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Addressing the trade-off between crop production and carbon storage
at the country scale with land-use optimisation scenarios

Yong Shi'!, Corentin Pinsard', Francesco Accatino'

'UMR SADAPT, INRAE, AgroParisTech, Université Paris-Saclay, 75005, Paris, France

Abstract (150-250 words)

Managing land for trade-off between crop production (CP) and carbon storage (CS) is important for facing the
increased need of food and of creating carbon sinks. We studied land-use-based strategies for softening such
trade-off, with a particular attention to the role of intensification. We calibrated a statistical model linking land
cover, land use, climatic and biophysical variables to CP and CS in France at the resolution of 10 km x 10 km.
We developed four optimization scenarios: maximization at the French scale of CS (scenario 1), of CP (2), joint
maximization of CS and CP without (3) and with (4) minimization of total energy input. Results of the mono-
objective scenarios ((1) and (2)) enhanced one ecosystem services while decreasing the other; in scenario (3)
both ecosystem services could be increased at the same time (+2.1% for CS and +9.6% for CP) with a land
sharing approach (decrease and intensification of annual crops with an increase of forest); in scenario (4) the
minimization of energy input caused a lower increase in both ecosystem services (only +1% for CS and +1.5%
for CP), however the joint increase could be obtained with an expansion of heterogeneous agricultural land (land
sharing approach). Comparing optimization scenarios with different number of objectives made it possible to
discuss the role of each objectives. The result of scenario (4) was the most realistic and highlighted the
importance of heterogeneous agricultural land (e.g., mixed-crop agriculture, agroforestry, associations between

permanent and annual crops) and practices for enhancing soil carbon storage.
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Introduction

The expansion and intensification of agricultural land in the last decades was driven by an increasing
world population’ s food demand (Foley et al. 2011) and was one of the main causes of natural
resources loss (Butchart et al. 2010). More and more awareness raised about the importance of
enhancing carbon sequestration and preserving the carbon stored in the soils (Smith 2016). Soils can
act as carbon sinks offsetting a part of the fossil fuels emissions reducing the atmospheric
concentration of CO, (Kell 2012; Lal et al. 2015), therefore contrasting the effects of global warming
(IPCC 2018). Soil carbon sequestration has been set in the agenda of a number of policies and
directives (see for example the Biodiversity Strategy by the European Commission for 2030 [EC,
2020]). During the COP21 in 2015 (when the Paris agreement was reached), the French government
launched the 4p1000 initiative (“4 per 1000: Soils for Food Security and Climate”) for promoting the
engagement in increasing soil organic carbon at a rate of 0.4% each year (Chabbi et al. 2017; Kon
Kam King et al. 2018; Soussana et al. 2019; Rumpel et al. 2020). Given the likelihood of increasing
food demand and of more affluent diets in the next decades (Godfray et al. 2010; Foley et al. 2011), it
is important to conciliate the need for food production with the need of preserving carbon storage and
halting the loss of the already stored soil carbon in grasslands and forests, as well as with other



ecosystem services, which are the public goods delivered by nature (Daily 1997).

For conciliating carbon storage and crop production, it is important to consider conflicting land uses.
Land is a scarce resource and soil is one of the major providers of ecosystem services (Autret et al.
2016). The increase in a land cover leads to a decrease in other land covers, along with all the
ecosystem services associated to them (Metzger et al. 2006). The land sparing/land sharing debate
(Green et al. 2005; Phalan et al. 2011) provides a frame of analysis based on the tension between
intensification and expansion of agricultural land. The land sparing approach consists of intensifying
agricultural land so that it can be reduced and some land can be spared for nature conservation. The
land sharing approach consists of extending agricultural land and, at the same time, using more
nature-inclusive practices. Although this framework was generated around the conflict between
agricultural production and biodiversity, it is well adapted also to the conflict between agricultural
production and ecosystem services (Kremen and Ostfeld 2005; Accatino et al. 2019), and carbon
storage in particular.

Modelling techniques can help in quantitatively characterizing the trade-off between agricultural land
and ecosystem services, and might suggest strategies to tackle these trade-offs. The study of (Johnson
et al. 2014) explored the possibility to increase crop production at the global scale without harming
carbon storage. The solution proposed by Johnson et al. (2014) was a selective extensification,
consisting of expanding agriculture in particular selected place that minimizes carbon loss from land
conversion. However, in this study no intensification was considered in the model. Other studies
focused on trade-offs between crop production and other ecosystem services. (Deguines et al. 2014)
investigated the trade-off between agricultural intensification and crop pollination services according
to the empirical evidence of 54 major crops in France produced over the past two decades. Shin-ichiro
et al. (2019) studied the role of wetlands by exploring the trade-off between crop production and
water quality.

