
the world (about 9000 1 of milk per year per cow) (CBS, 2018), ren-
dering further yield gains expensive. Besides, the increase in milk yield
has come at the expense of health and fertility performance
(Gerber et al., 2013). A production strategy focused on more lactations
over a longer lifetime could help lower EIApy by reducing the number
of replacement animals and increasing the overall productivity of the
herd, especially when accompanied by reduced disease incidence
(Mostert et al., 2018). Breeding for increased feed efficiency would also
lower feed intake and subsequently reduce EIApy. So far, however,
experimental data linking feed efficiency and methane has been in-
conclusive (Olijhoek et al., 2018) and direct breeding for reduced me-
thane emissions appears difficult (de Haas et al., 2017).

In addition to breeding, feeding strategies have been shown to re-
duce enteric methane. Improving forage quality (i.e. digestibility) could
effectively reduce EIApy, under certain conditions, for example
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Fig. 3. Past trends of EIAy, and EIApy associated with the production of (a) dairy and (b) crops in the Netherlands from 1990 to 2015.

(Hristov et al., 2013). Ongoing research includes the use of anti-me-
thanogenic algae (Machado et al., 2018). However, long-term effects of
most feed supplements (such as fatty acids, dietary nitrate or tannins)
are uncertain, especially when accounting for potential side-effects to
animal health and productivity (Lee and Beauchemin, 2014). Increasing
the maize-grass ratio in animal feed has been suggested as a methane
reduction strategy but could imply food-feed competition or cause a
shift from grass to cropland (often associated with soil carbon losses
and subsequent CO, emissions) (Van Middelaar et al., 2013; Van
Middelaar et al., 2014). In addition, the Netherlands relies on the non-
conversion of grasslands to comply with the country specific condition
for derogation from the EU Nitrate Directive, according to which ni-
trogen application rates in grassland may exceed the limit of 170kg/ha/
year imposed on other EU countries (Schroder and Neeteson, 2008).
Feeding strategies to reduce enteric methane might increase GHG
emissions from feed production, which should be considered when
seeking overall net reduction in GHG.

3.3.2. Methane from manure management

Methane emissions related to manure management depend on the
quantity and composition of manure, the management system em-
ployed (either liquid or solid, of which the first has higher emissions),
as well as the time manure is stored for (the longer the time, the higher
the emissions) (Van der Hoek and Van Schijndel, 2006). In the Neth-
erlands, most of the methane from manure management is related to
dairy cattle (12% of the total agricultural methane emissions)
(Coenen, 2017). The emission factor of dairy cattle has increased since
1990 due to greater confinement time and associated excretion rates
(leading to higher EIAy, and EIApy) (Fig. 3a, right panel). Contrast-
ingly, the emission factor of swine has decreased by about 30% during

the same period thanks to lower excretions, counteracting the increase
in animal numbers while yields remained constant.

The mitigation potential in manure management in the Netherlands
is uncertain. Some improvement could be achieved through technical
measures that lower the storage time and temperature of manure, or the
separation of the solid fraction and its application as fertilizer. Yet,
trade-offs may require investments additional to the cost of technolo-
gical implementation. Increasing grazing time, leading to lower me-
thane emissions, would probably result in slightly lower milk yields and
increased ammonia and nitrous oxide (N,O) emissions. Shifting animal
feed from grass to maize is not attractive to farmers who dispose
manure in grasslands, as explained above. Also, better timing of manure
application to cropland could help avoid leakages but would also re-
quire longer storage times (Montes et al., 2013).

Biodigesters have high mitigation potential and can be implemented
at the farm level or as centralised units where transportation needs are
low (like in intensive agricultural zones such as Western Europe)
(Kool et al., 2005). Despite growing investments (van Asselt et al.,
2007), biodigesters are not always economically feasible given the
combination of relatively low electricity prices in Europe, the lack of
options for the utilization of heat generated during the combustion of
biogas, as well as restrictions to the use of organic waste in the Neth-
erlands. Finally, co-digestion with maize silage and other substrates
that can be used as animal feed increases environmental impacts and
should be avoided (De Vries et al., 2012).

