
Environmental Research Letters

ACCEPTED MANUSCRIPT • OPEN ACCESS

Implementing land-based mitigation to achieve the Paris Agreement in
Europe requires food system transformation
To cite this article before publication: Heera Lee et al 2019 Environ. Res. Lett. in press https://doi.org/10.1088/1748-9326/ab3744

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2019 The Author(s). Published by IOP Publishing Ltd.

 

As the Version of Record of this article is going to be / has been published on a gold open access basis under a CC BY 3.0 licence, this Accepted
Manuscript is available for reuse under a CC BY 3.0 licence immediately.

Everyone is permitted to use all or part of the original content in this article, provided that they adhere to all the terms of the licence
https://creativecommons.org/licences/by/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected and is not published on a gold open access basis under a CC BY licence, unless that is
specifically stated in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 195.37.187.157 on 05/08/2019 at 10:25

https://doi.org/10.1088/1748-9326/ab3744
https://creativecommons.org/licences/by/3.0
https://doi.org/10.1088/1748-9326/ab3744


Implementing land-based mitigation to achieve the

Paris Agreement in Europe requires food system

transformation

Heera Lee1, Calum Brown1, Bumsuk Seo1, Ian Holman3, Eric

Audsley3, George Cojocaru4, and Mark Rounsevell1,2

1 Karlsruhe Institute of Technology, Institute of Meteorology and Climate Research,

Atmospheric Environmental Research (IMK-IFU), Kreuzeckbahnstr. 19, D-82467

Garmisch-Partenkirchen, Germany

2 School of Geosciences, University of Edinburgh, Drummond Street, Edinburgh EH8

9XP, UK

3 School of Water, Energy and Environment, Cranfield University, Vincent Building,

Bedford MK43 0AL, UK

4 Tiamasg Foundation, Sfintii Voievozi 6, 010963 Bucharest, Romania

E-mail: heera.lee@kit.edu

Abstract.

Land-based mitigation, particularly through afforestation, reforestation and

avoided deforestation, is an important component of the ‘Paris Agreement’ to limit

average global temperature increases to between 1.5 and 2 ◦C. However, the specific

actions that would ensure sufficient carbon sequestration in forests remain unclear, as

do their trade-offs against other land-based objectives. We use a regional integrated

assessment model to identify the conditions under which European forests reach the

extent required by mitigation targets. We compare stylised scenarios of changes in meat

demand, bioenergy crop production, irrigation efficiency, and crop yield improvement.

Only 42 out of 972 model simulations achieved minimum levels of food provision and
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Land-based mitigation for the Paris target 2

forest extent without the need to change dietary preferences, but relied on crop yield

improvements within Europe of at least 30%. Maintaining food imports at today’s

levels to avoid the potential displacement of food production and deforestation required

at least a 15 % yield improvement, or a drastic reduction in meat consumption (avg.

57 %). The results suggest that the large-scale afforestation/reforestation planned in

European targets is virtually impossible to achieve without transformation of the food

system, making it unlikely that Europe will play its required role in global efforts to

limit climate change without utilising land beyond its borders.

Keywords: the 1.5 ◦C Paris target, Negative emissions technologies, dietary change,

reforestation, afforestation, carbon sequestration, food consumption

Submitted to: Environ. Res. Lett.

1. Introduction1

Human-induced global CO2 emissions reached 36.2 Gt CO2 in 2016 [1] and global2

temperature averaged more than 1 ◦C above pre-industrial levels. At the present rate3

of increase of 0.1 to 0.2 ◦C per decade [2], temperatures will likely exceed 1.5 ◦C above4

pre-industrial levels around 2050 [3]. Limiting temperature increases to between 1.5 ◦C5

and 2 ◦C as planned in the ‘Paris Agreement’ [4], is therefore an enormous challenge,6

and one that requires immediate and substantial global emissions reductions as well as7

adaptation and mitigation in a wide range of human systems [5, 6, 7].8

The Paris Agreement was established on the basis of fair, voluntary contributions to9

climate change mitigation, outlined in (Intended) Nationally Determined Contributions10

(NDCs). The NDCs recognise the possibility of internationally transferable mitigation11

actions [4]. Land-based mitigation is among the most prominent strategies, being12
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Land-based mitigation for the Paris target 3

included in 148 of 160 NDCs [8], and accounting for up to 30% of planned emissions13

reductions (PERs) [9, 10, 11]. Within these, efforts to maximise the areal extent of14

forests through afforestation, reforestation or avoided deforestation are central [12].15