A regard to the ecosystem service modelling literature reveals the importance of optimization
techniques in addressing trade-offs between ecosystem services, biodiversity and agricultural
production. Optimization makes it possible to systematically explore the combination of values of
certain variables in order to find target solutions that maximize or minimize certain desired objectives
(Seppelt et al. 2013). Accatino et al. (2019) optimize one ecosystem service putting constraints of no-
loss on other ecosystem services, (Setéld et al. 2014) explored trade-off relationship between
ecosystem services in urban and agricultural soils. Some studies focus on optimizing more objectives
at the same time. Pareto fronts are important tools for showing possibility frontiers (Castelletti et al.
2010; Groot et al. 2018): the shown solutions for which one objective cannot be improved without
worsening another. Studies in the literature have explored multi-objective optimization problems for
studying trade-offs among ecosystem services (Li et al. 2013; Toth et al. 2013; Schroder et al. 2016;
Groot et al. 2018).

So far, few studies addressed the role of intensification in the trade-offs between carbon storage and
agricultural production. Teillard et al. (2017) generated Pareto frontiers for investigating the role of
agricultural intensification, extensification, and re-allocation in the conflict between agricultural
production and biodiversity. They found that re-allocating energy input in agriculture is an avenue for
improving biodiversity without reducing agricultural production. We believe that optimization
scenarios can shed light on land use strategies to tackle trade-off, on the role of intensification, and
can provide land sparing or land sharing strategies as outcomes. The role of the number of objectives
to consider in an optimization problem was not addressed. Adding or removing objectives in the
optimization problem can have important consequences on the results obtained (Bradford and
D’Amato 2012). We believe that comparing different scenarios including or removing certain



objectives can help in understanding the importance of that objective in the overall trade-off.

In this study we aimed at exploring the trade-off between crop production and carbon storage at the
country scale, considering France as a case study. In particular, we explored the role of intensification
and extensification for enhancing both the ecosystem services considered. For doing that we built a
model calibrated with data and run optimization scenarios. Objectives involved are crop production
and carbon storage (to maximize) and energy input (to minimize), being energy input a proxy of
agricultural intensification. Scenarios are designed with different number objectives in order to better
understand the trade-off between crop production and carbon storage, as well as the role of
agricultural intensification. For each optimized solution we discussed the land use configuration to
achieve that. The results contribute to provide useful considerations for the land sparing and land
sharing debate, as well as some direction for policy-making strategies and for future model
development.

Methods

We performed a series of optimization-based scenarios, using a model that links land cover, land use,
and climate variables to the provision of two ecosystem services: crop production and carbon storage.

Model definition

The rationale of the model, which follows Accatino et al. (2019), is depicted in Figure 1. We gridded
the studied area (metropolitan France) into 10 km %10 km squares. In total 5110 land units were
obtained, being them entire squares or smaller land units, where the cells of the grid intersected the
border of France. Each land unit was assigned a set of variables and parameters. The management
area S [ha] was defined as the land occupied by annual crops, permanent crops, heterogeneous
agricultural land, grassland (either permanent or temporary), or forest. We considered these typologies
of land covers as they are the most involved in managing the trade-offs between crop production and
carbon storage, ranging from land covers mostly dedicated to crop production (i.e., annual crops) to
land covers mostly dedicated to carbon storage (i.e., grassland and forest). Heterogeneous agricultural
land refers to the definition given by the Corine Land Cover classification (EEA 2013), consisting in
areas of annual crops associated with permanent crops, agro-forestry, landscapes in which crops and
pastures are intimately mixed with natural vegetation. For each land unit, we defined the fraction ¢
[adimensional] of the management area S occupied by these land covers, namely ¢4 (annual crops),
¢p (permanent crops), Py (heterogeneous agricultural land), ¢, (grassland), ¢ (forest). Being
fractions, these variables range between 0 and 1 and must always sum up to 1 for each land unit. As a
land use variable, we considered the energy input 85 [MJ/ha] and water input 6y, [m®] for agricultural
production. These variables can be considered proxies of agricultural intensification (Pellegrini and
Fernandez 2018). As climate variables, we considered the total annual precipitation ¥ and the annual
average temperature 9. We also consider, as a biophysical variable the organic matter in the topsoil
Yp.
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Figure 1 — Structure of the ecosystem service models. The spatial domain is the metropolitan France, the land
unit is a square of 10 km x 10 km (the grid in the figure is only symbolic but not in scale), in case of land units
intersecting with the border of the spatial domain, only the intersection area is considered. Concerning the
variables, the semantic groups of variables are written in upper case and variables are written in lower case.
Decision variables are written in black and non-decision variables (kept constant during the optimization
process) are written in gray. Models elaborate the variables to give, at the scale of each land unit, the two
ecosystem services considered: crop production and carbon storage.

The ecosystem services considered are crop production E-p [tons dry matter. yr'!] and carbon storage
Es [tonC.ha']. Crop production corresponds to the harvested production of food, textile, and energy
crops. Carbon storage corresponds to the estimate of above- and below-ground carbon stored in living
plant material. Although the storage of carbon is a dynamic process (carbon stored is a function of
organic carbon inputs and biophysical conditions) (Ellert et al. 2001; Virto et al. 2012), by
assumption, we considered carbon storage as at equilibrium (constant), and that the value, a
characteristic of a given land cover with actual land use and management practices.