3.3.3. Nitrous oxide from agricultural soils

Emissions from agricultural soils include several categories, of
which the most important in the Netherlands is fertilizer application
(Velthof and Losada, 2011) as soil organic matter content is largely
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Table 2

Agricultural (non-CO,) GHG emissions reduction for the European Union ac-
cording to the EC 2050 Roadmap and IMAGE scenarios. All values are relative
to 1990 emission levels.

Projection source 2005 2030 2050
EC 2050 Roadmap (EU-28) —20% —36to —37% —42 to —49%
IMAGE (WEU + Central Europe) —29 to —36% —41 to —56%

constant (Reijneveld et al., 2009; van Grinsven et al., 2017). Since
1990, the EIApy associated with synthetic fertilizer use in arable
farming has decreased by approximately 25% due to higher crop yields
and lower application rates (Prins et al., 2017). Higher nitrogen use
efficiency, mainly through better application timing, allowed for less
fertilizer at no yield loss.

Despite good average trends in NUE and nitrogen surplus, the use of
synthetic fertilizer in the Netherlands has varied considerably in space
and time (Prins et al., 2017). Variation also exists across farmers; some
potato growers, for instance, must improve their NUE by almost 40% to
reach an optimal level of 0.75 (Tenreiro, 2017). Although precision
agriculture could increase NUE further for some crops without com-
promising yields (Silva et al., 2017), machinery costs have so far posed
a barrier to adoption. The high levels of fertilizer application observed
in the Netherlands are usually related to farmers’ risk aversion com-
bined with the need to dispose large amounts of manure, however al-
ternatives for manure processing and/or export will likely require
complex changes along the supply chain. Rotations with legumes and
greater use of compost may reduce EIAy, and EIApy by rendering
farming systems more efficient (Bos et al., 2017), but can be associated
with greater N,O and CO, emissions at crop level (Bos et al., 2017) and
are not always easy to adopt at large scale.

Dutch farming is already land-constrained (e.g. no expansion pos-
sible), intensely managed (e.g. many cows per unit land) and highly
efficient (e.g. low emissions per unit product) for some commodities.
Thus, the reduction of GHG emissions in agriculture should be primarily
achieved on a land basis (through lower production volumes) rather
than a product basis (through increased efficiency).

4. Discussion

Our results highlight the interdependence of regional EIA trajec-
tories to achieve global SDG targets. The necessary EIA reduction in
Western Europe and consequently in the Netherlands is a function of
the EIA reduction achieved elsewhere. This accentuates the need for
concerted action amongst regions and countries, as well as level playing
field in terms of market regulations and production standards.

The need to cut down the GHG emission intensity of agriculture per
land unit (EIAy,) is relatively small at global level and large for WEU
and the Netherlands. For EIApy the reduction from WEU and the
Netherlands is less than that achieved at a global level. Although most
mitigation should happen in the developing world in terms of EIApy,
most of the effort to reduce EIA;;, and absolute GHG emissions must be
undertaken by developed countries. This mainly reflects the projected
need to increase agricultural production in developing countries. At the
country level, the need for stricter GHG reduction targets is exacerbated
by the high GDP per capita of the Netherlands, used as a reference for
downscaling method 3.

4.1. Existing policy targets vs. model projections

According to existing European and Dutch climate policies, agri-
culture will play a major role in GHG emission reduction in the coming
decades. The 2030 European Framework for Climate and Energy in-
cludes EU-wide targets and policy objectives for 2020-2030 (EU-
Commission, 2014), including a 40% cut in GHGs compared to 1990
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levels, to be met through emission cuts of 43% in sectors covered by the
EU emissions trading system (ETS) and 30% in non-ETS sectors such as
agriculture (all relative to 2005 emission levels).

The European Commission has also proposed a Roadmap for moving
to a competitive low carbon economy by 2050, reflecting a longer-term
commitment to stricter climate mitigation targets (i.e. a rise in mean
global temperature below 2 °C) (EU-Commission, 2016). Milestones
include a 60% emission cut by 2040 and an 80% emission cut by 2050
(including all GHG sources). Such a pathway implies annual reductions
of roughly 1% in 2010-2020, 1.5% in 2020-2030, and 2% in
2030-2050. According to the Commission's projections, agriculture
alone can reduce non-CO, emissions by 42-49% compared to 1990,
which is in line with IMAGE projections (Table 2).