Increasing forest extent is challenging because it involves competition for land with16

food production not only locally but also remotely [13, 14], and requires a reversal of17

long-term trends of forest loss arising from agricultural expansion [15, 16]. In the absence18

of institutional interventions, forest clearance for agriculture is expected to continue in19

the near future, as population growth and dietary change steadily increase global food20

demand [17, 18]. Previous attempts to control deforestation have included ‘sustainable21

intensification’ of agriculture, which improves food provision by reducing yield gaps22

[19, 20, 13, 21] and ‘forest conservation’, which places restrictions on agricultural23

expansion [16]. In both cases, interventions on the production side of agriculture alone24

were unsuccessful, either having limited effects or causing counter-productive ‘leakage’25

of deforestation to displaced areas [19, 20, 16]. Increases in European forest extent have26

largely occurred at the expense of deforestation elsewhere, in particular, with increasing27

food imports from tropical countries [22, 23].28

The mitigation potential of changes in the demand side of agriculture has become29

increasingly recognised in recent years [14, 24, 25]. Dietary change (i.e., changes in the30

types of food commodities consumed) is especially important. It has been estimated31

that global adoption of a ‘low meat’ diet could lead to emissions reductions up to 4.632

GtCO2e/year because agricultural land can instead be forested [26, 13, 27]. However,33

relevant studies have focused either on a single sector (e.g., the livestock sector [27]) or34

on generalised models and assumptions (e.g. trade levels, displacement effects, policy35

options), potentially overlooking the multiple, cross-sectoral aspects of actual land use36

changes [28]. Furthermore, while several studies have investigated the feasibility of37
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Land-based mitigation for the Paris target 4

achieving afforestation/reforestation targets at a global scale [29, 6], none have done38

so at the regional scale, where decisions about afforestation/reforestation are made in39

practice. This also means that simulated pathways tend to place an unreasonable burden40

on areas such as the tropics, where substantial forest carbon sinks exist, but which41

are not necessarily best-placed to resist the pressures of agricultural expansion [30].42

To guide mitigation planning and policy, we therefore need more realistic analyses of43

regional pathways to achieving the Paris target within their global context.44

Amongst world regions, the European Union (EU) presents a particularly45

compelling example. Historically, EU member states are among the largest greenhouse46

gas emitters and consequently have accepted responsibility for establishing robust and47

ambitious plans for emissions reductions [31]. In principle, the EU and its Member48

States act jointly to implement development trajectories and mitigation strategies49

that meet mandatory emissions reduction targets without further transferable harm50

outside Europe. Nevertheless, although the EU leadership played a significant role in51

developing global climate change policies including the Paris Agreement [32], practical52

implementation has been dissatisfying. The EU’s NDC is notably vague and inexplicit,53

making it difficult to implement [30].54

In this study, we investigate whether Europe can make a proportional contribution55

to the 1.5 ◦C target through afforestation/reforestation while still producing sufficient56

food to feed the European population, and without relying on other world regions to57

make up shortfalls in either food production or carbon sequestration. In doing so,58

we explicitly do not account for potential ‘win-win’ arrangements that increase the59

efficiency of food production and climate mitigation overall, noting the dependency of60

such arrangements on accurate accounting of direct and indirect impacts, on stable,61

predictable political and economic relationships, and on an assumption that Europe62
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Land-based mitigation for the Paris target 5

would have a legitimate claim to benefit from any spare capacity in the global land63

system. The European scale is also significant since the EU has the capacity to64

implement policy in support of land-based mitigation that member states apply. This65

is the first study to look at rigorous, regional strategies that are consistent with66

global achievement of the Paris Agreement, without shifting responsibilities to other67

regions. The study applies a regional integrated assessment platform (IAP) for Europe68

[33] to explore stylised future scenarios of the food system that cover both food69

supply (i.e., technological change) and food demand (i.e., calorific intake and dietary70

change focusing on meat consumption) with the aim of providing additional land for71

afforestation/reforestation.72

2. Method and Materials73

2.1. The Integrated Assessment Platform (IAP)74

The IMPRESSIONS (Impacts and risks from high-end scenarios: strategies for75

innovative solutions) Integrated Assessment Platform (IAP) is an interactive web-based76

platform to assess climate change impacts, vulnerability and adaptation [34, 35, 28,77