Model variables and outputs are linked by means of a statistical relationship. We chose that the
provision of an ecosystem service k € {CP, CS} in a land unit j, indicated with E}, j» 1s given by the
sum of the contribution of each single land cover in equation (1):

Epj =5 Z b 'fk,j(HE; Ow, Or, 971, 90) (1)

leL

Where L = {A, P, H, G, F} is the set of all land uses and ¢, j s the fraction of land cover / of region
J. The function fj ; () represents the influence of land use, climate and biophysical conditions on the

contribution of land use / to the ecosystem service k. Following Accatino et al. (2019) we chose a
Cobb-Douglas function, which is shown in equation (2):

_ . pYEKL , gYWkl . qVRKEL _ qVTkl qYOKkl
fk,l(eEl HW'ﬁRJﬂT'ﬁO) - ak,l HEJ' HWJ‘ 19R,j 19'[',]' 190,] (2)



Where the coefficient a, ; is characteristic of the ecosystem service k and of the land cover / and is
representative of the contribution of the land cover in the provision of the ecosystem service. The
exponents ¥; ;. ; are characteristic of the land use, climate variable or biophysical variable i €
{E,W,R,T, 0} for the ecosystem service k and the land cover /. The Cobb-Douglas function
corresponds to a weighted product of factors and allows limited substitutability between them (in

contract to the linear function that allows complete substitutability) (Grammatikopoulou et al. 2020;
Zhang et al. 2020).

Optimization scenarios

The model described by equations (1) and (2) is used for running optimization scenarios. Within an
optimization scenario, one or more objective to maximize or minimize are defined; then, starting from
an initial configuration, some variables (hereafter called “decision variables”) are systematically
changed in order to find the optimal solutions. We chose that the decision variables were the land
cover fractions (¢, j, Pp j, Pu j» Pg,j» Pr,j) in each land unit and the energy input &g ; in each cell
j. The variables that were not chosen as decision variables were kept constant along the optimization-
based scenarios and were treated as parameters. The management area S; of each land unit was kept
constant and the land cover fraction were imposed to always sum to 1 while they were systematically
changed.

We designed four optimization scenarios differing for the objective optimized and the number of
objectives optimized (Table 1), the scenarios refer to the whole France, so they refer to the sum of the
total carbon storage, crop production, and energy input over all the land units (J indicates the set of all
the land units):

e Scenario 1 consisted of a mono-objective optimization that maximized the total carbon storage
in the whole France,

max z Ecsj (3)

jeJ

e Scenario 2 consisted of a mono-objective optimization that maximized the total crop
production in the whole France,

max Z Ecpj 4

jej

e Scenario 3 consisted of a bi-objective optimization that maximized at the same time the total
carbon storage and the total crop production in the whole France,



,
max Z Ecs;
€
) JEJ )
max Z Ecp,j
\ JEJ

e Scenario 4 consisted of a triple-objective optimization that maximized at the same time the
total carbon storage and the total crop production, while minimizing energy input in the whole
France,

,
max Z Ecs;
jej
{ max z Ecp,j (6)
jej
min Z Ok,
\ j€J

The optimization-based scenarios' output solutions could be regarded as a response of the land use
and land cover to the corresponding objective functions. The obtained near-optimal solutions of the
different scenarios could help explore the trade-off between crop production and carbon storage as
well as the role of intensification in tackling the trade-off. Comparing scenarios 1 and 2 with scenario
3 and scenario 4 will show the role of adding objectives. Comparing scenario 3 with scenario 4 will
highlight the role of intensification. For all the scenarios, not only it is interesting to investigate the
values of the optimized objectives, but also to examinate how land cover and intensification decision
variables are changed in order to attain the optimal solutions. We examined how land covers and
energy inputs were changed at the aggregated level (averaged across all the land units) and at the level
of each land unit. The optimization process could be regarded as an evolutionary process of solutions,
which starts from a given initial configuration and gets to an optimized configuration. The initial
configuration in this study is the one given by the data.

Table 1 — Overview of the optimization scenarios and of the objectives to be maximized or minimized.
Scenarios are numbered from 1 to 4 and Vs indicate that the objective is accounted for.

Objectives
. Maximize Maximize Minimize
Scenario : .
carbon storage crop production energy input

1 A\

2 Vv

3 Vv Vv

4 \Y A\ \%




Constraints

During the optimization processes envisaged in all the scenarios, the decision variables are
systematically changed by an evolutionary algorithm in order to find the optimal solution(s).
However, not all changes in the variables could be possible. In addition to the constraints due to
variable definitions (land cover fraction ranging between 0 and 1 and always summing to 1), we
decided to assign another constraint imposing that decision variables could not change beyond -20%
and +20% of their initial values. The reason behind this choice was twofold. Firstly, we did not want
decision variables to go out of the range used for calibration. Being the model statistic and based on
data, we decided not to explore solutions out of the validity domain. Secondly, we did not want to
create revolutionary changes in land cover and land use, but to explore solutions around the current
state, which could be potentially attainable in a time horizon of 10-20 years. With this constraint, the
aim of the optimization scenarios was not to find the real optimized solutions, but to explore the
strategies to follow in order to optimize objectives, while staying close to the current configuration.

