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Abstract

The central role of land-use change in the Earth System and its implications for food
security, biodiversity and climate has spurred the development of global models that
combine economical and agro-ecological drivers and constraints. With such a develop-
ment of integrated approaches, evaluating the performance of global models of land-5

use against observed historical changes recorded by agricultural data becomes in-
creasingly challenging. The Nexus Land-Use model is an example of land-use model
integrating both biophysical and economical processes and constraints. This paper is
an attempt to evaluate its ability to simulate historical agricultural land-use changes
over 12 large but economically coherent regions of the world since 1961. The evalu-10

ation focuses on the intensification vs. extensification response of crop and livestock
production in response to changes of socio-economic drivers over time, such as fer-
tiliser price, population and diet. We examine how well the Nexus model can repro-
duce annual observation-based estimates of cropland vs. pasture areas from 1961 to
2006. Food trade, consumption of fertilisers and food price are also evaluated against15

historical data. Over the 12 regions considered, the total relative error on simulated
cropland area is 2 %yr−1 over 1980–2006. During the period 1961–2006, the error
is larger (4 %yr−1) due to an overestimation of the cropland area in China and For-
mer Soviet Union over 1961–1980. Food prices tend to be underestimated while the
performances of the trade module vary widely among regions (net imports are under-20

estimated in Western countries at the expense of Brazil and Asia). Finally, a sensitivity
analysis over a sample of input datasets provides some insights on the robustness of
this evaluation.
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1 Introduction

Agricultural land-use changes result from a wide diversity of mechanisms. They relate
to bioclimatic conditions (climate, soil, slope, etc.), demand for food and other agricul-
tural products like agroenergy, technology to increase yield (intensification), prices of
inputs (fertilisers, pesticides, water, etc.), labour and public regulations (environment,5

trade, etc.). Most of these drivers are region-specific and interconnected via trade and
other feedback mechanisms.

The Nexus Land-Use model (Souty et al., 2012) focuses on the interplay between
biophysical potentials and economic drivers. It simulates agricultural land-use changes
over the world through the intensification/extensification responses of crop and live-10

stock productions, in response to exogenous scenarios of food and agroenergy de-
mands, evolution of forest areas and changes in fertiliser and pesticide prices.

This paper aims at evaluating land-use mechanisms represented in the Nexus Land-
Use model by comparing its results against data on historical land-use changes be-
tween 1961 and 2006. Such model evaluation is common in the physical sciences, but15

is almost nonexistent in economics (Beckman et al., 2011). Indeed, given the complex-
ity of socio-economic systems and their evolution over time, economics generally uses
stylised and simplified assumptions (e.g., individual rationality, representative agent)
not to faithfully reproduce past evolutions but rather to provide a framework for studying,
for instance, the effects of a policy, or the gap between the reality and an “optimal” sit-20

uation. Actually, a model must be evaluated in light of its intended use. Most economic
models, especially long term models, are not designed for predictions, but rather for
comparing a range of policy options the results of which are nontrivial due to numerous
interactions. Such models are especially useful when they help to reveal unexpected
consequences of a policy option. Amongst the few global land-use models representing25

biophysical mechanisms and economic behaviours, KLUM@GTAP and MAgPIE are
two examples that have compared their results against historical data (Ronneberger
et al., 2008; Lotze-Campen et al., 2008). These evaluations provide valuable insights
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on the models’ capacities to reproduce land-use changes. Several outputs have been
compared against independent agricultural observation data: changes in the area of
cropland on each grid point, changes in yields and shares of different crop types in re-
gional cropland areas (MAgPIE) and prevailing crop in each country (KLUM@GTAP).
The merit of these works is above all to highlight limits or weaknesses of the mod-5

els. For instance, the evaluation of the MAgPIE model shows more errors for Africa
and Middle East than other regions due to regional specificities and biases from the
underlying vegetation model.

In this paper, the Nexus Land-Use model is calibrated and evaluated through retro-
spective simulations from 1961 to 2006. In an initial step we focus on specific com-10

ponents of the model (in particular the yield response functions and the international
trade module). We evaluate the sensitivity of these components to input parameters
and calibrated them. In a second step, several model outputs are compared with his-
torical census data: cropland area, food price, fertiliser consumption, food trade (Fig. 1).
The 12 regions of the model are: USA, Canada, Europe, OECD Pacific (including Aus-15

tralia, Japan, New Zealand and South Korea), Former Soviet Union (FSU), China, In-
dia, Brazil, Middle East, Africa, the Rest of Asia and the Rest of Latin America (Rest of
LAM).