36, 33]. The platform integrates a series of interlinked meta-models representing urban78

development [37, 38], water resources [39], flooding [40], forests and agriculture [41],79

and biodiversity [42] (Supplementary Figure SF1). Land use is modelled on a 10-arcmin80

grid across the EU-28 plus Switzerland and Norway, resulting in a total of 23,871 grid81

cells. Each cell can contain multiple land uses proportionally. Hereafter we refer to the82

study region as the ‘EU28+2’.83

In the IAP, land use is allocated based on both biophysical conditions such as84

soil type, climate suitability and water use, and economic aspects considering gross85

margins determined by prices, support rules and costs [43]. Modelled land use is first86
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Land-based mitigation for the Paris target 6

constrained by non-agricultural land (urban, protected and flooded areas) and then87

divided into intensive agriculture, extensive agriculture, managed forest, unmanaged88

forest or unmanaged land based on their relative profitability, which depends on water89

availability, climate and potential yields. The IAP iterates prices to allow the allocated90

areas to expand or contract to meet net food demand. Food demand is simulated based91

on population, net imports (i.e., as a proportion of food demand), dietary preferences92

(for crops and different animal products), and bioenergy production [41]. If profit is93

above a threshold (set at e350/ha), land is allocated as intensive agriculture (e.g., crop94

or dairy agriculture). If profit meets a lower threshold (set at e150/ha), it is allocated95

as extensive agriculture or managed forest, depending on suitability. Otherwise, it96

is allocated either as unmanaged forest or unmanaged land [36]. Simulated crops97

include winter and spring wheat and barley, oilseed rape, potatoes, maize, sunflower,98

sugar beet, soya, and cotton. The IAP contains a subset of crops that are used to99

represent the range of crops that provide the major production across commodity groups100

(cereals, oils, roots, protein and fibre) and for livestock feed (continuing towards the101

production of meat and milk) in the EU28+2. Grass is simulated for livestock farming102

(e.g., meat and milk production). Managed forest areas are profitable forests that are103

used for timber production, whereas unmanaged forests undergo natural succession. In104

this study, managed and unmanaged forest areas were combined into a single forest105

category. A detailed description of the meta-models included in the IAP is provided in106

the Supplementary Material (Supplementary Table ST1).107

Climate change was simulated based on a radiative forcing level (Representative108

Concentration Pathway: RCP) in different climate models. RCP 2.6 was used to109

simulate climate change consistent with the 1.5 ◦C target. Three available combinations110

of global and regional climate models were used (NorESM1-M-RCA4, EC-EARTH-111
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Land-based mitigation for the Paris target 7

RCA4 and MPI-ESM-LR-REMO). In this study, the IAP version 2 was used [33]. All112

calculations were performed in R version 3.5.1 [44] using the packages raster [45], rgeos113

[46], rgdal [47], and Gmisc [48].114

2.2. Stylised land-based mitigation scenarios.115

To consider both the supply and demand sides of the food system, we constructed116

stylised scenarios combining five variables: ruminant and non-ruminant meat demand,117

bioenergy crop production, irrigation efficiency, and yield improvement under a radiative118

forcing level of 2.6 W/m2 (RCP 2.6) in the 2050s (Table 1). On the supply side,119

technological change is critical in increasing production without expanding arable land120

areas. Technological change was applied here to improve irrigation efficiency and crop121

yields. Irrigation efficiency improvements use less water for the same yield, while122

crop yield improvement incorporates biotechnology (e.g., breeding technology [49]) and123

intensification. In addition, bioenergy production is included in the supply side of the124

food system as it can limit available land for food production. On the demand side,125

dietary preferences were modelled to account for different levels of meat consumption.126

We used a population projection of 8% increase by the 2050s compared to the base127

year 2010 [50]. Net imports were fixed at today’s levels to avoid displacement of food128

production outside the EU28+2.129

We explored a range of changes in each variable from a ‘no-change’ condition to130

a hypothetical maximum level of change (Table 1) and quantitatively evaluated the131

consequences for land use relative to a 2010 baseline. As the bioenergy production132

in the IAP is set as ‘0’ by default (meaning no bioenergy production in Europe), we133

set 4% as a baseline to approximate current production levels. To avoid the harmful134

side-effects of bioenergy production on food supplies, the EU established a cap of 7% of135

arable land being used for bioenergy production [51]. We included a higher maximum136
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Land-based mitigation for the Paris target 8