It should be mentioned that the EU Agricultural Outlook
(Capros et al., 2013) expects a higher yield growth than that projected
by IMAGE and somewhat constant non-CO, emissions in agriculture till
2050 (while IMAGE projects them to fall by 41-56%, in line with the
European Commission 2050 Roadmap (EU-Commission, 2016)).

In recent years, several member-states have been voluntarily
adopting stricter climate targets and advocating for deeper emission
cuts for the European Union. In the Netherlands, a new climate
agreement has been reached recently, according to which total GHG
emissions must be 95% lower than in 1990 by 2050. A subsequent
target proposed for agriculture (3.5 Mton of COseq by 2030
(Klimaatakkord, 2018)) reinforces the need for joint efforts from all
sectors of the economy, especially since adopted and proposed policies
in the EU and the Netherlands have been shown insufficient to meet the
Paris Agreement's climate objectives by 2030 (Van Vuuren et al.,
2017a).

4.2. Historical vs. projected EIA trends in Dutch agriculture

Our results point at the need to reduce agricultural methane emis-
sions by 34-52% in Dutch agriculture. However, the persistence of past
EIA trends is uncertain and would be far below the level of EIA re-
duction modelled as necessary to achieve climate change mitigation
targets (Table 3), implying that stronger mitigation action is needed.

Multiple technologies could help reduce GHG emissions from en-
teric fermentation, manure management and agricultural soils. These
technologies might become cheaper as a result of innovation, adoption
and diffusion, while new mitigation options might emerge once high
taxes are levied on GHG emissions. Yet, trade-offs and non-technical
barriers such as high costs and technical complexity may hamper their
adoption and overall contribution to climate change mitigation.

In IMAGE, the price of mitigation action is reflected in a global
carbon tax levied on different activities given their GHG emission le-
vels. Until 2020, the carbon tax in our projections is almost the same
under all scenarios but varies a lot until 2030 (the timeframe of the
SDGs) and even more so until 2050. The variation across scenarios
arises from the different climate targets (1.5°C and 2°C) and the ability

Table 3

Annual reductions in Dutch EIApy and EIAy, according to IMAGE future pro-
jections (top) and observed annual reduction in the period 1990 —2015 for
dairy and crop production. Positive numbers indicate a decrease whereas ne-
gative numbers indicate an increase. Ranges indicate results of different
downscaling methods.

Annual EIApy
reduction (%)

Annual EIAy,
reduction (%)

Modelled (2015- SSP1-1.5C 1.97-2.37 1.11-1.43
2050) SSP1-2C 1.65-1.96 0.91-1.24
SSP2-1.5C 2.21-2.42 1.04-1.41
SSP2-2C 1.65-1.84 0.78-1.13

Observed (1990- Historic annual 0.91 —0.02

2015) change
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to adopt mitigation measures under each storyline (SSP1 and SSP2).
The gradual increase in carbon taxes indicates that both the low-
hanging fruits for mitigation (mostly available for developing coun-
tries) as well as more costly mitigation options (i.e. of higher marginal
abatement cost) will be required.

At low carbon taxes, the Netherlands will not be able to achieve
much additional mitigation, implying that most of the GHG emission
reduction would come at a high marginal cost. It is therefore risky to
solely rely on existing technologies to achieve climate change mitiga-
tion. The fact that mitigation under SSP1 (with greater dietary changes)
is cheaper and more easily attainable is a clear argument in favour of
more systemic, behavioural changes.

4.3. Changes in production and consumption patterns

Besides technological fixes and incremental changes, transformative
agricultural pathways involving greater circularity and behavioural
change are paramount. The tighter coupling of plant and livestock
production (or agriculture and other sectors), focused on systems in-
tegration rather than the linear optimisation of specific processes or
products, could help lower GHG emissions (Jurgilevich et al., 2016;
Scholten et al., 2018). Changes in absolute production volumes and
more sustainable consumption patterns are a necessary complement.