The next section briefly reviews the main features of the model and changes made
from version 1.0 (Souty et al., 2012). Section 3 describes the data used to force ret-20

rospective simulations (food demand, fertiliser price, irrigation, feeding practices, etc.).
In Sect. 4 we calibrate and evaluate specific model components. Finally, Sect. 5 in-
vestigates the capacity of the model to reproduce 45 yr of changing agricultural land
use that occurred during the period 1961–2006. Section 6 tests the sensitivity of this
evaluation to the use of different input data.25
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2 The Nexus Land-Use model

2.1 Short description

As described in Souty et al. (2012), the Nexus Land-Use model is a partial equilib-
rium model in which the agricultural sector is discretised in 12 regions of the world,
inter-connected with each other by international trade. The model inputs are regional5

temporal profiles of: (i) consumption of food calories (population multiplied by average
diet per capita), (ii) production of agrofuel, (iii) forest area, (iv) price of fertilisers and
pesticides, (v) other cropland area and other production (see below). Outputs are: (i)
area of cropland and its distribution over land classes, (ii) areas of intensive vs. ex-
tensive pastures, (iii) consumption of fertilisers and pesticides, (iv) food crop calorie10

price.
In contrast to similar land-use models such as MAgPIE (Lotze-Campen et al., 2008)

or GLOBIOM (Havlík et al., 2011), the Nexus Land-Use does not run on a spatial grid
but uses the concept of land classes of different potential yields within each region.
Gridded input data on land-use (forests, pastures and croplands) and potential crop15

yields are transformed into land classes of increasing potential yields. Potential crop
yields are defined as maximum attainable yields with maximal use of fertiliser and pes-
ticide, in rainfed and irrigated conditions. Since potential crop yields are not available
for all crops, crops are divided into two categories in each region. The first category,
called dynamic crops (because their yield and area responds dynamically to changes20

in model input), corresponds to crops for which potential yield estimates are avail-
able. The second, called other crops, includes remaining crops and fallow lands, the
areas and corresponding productions of which are exogenously set. Potential yields
of dynamic crops are provided by the spatially explicit vegetation model LPJmL for
11 crop functional types, with and without irrigation, on all earth’s lands discretised25

on a 0.5◦ ×0.5◦ grid (Bondeau et al., 2007). These potential yields are converted into
a food calorie equivalent and aggregated into an average crop potential yield on each
grid cell, including cropland, and taking into account the fractional coverage of each
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crop around year 2000 for irrigated and rainfed areas separately. Areas of dynamic
crops are binned into land classes of increasing potential yield values. Other land uses
(pastures, forests and other croplands) are associated with a rainfed hypothetical yield
should these lands be converted into dynamic croplands. To calculate this hypothet-
ical yield, LPJmJ potential yields under rainfed conditions were aggregated into one5

potential yield on each grid cell of land using the actual crop mix in each country. This
amounts to assuming that when dynamic cropland expands, new crops are cultivated
without irrigation and the proportion of each new crop planted corresponds to the cur-
rent fraction of this crop at the national scale.

In each region, it is assumed that agricultural expansion (cropland and pasture) can10

only be made at the expense of forest. Therefore, the expansion of urban areas, degra-
dation of agricultural lands, and other land-use changes are neglected. The production
of seed and waste are a proportional share of each type of agricultural production. De-
mand for non-food agricultural products, including agrofuels, is exogenously set. Trade
is calculated using price ratios between domestic and world prices. Agricultural prod-15

uct exports cannot grow above limits representing food sovereignty considerations.
Regional demands for production of animal food are converted into feed needs, using
the livestock production model of Bouwman et al. (2005). Regional demands of food
and feed are then converted into cropland and pasture area.

Two mechanisms drive the actual yield of dynamic crops in Nexus Land-Use. Firstly,20

in each land class of each region, yield is modelled as an increasing function of fer-
tiliser and pesticide use. This crop production function is similar to the yield response
to inputs of nitrogen fertilisers: decreasing returns and an asymptote equal to the po-
tential yield of the land class. It is used to calculate an “optimal” yield that minimises
the production costs computed with fertiliser and pesticide prices and the endogenous25

calorie price. Secondly, following Ricardo (1817), Nexus Land-Use assumes a produc-
tion frontier between fertile and less fertile lands: intensive production systems of crop
and pastures (used for crop and livestock production) are located on best, high-yield
lands, and extensive production systems (non-fertilised pastures used for grazing only)
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are located on low-yield lands. When pressure on land rises, the intensive system
grows at the expense of the extensive system.