(12%) to reflect current projections suggesting that bioenergy production requires as137

much as 12.4% of cropland by the 2030s [52]. The impact of bioenergy production was138

additionally analysed in terms of directly-caused land use transitions. The maximum139

yield improvement level (= 75%) was set to match the maximum possible yield gap in140

Europe [53] and to allow yield improvement across all crops due to crop breeding [49].141

All of these values were designed to provide broad limits within which simulated change142

could occur, rather than predictive ‘pathways’, in order to assess the scale of change143

required for simultaneous achievement of food security and climate mitigation targets.144

For each combination of parameter values (n = 324), the three climate model145

combinations were run, giving 972 individual model runs. Dietary energy production146

(kcal/capita/day) and corresponding forest areas for each scenario were quantified to147

assess the implications of each scenario. Indicators of land use change were selected to148

compare scenarios; these included the extent of intensive arable land, intensive grassland149

(dairy), extensive grassland (sheep and rough grazing), very extensive grassland (heath150

and moor), forest (managed forest for timber, unmanaged forest), unmanaged land (no151

productive purpose), and urban areas.152

2.3. Normative targets.153

Food security target A global daily calorie intake of 2800 kcal/capita/day was used154

as a threshold for the food security target [13]. While nutritionally sufficient, this155

threshold is substantially below current consumption levels in Europe, and so we also156

used the current European average of 3300 kcal/capita/day as a secondary threshold157

to highlight how reducing food consumption from current levels could contribute to158

mitigation efforts.159

Page 8 of 26AUTHOR SUBMITTED MANUSCRIPT - ERL-106645.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Land-based mitigation for the Paris target 9

Table 1. Overview of the stylised scenarios as applied in the IAP. Each parameter

scenario was combined with all others, giving 324 scenarios in total.

Category Parameter Scenario

counts

Settings (+ % increase, - % decrease)

Demand

side

Dietary prefer-

ence

9 (-100,+100), (-75, +75), (-50, +50), (-25, +25), (0, 0)

(ruminant, non-

ruminant)

(-100, -100), (-75, -75), (-50, -50), (-25, -25)

Supply

side

Yield improve-

ment

6 0, +15, +30, +45, +60, +75

Irrigation im-

provement

2 0, +25

Bioenergy crop

production

3 +4, +8, + 12

Total number of

scenario combinations
324

Afforestation/reforestation target Afforestation and reforestation were combined into160

‘forest area’ targets. To translate global policy targets into European targets, we used161

the Bonn Challenge target of restoring 150 million ha of deforested and degraded land162

globally by 2020. The Bonn Challenge was extended to a target of restoring 350 million163

ha by 2030 by the New York Declaration on Forests at the 2014 UN Climate Summit164

[54]. This target would sequester up to 1.7 GtCO2e/year [55], which is equivalent to165

9.7 tCO2e/ha/year for 20 years. Currently, the EU contains 4.36% of the global forest166

area [56]. We linearly extrapolated the Bonn reforestation area target of 2030 to 2050167

and applied this proportionally to Europe on the basis of current (modelled) forest168

area. A target based on a global CO2 reduction projection by [6] was also used for169

comparison. In this comparison, we assumed 30% of the CO2 reduction attributed to170

afforestation/restoration actions [11].171
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Land-based mitigation for the Paris target 10

3. Results172

3.1. Successful scenarios and the impacts on land cover in the 2050s.173

Of the 972 simulations, 351 (36.1%) met both the minimum food security and forest174

area targets in the 2050s (Figure 1). These successful simulations could be divided into175

four groups based on dietary preferences: 42 with ‘no change’ in preferences, 6 with176

‘beef substitution’, 215 with ‘less meat’ (with between 25 and 75% reduction in both177

ruminant and non-ruminant meat), and 88 with ‘no meat’ (both ruminant and non-178

ruminant meat consumption were reduced by 100%). The majority of the successful179

simulations (86.3%) belonged either to the ‘less meat’ or ‘no meat’ groups, highlighting180

the importance of dietary change in achieving food security and forest area targets. On181

average, to achieve these targets, a drastic reduction in meat demand is required; 57.5%182

and 56.7% of the ruminant and non-ruminant meat demand, respectively. All successful183

simulations also included at least 15% yield improvement (Figure 1). Critically, if184

meat demand was not reduced (the ‘no change’ group), at least 30% yield improvement185

was required. About 19% of successful runs required the maximum level of yield186

improvement (n = 67). Average bioenergy production of the successful runs was 8.23%187

across groups. Competition between bioenergy and food crop production within arable188

areas was therefore not apparent, although the analysis of land use transitions with189

increasing bioenergy production showed additional loss of forest areas to arable land190