Herd reduction deserves to be highlighted in this context. Although
the Dutch government has indicated that technical measures are pre-
ferred over herd reduction to reduce GHG emissions
(Klimaatakkord, 2018), IMAGE projections reveal that most of the mi-
tigation should be achieved through the reduction of methane emis-
sions (Table 1), which are also the main GHG in Dutch agriculture.
Besides, herd reduction is relevant to all three processes analysed in this
paper, as it helps reduce methane emissions from enteric fermentation
and manure management while also reducing nitrous oxide emissions
related to feed cultivation and manure disposal. Finally, almost 100% of
concentrates used in dairy, pig and poultry feed in Dutch farming are
imported from countries with high environmental footprints
(CBS, 2016).

Given the interdependence amongst different world regions and
countries, changes in the Dutch agricultural sector may affect produc-
tion levels elsewhere. Unless accompanied by changes in dietary pat-
terns, the reduction of the Dutch herd might lead to the mere re-
allocation of production to another, less GHG-efficient world region. In
other words, if the demand for meat and dairy remains the same, a
reduction in the Dutch production would have to be compensated by an
increase in the supply of these products elsewhere (possibly where li-
vestock production is associated with even higher GHG emissions). To
prevent production cuts to have such a perverse effect on global GHG
emissions, it is important that reduction in production is driven by re-
duced consumption.

Current global demand for livestock products stands at 38 kg/ca-
pita/year on average, whereas in WEU it is more than double that
amount (i.e. 87 kg/capita/year). Different types of livestock products
show different dynamics at each scale (Fig. S7). By 2050, global per-
capita demand is projected to rise for all livestock products but milk,
reaching 40 kg/capita/year under SSP1 and 42 kg/capita/year under
SPP2 due to higher welfare levels in Asia, Africa and Latin America. The
limited increase in milk is related to the large population growth in Asia
and Sub-Saharan Africa, where dairy consumption is lower than in
Europe and North America. In WEU, under SSP1, the demand for li-
vestock products is projected to decrease (i.e. 69 kg/capita/year) due to
changing diets and reduced food waste. Under SSP2, it remains rela-
tively constant, with consumption of non-ruminant products increasing
due to higher welfare levels. In WEU, in SSP2, the historical relation-
ship between rising income and meat consumption persists, while in
SSP1 rising income is associated with a lower rate of increase of meat
consumption. Changes in dietary patterns would have to be additional
to what is already considered in either of these scenarios.
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It is important to note that the projected consumption of different
food products covers a range of possibilities. These may differ from
historic trends due to varying assumptions on future diets and how
rising incomes affect dietary choices in each region. In our analysis,
projections were calibrated according to Alexandratos and
Bruinsma (2012), and diverge from recent historic trends. This is par-
ticularly evident with regards to global beef consumption, which has
witnessed a slight decrease since 1990 while our projections show it to
increase across all scenarios. Similarly, our projections for global milk
and pork consumption are lower than recent trends. The uncertainty
concerning the future production of ruminants and monogastrics is
important given the GHG emissions of each group. This affects baseline
emissions and, ultimately, the level of effort needed to achieve the
overall EIA reduction consistent with the Paris climate targets.

It should also be noted that agricultural activities have important
links with other GHG emission sources included in IAM simulations but
not explicitly mentioned in our discussion of climate change mitigation
options. At global level, these include industry (due to the production of
fertilizers and other inputs) and on-farm energy use (due to field op-
erations). In the Netherlands, the emissions from land use (mainly re-
lated to past conversion of peatland to grass (Van den Akker et al.,
2010)) and the large reliance on energy-intensive greenhouses for
horticultural production (Vermeulen et al., 2010) are also relevant.
Changes in absolute production volumes and more sustainable con-
sumption patterns would lead to important synergies concerning these
indirect GHG emissions.

4.4. Model and scenario uncertainties

Any modelling assessment has significant uncertainties arising from
the structure and parameterization of the model. These include as-
sumptions concerning future behavioural choices, total agricultural
demand, technological change (including yield-input relationships),
etc. As simplified representations of the real world, models contain a
stylized version of specific processes and their interrelationships.
Consumer choices are based on product prices and possible substitution
between them, according to elasticities.