Initialization and optimization procedure

The optimization problems corresponding to the scenarios presented belong to a class of large-scale
nonlinear programming problems. For each scenario, there are 30660 decision variables to optimize (
6 decision variables multiplied by 5110 land units) subject to constraints, therefore the current
optimization solvers such as Lingo, Cplex, Gruobi cannot solve this problem (Anand et al. 2017). We
used an evolutionary algorithm approach: for the mono-objective scenarios (scenarios 1 and 2) we
applied Genetic Algorithm where the fitness function was the objective to maximize; for the multi-
objective scenarios (scenarios 3 and 4), we used NSGAII with the package MOEA (Hadka 2015).
Evolutionary algorithms do not generally find optimal values, but they can effectively explore the
space of solutions. Finding the exact best solution was not the intention of this work. Through near-
optimal solutions, it was possible to analyze how decision variables changed towards the achievement
of the desired optimization targets as well as trade-offs and synergies among objectives. NSGAII can
effectively solve non-convex problems and deals with complicated constraints; it has been widely
used for addressing land cover and land use optimization, such as in Shaygan et al. (2013), Song and
Chen (2018), and Gao et al. (2020). The optimization algorithm was implemented in Java with the
Ubuntu 18.04 LTS.

Data and model calibration

For calibrating and initializing the model, data were considered for both model inputs (management
areas, land cover fractions, energy and water input) and for model outputs (carbon storage and crop
production). The management areas and the land cover fractions in each land unit were computed
from the Corine Land Cover dataset for the year 2012 (EEA2013). Within each land unit, the number
of pixels (100 m x 100 m) of each relevant Corine Land Cover category was re-classified in the land
cover categories considered in this study (the correspondence between categories is given in Table 1
located in the Supplementary material). Energy input data corresponds to the input for producing
agricultural goods (including labour, machinery, fertilisers and irrigation) [MJ.ha'] with data from
years 2003 to 2005 (Commission of the European Union. Joint Research Centre. 2015). The water
input corresponds to the water abstraction for agricultural use, averages for the years 2008 to 2012
[m3](Maes et al. 2015). Topsoil organic matter content comes from the EFSA spatial data set version
1.1 (Hiederer et al. 2012). Harvested production from crops corresponds to the sum of the harvested
production for food, feed, fiber, and fuel for the year 2011 (Maes et al. 2015). Finally, carbon storage



is an estimated of the above and below-ground carbon in living material, coming from the CDIAC,
using a global vegetation distribution for the year 2000 (European commission et al. 2011).

Once input and output data were available for each land unit, the parameter estimation was done with
an evolutionary technique. Parameters @ ; and y; i ; (for each ecosystem service &, land use or
climate variable 7 and land cover /) were estimated to that the sum over all land units of the difference
between modelled ecosystem services and data was minimize. The algorithm was super-visioned in
order to avoid unrealistic parameter values. The R? values for crop production was 0.91 and for carbon
storage was 0.67, both of which were acceptable (since values were greater than 0.5) for prediction of
the two ecosystem services provisions. The detailed values of the parameters, including the
coefficients and exponents, were summarized in Table 2.

Table 2 - The Cobb-Douglas function parameters

a Exponents y

Land use, climate and biophysical variables

ey waer (00 D one

input input precipitation temperature matter
Crop production [tons dry matter.yr']
Annual crops 5.06- 107 0.40 0.03 0.20 0.00 0.06
Permanent crops 1.00- 107 0.00 1.99 0.00 0.00 0.00
Heterogeneous agr. land 4.96- 107 0.30 0.12 0.26 0.09 0.16
Carbon storage [tonsC.ha™']
Annual crops 1.00 - 10 -1.43 1.94 0.46 1.95 0.01
Permanent crops 2.00-10* 0.32 0.00 0.00 0.00 0.001
Heterogeneous agr. land 2.00-10* 0.44 0.00 0.42 0.00 0.47
Grassland 5.20-103 0.47 0.10 0.00 0.00 0.02
Forest 1.02- 10 -0.11 0.00 0.01 0.00 0.02
Results
Optimized objectives

The results of the four optimization scenarios are represented together in the same plot in

order to allow comparison (Figure 2a, with zooms in Figure 2b and 2c). Results are presented
in relative terms, i.e., as percentages of improvement in total ecosystem services provision
with respect to the initial state. In this way, the origin of the axes (0;0) represents the initial



states and points on the plot denote percentages of variation in crop production (x-axis) or
carbon storage (y-axis). The color scale represents the energy input.
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Figure 2 — Pareto frontiers for the four optimization-based scenarios: the mono-objective carbon storage
maximisation scenario (point A), the mono-objective crop production maximisation scenario (point B), the bi-
objective (carbon storage and crop production joint maximization) optimization (Pareto front limited by points
C and D), the tri-objective (joint carbon storage and crop production maximization and energy input
minimization). Results are presented in terms of percentage increase with respect to the initial configuration.
Panel (a) provides an overview of the results from all the four optimization scenarios; panel (b) represents the
zoom of the Pareto front obtained from scenario 3; panel (c) represents the zoom of the Pareto front obtained
from scenario 4.