(Supplementary Figure SF4). Irrigation efficiency improvement was the least influential191

factor (Supplementary Figure SF2).192

The level of food production and forest areas varied across the different scenario193

groups (Figure 1 and Table 2). Interestingly, less or no meat diets produce the highest194

level of food energy, showing a trade-off between calorific intake and meat consumption.195

By producing more meat, more land is allocated to produce fodder crops and grassland,196
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Figure 1. Modelled daily dietary energy production and forest area in scenario

simulations that resulted in forest areas at least as large as those of the present day

and in an average calorie intake at least as large as the current global average (n =

434). The size and shape of the symbols refers to the level of yield improvement. The

grey box refers to the afforestation/reforestation targets in the 2050s. The symbols

above the grey box were considered as successful simulations (n = 351). The envelope

lines of the groups are drawn (dotted lines) to highlight the ‘frontiers’ of each dietary

change

which reduces the efficacy of the food supply. For this reason, scenarios with high197

meat demand resulted in meat dominating consumption. The ‘beef substitution’ group198

produced the lowest level of food energy, which is largely because cereals are used to feed199

monogastric livestock, resulting in a reduction of total food calories. For 351 successful200

simulations, only 29 (8.2%) produced food calories at or above the current European201

average level, and all but one required the ‘no-meat’ diet. There was also a clear positive202

relationship between agricultural intensification and forest areas (Figure 1) with more203

intensification providing more available area for forests.204

Changing dietary preferences changed land use considerably. Reduced ruminant205

meat demand drastically decreased grassland areas from 11.8 % to 3.7% of the land206

system in the EU28+2 between 2010 and the 2050s on average. The increase in forest207

Page 11 of 26 AUTHOR SUBMITTED MANUSCRIPT - ERL-106645.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Land-based mitigation for the Paris target 12

Table 2. Successful scenarios and the average corresponding daily dietary energy and

total forest area projections for Europe (2050).

Group Description Daily dietary energy production Forest area size

kcal/capita/day (avg. (s.d.)) Million ha (avg. (s.d.))

No change No change in dietary

preference

2896.3 (75.8) 191.9 (20.8)

Beef substi-

tution

Ruminant meat is

substituted by non-

ruminant meat

2861.2 (62.3) 179.4 (11.4)

Less meat Reduce both ru-

minant and non-

ruminant meat

consumption

3035.9 (127) 206.8 (23.5)

No meat Eliminate both

ruminant and non-

ruminant meat

consumption

3246 (118.1) 212.3 (25.5)

area was largely driven by decreases in the area of land used to produce food. When208

both ruminant and non-ruminant demands were decreased, intensive arable land and209

grasslands were converted to forest areas (Figure 2). The area of unmanaged land also210

increased from 17.8% to 22.3% of the EU28+2, mainly from very extensive grassland211

(unmanaged land in the IAP represents land that is unsuitable or not needed for either212

agricultural production or grassland). The impact varied spatially (Figure 3), with213

intensive arable land mainly increasing in Poland, producing a corresponding decrease214

in managed forest areas. Intensive grassland increased in the northern UK and France215

at the expense of forests.216

4. Discussion217

Land systems around the world need to make substantial contributions to climate218

mitigation if high-end climate change is to be avoided. A proportional contribution219

by the EU28+2 to land-based mitigation (on the basis of area, rather than emissions)220

will require immediate and dramatic changes. Meeting the forest area target consistent221
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Land-based mitigation for the Paris target 13
Baseline (2000) to runs met food and forest targets (2050)

Intensive Arable
Intensive Arable

Intensive Dairy

Intensive Dairy

Extensively grass

Extensively grass

Very Extensively grass

Very Extensively grass

Forest

Forest

Unmanaged land
Unmanaged land

Urban Urban

Intensive grass

Intensive grass

Very Extensively grass

Figure 2. Average land cover transitions between 2010 and 2050 in successful

simulations (n = 351).

with the Paris Agreement requires an expansion of forest area of approximately 23%222

by the 2050s (compared to 2010) according to the Bonn Challenge. Given the fact223

that afforestation and reforestation have the maximum mitigation potential and cost-224

effectiveness of land-based measures [57, 58], other strategies would likely require even225

greater levels of land conversion.226
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Land-based mitigation for the Paris target 14

Figure 3. Comparison of the simulated distribution of (a) intensive arable land, (b)

intensive grassland, (c) managed forest and (d) unmanaged forest for the 2050s with

the baseline simulation (2010).