The above leads to an epistemological uncertainty which, though
irreducible, can be better understood through scenario analyses and
inter-model comparisons. To explore uncertainty, we have adopted two
different storylines (SSP1 & SSP2) spanning a range of possible futures.
As such, these storylines are not meant to be exact predictions of futures
we should/could aspire to, but rather highlight how different potential
futures affect our results. As mentioned in Section 2.1.3, inter-model
comparisons using harmonized scenarios have shown IMAGE to be
aligned with emission projections from other IAMs.

Some limitations of the analysis presented here must be considered.
Being a rational economic model with climate constrained productivity,
IMAGE does not adequately represent, for example, the potential col-
lapse of production systems due to loss of biodiversity (Diaz et al.,
2015). It also fails to account for political, economic or climatic shocks
which may affect food production and scenario storylines. Finally,
several doubts exist concerning the real-world implementation of the
scenario storylines and the governance structures needed to ensure
them.

The level of change implied in SSP1 will likely be difficult to
achieve, as it touches upon complex and interlinked issues such as
population growth, trade restrictions, land use, technological develop-
ment and spillover, dietary changes, food waste, etc. Though the con-
ditions enabling such changes are context-specific, a mix of positive
incentives and stricter regulations aided by public campaigns to raise
awareness about the urgency of the matter might be the shortest route
to improvement. While highlighting the importance of behavioural
change and individual choices in places like the Netherlands, our results
underscore the need for coordinated action at national and regional
levels — particularly to ensure a level playing field in terms of
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production standards.

5. Conclusion

The agricultural sector is crucial for achieving climate change mi-
tigation targets, especially in the long term, and offers an opportunity to
enhance sustainable food production on several fronts besides GHG
emissions. By contrasting IAM projections and expert assessment in a
concrete case study, we show that the level of mitigation calculated
through aggregate models cannot be easily translated into real-world
technologies. The example of the Netherlands highlights the difficulties
and trade-offs faced by high-intensity countries as they try to dec-
arbonise their food production systems. Besides, high-tech strategies
that could achieve EIA reduction may not ensure social, economic or
environmental sustainability, thus rendering more systemic solutions
necessary.

Per-product metrics (e.g. EIA) should be investigated in combina-
tion with absolute production volumes and associated GHG emissions.
Recent attempts to quantify the optimal level of animal protein con-
sumption from a resource use efficiency perspective clearly show the
need to reduce the consumption of meat and dairy at the global level
(Van Zanten et al., 2018). By accounting for trade flows across regions,
our study supports the conclusion that the reduction of meat con-
sumption implied in the SSP1 storyline should be even greater in
Western Europe and other regions.

Our projections indicate the maximum EIA values consistent with
the achievement of climate change mitigation targets. Still, countries
should strive for lower levels of EIA given the uncertainties inherent to
modelling simulations and to the ability of other countries to achieve
their own targets in the future. The lower level of EIApy reduction
needed in Western Europe relative to most other regions may mask the
fact that Western Europe consumes products from regions with a high
environmental footprint, such as concentrates for animal feed. In ad-
dition to reducing emissions domestically, rich economies can con-
tribute to climate change mitigation globally through international
mitigation financing and changes in consumption and import patterns.

Future research should explore the points highlighted above, as well
as parametric uncertainty, product-specific nutritional values, story-
lines based on different trade scenarios, a more comprehensive analysis
of GHG emissions that considers emissions related to e.g. feed pro-
duction or other farm processes, and a more circular economy. The
calculation of country-specific marginal cost curves for GHG emission
abatement is another important research avenue for a robust quanti-
tative assessment of the feasibility of EIA reduction targets as projected
by aggregate models. The same is true for quantifying the effects of the
reallocation of livestock production from the Netherlands to a less GHG-
efficient country, in a scenario where only Dutch production — but not
consumption - falls. Finally, studies that assess the feasibility of
downscaled projections are, by bringing together bottom-up and top-
down research, essential for effective policy design and should be fur-
ther encouraged.
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