For the mono-dimensional optimization-based scenarios (scenarios 1 and 2) the optimal
solution is composed by a point (points A and B, respectively). For the bi-dimensional and
tri-dimensional optimization-based scenarios (scenarios 3 and 4), points are distributed along
a Pareto frontier. Pareto frontiers composed of all the non-dominated solutions, reflect the
existing conflicts in different objectives. Multiple objectives (Bradford and D’ Amato 2012)
cannot always be maximized or minimized at the same time because trade-offs exist between
them, therefore optimal points represent configurations for which it is not possible to improve
an objective without worsening another. The shape of the Pareto frontier shows how strict is
the conflict among objectives. For scenario 3 the Pareto frontier forms a curved line
(delimited by points C and D in Figure 2(a) and zoomed in Figure 2(b)), for scenario 4 the
Pareto frontier forms a 3D surface, but it appears as a cloud of points in the two-dimensional
representation with a color-gradient scale for the third dimension in Figure 2 (delimited by
points E and F in Figure 2(a) and zoomed in Figure 2(c)). In the two Pareto fronts, the energy
input increases going to the point maximizing carbon storage (D and F in scenarios 3 and 4,
respectively) to the point maximizing crop production (C and E in scenarios 3 and 4,
respectively). The shape of the two Pareto fronts show that there is a trade-off between
carbon storage and crop production.

Some considerations arise from comparing optimized solutions obtained with different
scenarios. The points A and B obtained by the mono-objective scenarios have the highest



values at the ecosystem service that they aim at maximizing but the lowest value (lower than
the initial configuration) for the other ecosystem service: namely A has a relatively high
value of the carbon storage but the lowest crop production and, conversely, B has the highest
crop production but the lowest carbon storage. The Pareto front issued from scenario 3
obtains positive improvements in both ecosystem services, however results obtained in crop
production and carbon storage are always lower than the values obtained in the respective
mono-objective optimizations. The energy input is higher in the results of scenarios 2 and 3
and 1s lower than in the results of scenarios 1 and 4. Comparing the Pareto fronts obtained
with scenarios 3 and 4 makes it visible that the minimization of energy input (included in
scenario 4) lowers the optimal value of both ecosystem services.

Land cover changes corresponding to the optimized objectives

Each of the points represented in Figure 2 corresponds to a configuration of land cover and
land use. We considered some notable points (indicated with A, B, C, D, E, F in Figure 2)
consisting in the results of the mono-objective optimisation scenarios and in the extremes of
the Pareto fronts of scenarios 3 and 4, and we analyzed the changes in the land cover
fractions observed at the French level for all these points (Figure 3). In point A forest was
increased at the expense of annual crops and grassland, while permanent crops and
heterogeneous agricultural land are unaffected. In point B forest and grassland were
decreased, while arable land and heterogeneous agricultural land were increased. Concerning
scenario 3 the land cover configuration in point C and D were quite similar, with an increase
in forest and heterogeneous agriculture and a decrease in annual crops, grassland, and
(slightly) permanent crops. It is to be noted that energy input was increased all along the C-D
pareto frontier (Figure 2(b)). In point C the forest increase and the annual crop decrease were
slightly stronger than in point D. Concerning scenario 4, the configurations in points E and F
were quite different. In point E (maximizing crop production on the frontier) annual crops
and heterogeneous agricultural land were increased, forest was slightly increased, and
grassland was decreased. In point F (maximizing carbon storage on the frontier) forest and
heterogeneous agricultural land are expanded over grassland, while annual crops and
permanent crops remained substantially unchanged.
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Figure 3 — Percentage of total management area transformed from (negative values) or to (positive values) the
different land cover types (A: annual crops; P: permanent crops; H: heterogeneous agricultural land; G:
grassland; F: forest). Panels (marked with the letters from A to F corresponds to the points marked on figure 2
with the same letters).

Variations of ecosystem services and energy inputs at the land unit level

We summarized the changes in energy input and ecosystem services provision in the different
land units considered. Figure 4 represents the frequency histogram of changes in energy input
observed after optimization in the different land units. For observing the changes in
ecosystem services provided, for each of the points (A, B, C, D, E, F) marked in Figure 2, we
divided the spatial units in four groups: increase in both ecosystem services (group
CP+(CS+), decrease in both ecosystem services (group CP-CS-), increase in crop production
but decrease in carbon storage (group CP+CS-), increase in carbon storage but decrease in
crop production (group CP-CS+). The percentage of land units in each of those four groups
differed according to the scenario and to the point on the Pareto front as shown in Table 3.
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In point A the changes in energy input keeps quite low (compared to other scenarios).
Although the total energy input increase is relatively low at the French level, some land units
see their energy input slightly increased (Figure 4A). The majority of points (40.9%) fall into
group CP-CS+ and some (20.5%) belong to CP+CS+, with some land units (14.6%)
experiencing decrease in both ecosystem services.

In point B the majority of land units have their energy input increased after the optimization
(Figure 4B). A minority of land units have the energy input decreased, but only to a limited
extend. The majority of the points (50.6%) belong to the group CP+CS- and another
relatively high percentage of points (30.7%) belong to the group CP+CS+. A low percentage
of land units have their crop production decreased.