Historically, Europe has expanded its forest areas by about 30% from 1900 to 2010227

due to agricultural intensification and increasing imports [59, 60]. At the same time,228

there is concern that the rate of forest expansion in Europe has slowed during the last229

decade due to increased deforestation [61]. Previous studies suggest that there is still230

potential to mitigate 441 Mt CO2/year in Europe through afforestation on abandoned231
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Land-based mitigation for the Paris target 15

farmland (15 Million ha) and improving forest management [62]. This suggests that232

better integration of forest regrowth within the EU climate policy framework should be233

a priority [62]. However, the projected extent of abandoned farmland is still insufficient234

to achieve the normative afforestation target as shown in our study (Figure 1), and is235

largely driven by increased food imports; something that is unlikely to be consistent236

with global climate mitigation efforts, and which is precluded here [63, 64].237

In our analysis, we fix the level of proportional net import as constant in the238

2050s with increasing population, which led to reduced available abandoned farmland239

for reforestation. Although trade could potentially improve on this outcome if it were240

to reliably shift production to more efficient land, or spare other land more capable of241

providing carbon sequestration (e.g. the tropics), an assumption of fixed net imports242

ensures that European progress towards global targets is not at the expense of other243

countries. While this is a simplification, it avoids the need for assumptions about244

developments in the rest of the world and their effect on international trade, introducing245

a number of other contingencies and uncertainties.246

Increasing forest area will therefore undoubtedly be difficult without major changes247

in agriculture [65], including changes in both the supply and demand sides of the food248

system. By simulating scenarios that meet both food security and forest area targets,249

we found dietary change to be the most critical factor in achieving these targets. The250

consequences of these scenarios were complex. For instance, the impacts of human diets251

on the land system vary widely because different types of meat production have different252

implications for land use [18].253

In the IAP, intensive grassland is land not suitable for arable use, but highly254

productive for dairy. Extensive grassland is land not suitable for arable or dairy, and255

considered as land for beef or sheep grazing. We assumed that 50% of cereals from arable256
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Land-based mitigation for the Paris target 16

land is for livestock feed. Monogastrics are more efficient to produce than ruminant meat257

for a unit of calorific consumption [66]. Changing preferences from the consumption of258

ruminant to non-ruminant meat also decreases the demand for grassland substantially,259

but may increase the area and intensity of arable land for fodder crops. This result is,260

however, sensitive to uncertainties in grassland productivity in different regions [67].261

‘Beef substitution’ scenarios were not effective in increasing forest areas as the area262

of land used for feed crops for other livestock increased. Instead, the successful scenarios263

mostly contained less or no meat consumption. As highlighted elsewhere, reduced beef264

consumption reduces not only greenhouse gas emissions, but also environmental impacts265

such as nitrogen pollution [68, 69, 70]. The level of the EU’s food self-sufficiency also266

increases with less or no meat consumption because of the increased availability of land267

for food production [69]. In our results, increased monogastric meat demand produced268

the least calorific intake. Furthermore, plant-based diets within the EU decrease the269

footprint of food production in the rest of the world as, currently, the majority of the270

outsourced emissions is from feed production [71]. Even though the trend in Europe271

is for decreasing meat consumption, European diets are still largely dependent on272

animal products. The average per capita annual meat consumption in Europe is 80273

kg, which is about 1.9 times higher than the global average (43 kg) [72]. Compared to274

the Indian diet, European meat intakes are six times higher [73]. While meat intakes275

provide necessary nutrients for human, reductions in meat consumption as modelled in276

our study can be associated with health benefits especially in the US and Europe by277

reducing total and cancer mortality [74]. It should be noted however that major socio-278

economic impacts would arise from less or no meat diets, with significant changes in279

the rural economy, socio-ecological systems, and cultural norms. For example, a drastic280