In points C and D the majority of the land units experience a local increase in energy input
(Figures 4C and 4D). A minority of land units experience energy input decrease despite the
overall energy input increase at the French level. For these two optimal configurations, the
majority of land units are concentrated in the group CP+CS+, less points are in CP+CS-, less
in CP-CS+ and finally, only a minority of points are in the group CP-CS-. The difference
between configurations C and D is that in D more land units are classified in groups were
crop production increases.

In points E and F the distribution of energy changes is located around zeros without big
increases or decreases in energy input (Figures 4E and 4F). In point E the distribution of
energy input in the land units is asymmetrical, with more land units having a negative change
in energy input. Points E and F have the land units more evenly distributed among the four
groups of joint ecosystem services changes. For point E, a higher percentage of land units is

concentrated in CP-CS+, while in point F, a higher percentage of land units is concentrated in
CP+CS-.



Table 3 — Percentage of land units belonging to different groups (CP+CS+, CP+CS-, CP-CS+, CP-CS-), for the
different configurations (letters from A to F corresponding to the points marked in Figure 2). Groups correspond
to increase in both crop production and carbon storage (CP+CS+), increase in crop production but decrease in
carbon storage (CP+CS-), increase in carbon storage but decrease in crop production (CP-CS+), decrease in
both ecosystem services (CP-CS-).

CP+CS+ CP+CS- CP-CS+  CP-CS-
Point

[%0] [“0] [%0] [“0]
A 20.5 24.0 40.9 14.6
B 30.7 50.5 11.8 7.0
C 40.6 34.5 20.6 4.3
D 41.0 37.1 17.8 4.1
E 20.6 28.2 36.6 14.6
F 22.0 33.9 28.9 15.2

Discussion

This paper was aimed at exploring land-cover-land-use-based strategies for addressing the
trade-off at the country scale between crop production and carbon storage. We tackled this
challenge by formulating statistical models linking land cover, climate, and biophysical
variables to the provision of the two ecosystem services considered. We compared optimal
solutions coming from four scenarios (Table 1) characterized by an increasing number of
objectives in order to explore the trade-off between crop production and carbon storage and
the role of intensification in tackling this trade-off. The analysis of land cover and land use
changes, both in aggregated manner and in the different land units, made it possible to
explain the land use and land cover strategies needed for reaching the optimized solutions.

Comparing scenarios 1 and 2 with scenario 3 highlighted the importance of considering more
than one objective in the same optimization problem. Mono-objective scenarios (without any
type of constraints on the other objectives) cannot be recommended to policy-makers as they
represent myopic policies that do not consider possible negative consequences of other
important services. This is in line with recommendation from other scholars (see e.g., Garnett,
2016) and the Millenium Ecosystem Assessment (MEA 2005) where it is encouraged to
consider multiple objectives in the process of policy-making. In this study, scenarios 1 and 2
have the demonstrative function of showing that focusing efforts in crop production is
detrimental to carbon storage, and vice versa. Scenario 2 might be representative of past
trajectories in which agricultural expansion and intensification came at the expense of carbon
storage (Johnson et al. 2014) as well as of biodiversity (Geiger et al. 2010; Briihl and Zaller
2019) and other ecosystem services (Foley et al. 2005). Scenarios 3 and 4 showed that in the
optimized configurations of their Pareto fronts there is a trade-off between crop production



and carbon storage. So, the next question is: once the trade-off is rendered visible, how do we
deal with it? Comparing scenarios 3 and 4 highlights the role of intensification, while
exploring the land cover strategies in the Pareto frontier of scenario 4 highlights the role of
different land covers.

The role of grassland in our scenarios

It is important to note that grassland is decreased in all the configurations obtained in all
scenarios, especially for configurations E and F. This raises questions about the pertinence of
reducing grassland, which is a land cover type contributing to carbon storage and other
ecosystem services. Indeed, for the two ecosystem services considered in this study,
grassland is not considered an optimal land cover type. It is not as efficient as forest for
carbon storage and it is not as productive as cropland for crop production, therefore the
optimization algorithm decreases it. In all the configurations, except the B, grassland are
converted partially into forests (reforestation/afforestation). This conversion goes in the
opposite direction of past land-use change trends but is identified as a climate mitigation and
adaptation strategy (Teuling et al. 2019; Lee et al. 2019). Indeed, in the past, increases in the
human population and in the demand for animal-sourced food have driven the conversion of
forests to semi-natural grassland and/or cropland (Domingues et al. 2018; Feurdean et al.
2018). However, grasslands provide important ecosystem services (Lemaire et al. 2014;
Accatino et al. 2019), enhance biodiversity, and reduce feed-food competition (Muscat et al.
2019): they could have been enhanced if other ecosystem services were accounted for in our
studies. In addition to this, there are cases in which grasslands simply cannot be converted in
other land covers because of pedological and hydrological conditions. This is another reason
for putting the constraints on the model decision variables (the variable values in each land
units could not exit the range [-20% +20%] of their initial value): in this way, extreme and
unrealistic scenarios (that would have maybe strongly reduced grassland) were avoided.

The role of agricultural intensification

If within the Pareto front generated by scenario 3 the trade-off still exists between crop
production and carbon storage (Figure 2(b)), the increase of the energy input allows obtaining
an increase in both ecosystem services. Along the frontier, the land cover changes are quite
similar: intensification makes it possible to obtain a reduction of the surface of annual crops
for allowing an expansion of heterogeneous agricultural land and forest, increasing carbon
storage. This is in line with land sparing strategies for increasing agricultural production and
other natural resources at the same time (Ewers et al. 2009). The expansion of forest occurs in
all the configurations, except B. Its expansion, along with the intensification of annual crops,
is a land sparing strategy necessary to address the trade-offs among the two ecosystem
services. In configuration B forest is reduced because the formulation of the optimization
problem does not take into account carbon storage, but only crop production.

The increase in energy makes it possible to promote a land sparing strategy, allowing to
reduce land dedicated to agriculture and increasing forest. According to Figure 2(a) energy
allows a substantial increase in both ecosystem services. It is however questionable that the



increase in yield as a consequence of increased energy input is feasible. First, yields appear to
have come to a stagnation point in the last years (Ray et al. 2012; Wiesmeier et al. 2015) and
can probably be subject to the uncertainty of future climate change (Challinor et al. 2014).
Second, even though yield increase can be achieved by means of the closure of the yield gaps
in certain areas (Neumann et al. 2010; van Ittersum et al. 2013), there is ample evidence that
agricultural intensification through the use of pesticides, the simplification of landscape and
the overuse of mineral fertilizer (Emmerson et al. 2016) is one of the major drivers of drivers
of harm to biodiversity and environment (Tanentzap et al. 2015), and depletes the organic
matter in the soil (Gervois et al. 2008). The Pareto frontier computed in scenario 3 can
therefore be regarded as theoretically attainable, but it shows the role of intensification in
pushing the boundaries of the trade-offs between crop production and carbon storage.
Pathways of sustainable intensification, through the use of precise fertilization techniques
(Godfray 2015) and other practices, can improve yields without damage to the environment
(Tscharntke et al. 2005; Garratt et al. 2018). They can push the configurations beyond the
Pareto front of scenario 4, improving the provision of both ecosystem services, if not to the
Pareto front of scenario 3, to some points in between. However, debate exists around the
possibility of pushing intensification while reducing (or not increasing) the impact of
agriculture on the environment (Godfray 2015) and its implementation on a large scale is
questionable (Crist et al. 2017).

The role of expansion of agricultural land and heterogeneous agriculture

When energy input is minimized, changing the land cover fractions becomes primary to
tackle the trade-off between crop production and carbon storage. The improvement of the two
ecosystem services in scenario 4 is limited if compared to scenario 3 and, in some cases, crop
production is even lowered (with respect to the initial state) in order to increase carbon
storage. Both annual crops and forest are increased in scenario 4, to different extents
according to the ecosystem services enhanced along the Pareto frontier.

All the scenarios show the important contribution of heterogeneous agricultural land in
addressing the trade-off between crop production and carbon storage. Within scenario 3,
heterogeneous agricultural land is still increased, but with also an increase of energy input: in
this scenario heterogeneous agricultural land can be increased, but in a frame of land sparing,
i.e., the annual crops are intensified. Within scenario 4, heterogeneous agricultural land is key
because energy input is minimized. It becomes very important therefore to promote this land
use which is able to provide both ecosystem services at the same time with less energy input
need than monocultures (Alluvione et al. 2011) and less dependency on fossil fuels
(Melézieux 2012). Only permanent crops have also this potential, but due to their low
percentage in France (compared to other land cover types), they do not have a prominent role
in the scenarios. The message behind this is that land covers promoting both crop production
and carbon storage are fundamental for tackling the trade-off. The idea is to bring nature into
agriculture so to promote carbon storage within agriculture. This can be achieved with
practices of conservation, organic, and integrated agriculture (Autret et al. 2016), based on
no-tillage (Triplett Jr and Dick 2008), cover crops (Schipanski et al., 2014), re-incorporation
or selective removal of crop residues (Stella et al. 2019)and other practices (see Singh et al.,



2018) . Agroforestry is also a promising way to promote the two functions at the same time
(Jose 2009).

The expansion of annual crops showed above all in configuration F could be framed in the
concept of “selective expansion” proposed by Johnson et al., (2014), for which the expansion
of crops should occur in selected lands for minimizing soil carbon losses due to land cover
conversion. In this configuration, according to Figure 2, the percentage loss in crop
production can be considered small in comparison to the percentage increase in carbon
storage that can be gained. One can argue that it is not strictly necessary to increase crop
production in Europe (even though this need should be put in perspective with climate change
scenarios), but simply to increase carbon storage without decreasing crop production (win-
no-loss solution). The Pareto frontier of scenario 4 showed that this is possible, like Teillard
et al. (2017)showed that this is possible between crop production and biodiversity at the
French scale.