reduction in livestock production would lead to a loss of grassland associated with high281
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Land-based mitigation for the Paris target 17

value biodiversity and cultural landscapes [75].282

On the supply side, technological change is critical in increasing food production283

without expanding arable land areas [17]. Generally, yield improvements have been284

realised through the intensive use of fertiliser and technological changes. In the IAP, the285

role of biotechnology and fertiliser use improvement were considered in the technological286

improvement for yield gain across crops. Yet, it is also important to note that the EU287

had reached its peak of fertiliser use intensification in 1961 [76]. Also, the average yield288

gap (difference between actual gain and estimated potential gain) in Europe for cereal289

crops is about 42%, with a range between 10 and 70% depending on the region, making290

simulated yield improvements of up to 75% by the 2050s in the scenarios reported291

here questionable. There is, nevertheless, potential for large increases in crop yields292

in Eastern Europe including Romania, Ukraine and Poland [53]. This is in line with293

our result of a large-scale yield improvement occurred in Poland (Figure 3). Another294

aspect of technological improvement considered in this study was irrigation efficiency,295

but this was found to have the least influential effect on the model results. Nevertheless,296

a warming climate will likely affect water availability, especially in Southern Europe [77],297

requiring widespread application of irrigation water. This is likely to depend, however,298

on farmers’ knowledge and capacity to adapt [78, 79].299

While the impact of bioenergy production was not clearly separable in our study,300

we did find evidence in modelled land use transitions (Supplementary Figure SF4) that301

increasing bioenergy production occurred at the expense of forest areas. This is in302

line with several studies that have shown substantial negative impacts of bioenergy303

production when full, cross-sectoral or cross-locational impacts are considered [14, 80].304

Furthermore, bioenergy production typically takes place on land that was previously305

used for food or feed crop farming. Growing more bioenergy crops in Europe could306
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Land-based mitigation for the Paris target 18

cause the displacement of food production from Europe to the rest of the world or lead307

to the expansion of bioenergy crops into European grassland or forest. In addition, the308

IAP only considers a sub-set of bioenergy (crop-based, within integrated production309

systems) on arable land. Further research is needed to investigate the trade-off between310

food and bioenergy crops and the various bioenergy feedstocks.311

While our analyses provide an illustrative envelope in which the selected targets312

can be achieved, uncertainties remain. Model uncertainty in integrated modelling313

frameworks is an important aspect of land cover projections [81, 36]. For example, the314

baseline forest area in the IAP is relatively low compared to the current forest extent [56].315

To account for this, we adjusted the forest target according to the modelled baseline. In316

addition, as meta-models represent a simplification of reality, they inevitably introduce317

uncertainties [82, 83]. However, they also enable the exploration of multiple scenarios318

in a short period of time by improving simulation efficiency [84]. For example, the319

IAP enables exploration of cross-sectoral interactions by improving simulation efficiency,320

and removing the very large biases associated with single-sector analyses [28]. Finally,321

uncertainties and sensitivities in each of the 10 models included in the IAP, and in the322

integrated IAP itself, have been extensively tested in previous studies [83, 39, 41, 85, 86],323

showing limited and non-biased uncertainties.324

5. Conclusion325

Land-based mitigation commitments for achieving the Paris target require considerable326

expansion of forest areas, yet large-scale afforestation/reforestation conflicts with other327

land use objectives. This study has shown that satisfying food security and forest328

area targets requires substantial changes in both the supply and demand sides of the329

European food system. While technological improvements (through yield and irrigation330
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Land-based mitigation for the Paris target 19

efficiency improvements) may be achievable in some regions of Europe, shifting to diets331

with less or no meat consumption will be most critical and challenging in practice.332

Furthermore, this leads to land use changes and regional trade-offs in the 2050s, with333

Eastern Europe increasing agricultural land areas, but decreasing forest areas, and334

central Europe producing less food. Our regional, model-based experiments highlight335

that increasing forest areas in Europe will require a fundamental transformation of the336

food system to avoid shifting responsibilities to other regions. This study can contribute337

to the current EU Land Use, Land Use Change and Forestry (LULUCF) policy which338

lacks a comprehensive overview on the necessary action for the afforestation, or the role339

of dietary change in the food system. Decision making should also take account of the340

potential trade-offs for ecosystem services and biodiversity of increasing forest areas.341
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