The role of spatial distribution of land use change and consideration on land sparing
and land sharing

Following Fischer et al. (2014), the debate about land sparing and land sharing can be
addressed at different spatial scales. Accatino et al. (2019) made considerations comparing
the French scale with lower-scale land units and showed that even though a land sharing
strategy can be visible at the country level, a land sparing strategy can be visible in smaller
spatial units. In this study, configurations B, C, and D are characterized by an increase in
energy input at the country level and, in particular, C and D tackles the trade-off between
crop production and carbon storage at the country level with a land sparing strategy (increase
in energy input and decrease of annual crops). For configuration B almost half of the land
units are characterized by an increase of crop production over carbon storage and an increase
in energy input. For configurations C and D many land units are also locally characterized by
land sparing, with a local intensification and local increase in both ecosystem services.
However, a minority of land units are characterized by a local increase in carbon storage and
a decrease in energy input.

The analysis of points E and F, which are characterized by a strategy at the French level close
to the land sharing strategy (low energy input, expansion of annual crops, forest, and
agricultural land) show that in some land units the energy input is increased. Similarly, some
land units are locally characterized by an increase in crop production at the detriment of
carbon storage. This is in line with the re-allocation scenario shown by Teillard et al.
(2017)in which it was possible to conciliate biodiversity and agricultural production.
However, the re-allocation can cause inequalities with different winners and losers distributed
in space and parts of the country in which increases in agricultural land and agricultural
inputs might cause local detriment to natural resources. This would not be socially acceptable
(Rutz et al. 2014) and should be carefully addressed in policy-making.



General remarks

The modelling approach has some limitations: it is limited to data available at the large scale
and includes only a part of the land cover and land use variable possible; in addition to this,
some data was aggregated (for example energy input included a number of elements such as
synthetic fertilization and machinery). However, the approach allows exploring strategies of
land use allocation and trade-offs at the large scale among ecosystem services. Other
ecosystem services can be included in the modelling, for example, Accatino et al. (2019)
considered four ecosystem services at the same scale. From the lessons learnt with this study,
we can affirm that adding new objective will render it even more difficult to find solutions
that improve all the objective desired, but the comparison of scenarios done with different
number of objectives included, like in this study, will make it possible to detect the role of
each objective in the complex trade-off. We can extend another finding from this study: land
covers providing multiple ecosystem services are to be preferred, for example forest are
acknowledged and demonstrated to provide a wide array of ecosystem services (Maes et al.
2012) and some forms of agriculture and agroforestry make agriculture more multi-
functional.

Our study provides perspectives at the large scale, but if this is a panoramic view for policy-
making, the implementation of the solutions comes from applying multiple local land use
changes. This requires evaluating issues related to land use conflicts (Zou et al. 2019) which
need to take into account socio-economic dynamics (Tudor et al. 2014) and are influenced by
policies (Milczarek-Andrzejewska et al. 2018).

Conclusion

This study tackled the trade-off between crop production and carbon storage at the large scale
via a set of optimization scenarios. Comparing different optimization scenarios with different
number of objectives makes it possible to understand the role of different variables and
different number of objectives considered. Specifically, adding more objectives decrease the
possibility to increase them, and the objective of energy input minimization decrease the
extent at which both carbon storage and crop production can be jointly increased.

On the one hand, our modelling results highlighted the need of promoting carbon storage
within agriculture via the enhancement of heterogeneous agriculture as well as with practices
of no-tillage, agroforestry, and other forms of organic, integrated, conservation agriculture.
Some previous studies highlighted the importance of increasing soil carbon storage out of the
currently used agricultural lands, which have the highest potential of sequestrating new
carbon (Lal et al. 2015). On the other hand, the study also highlighted the need of managing
the conflict between agricultural land with grassland and forest which store higher amount of
carbon than arable land. The model showed that the land sparing approach can save some
land: intensification of agricultural land might save some land for new afforestation or
restoration of ecosystems; however, the energy input in agriculture should be sustainable.
Future modelling approaches might consider different degrees of intensification, according to



how sustainable it can be considered and might parametrize the influence of agricultural
practices, in this way trade-offs among crop production and carbon storage can be studies
more in detail.
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Supplementary material

Table 1 — Correspondence between the land cover class used in the model and the Corine Land

Cover classification.

Abbreviation Land cover

Composition

A Arable crop land

P Permanent crop land

H Heterogeneous
agricultural areas

G Grassland

2.1.1 Non-irrigated arable land

2.1.2 Permanently irrigated land
2.1.3 Rice fields

2.2.1 Vineyards

2.2.2 Fruit trees and berry plantations
2.2.3 Olive groves

2.4.1 Annual crops associated with permanent
crops

2.4.2 Complex cultivation patterns

2.4.3 Land principally occupied by agriculture,
with significant areas of natural vegetation

2.4.4 Agro-forestry areas

3.2.1 Natural grasslands

3.2.2 Moors and heathland
3.2.3 Sclerophyllous vegetation



3.2.4 Transitional woodland-shrub
3.1.1 Broad-leaved forest
Forests 3.1.2 Coniferous forest

3.1.3 Mixed forest