Three types of pasture are considered, intensive (with inputs), extensive (without
inputs) and so-called residual pastures. Residual pastures are located on high-yield
land classes but they are part of the extensive production system (no input and grazing5

only, Souty et al., 2012, p. 1309 and 1312). Considered to be an inefficient use of
land from the point of view of economic return, the area of residual pastures in each
land class is reduced as soon as the pressure on agricultural land is higher than its
reference level in 2001.

2.2 Changes from previous version10

Four changes were made in the parametrisations of Nexus Land-Use version 1.0 de-
scribed by Souty et al. (2012):

– Data of intensive pasture areas at the base year 2001 from Bouwman et al.
(2005) were updated with a new dataset (L. Bouwman, personal communication,
2011). There are changes compared to the previous dataset for the United States15

(−47 %), the Middle East (+32 %), Canada (+107 %) and Brazil (+213 %) (see
Appendix A1).

– The global supply/demand balance (Souty et al., 2012, p. 1301) now integrates
LPJmL’s fodder crops. Globally, in 2001, these crops represent only 3.4 % of to-
tal dynamic crop production in calories, but reach 12.3 % in the FSU (see Ap-20

pendix A2).

– Other food crop productions are no longer assumed to be constant, as was the
case in Souty et al. (2012), but are set proportionally to the total food crop demand
in each region.

– Costs of industrial inputs (fertilisers, pesticides, mineral enrichments) for the pro-25

duction of dynamic crops in 2001, ICχ , are no longer based on GTAP 6 values
6981

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/6/6975/2013/gmdd-6-6975-2013-print.pdf
http://www.geosci-model-dev-discuss.net/6/6975/2013/gmdd-6-6975-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
6, 6975–7046, 2013

Calibration and
evaluation of the
Nexus Land-Use

model

F. Souty et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(GTAP, 2006) but on nitrogen, phosphate and potash (NPK) fertiliser consump-
tion values calculated with FAOSTAT data (FAO, 2012, see Sect. 3.2 for details).
These new monetary values are used to calibrate the initial slope αIC of the crop
production function (Souty et al., 2012, Eqs. 34 and 35). Mineral NPK fertilisers
represent the most widespread industrial inputs used by agriculture. They do not5

cover all chemical inputs reported in GTAP but their costs can now be associated
with quantities (tonnes of fertilisers) unlike with GTAP. Moreover, absolute values
of ICχ are not essential since the model deals with quantities and relative prices,
the latter being used only in the trade module of Nexus Land-Use.

– New actual and potential yields were computed to take into account multicropping.10

Using a dataset of harvested areas of each CFT on each grid cell (A. Bondeau,
personal communication, 2013), we increased actual and potential yields propor-
tionally to the number of harvests per year. As a result, the share of dynamic
crops in global food crop calorie production amounts to 87 % while it was 75 %
in the previous version (the cultivated area of dynamic crops is still 51 % of total15

cropland area, see Appendix A3).

3 Historical data for model evaluation (1961–2006)

The overall goal of this paper is to examine how well the Nexus Land-Use model can
reproduce the Ramankutty and Foley (1999) annual observation-based estimates of
cropland vs. pasture areas from 1961 to 2006 in each region. In a preliminary step, we20

focus on two major mechanisms: the function determining the crop yield in each land
class and the international trade module. Their outputs are compared to historical data
and their parameters are calibrated. In addition, we evaluate the grassland yield and
the sensitivity of the maximal conversion speed of residual pastures (Sect. 4). Then, the
performances of the model as a whole are assessed through a backcasting exercise25
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over the period 1961–2006 (Sect. 5, Fig. 1 summarises datasets used). Finally, the
robustness of the evaluation to input data and parameters is tested.

The model is forced backwards in line with historical values. A first input data is the
evolution of forest area that sets up a “top-down” constraint on the total area of cropland
and pasture. Changes in forest area are simply prescribed from Ramankutty and Foley5

(1999). The evolution of other drivers of the extensification/intensification of agriculture
over the past 45 yr are:

– food consumption in caloric units based on Agribiom (Dorin, 2011): Sect. 3.1;

– fertiliser (NPK) prices and consumption values in 2001 based on the World Bank
(2012a) and FAO (2012): Sect. 3.2;10

– other cropland area and production of other crops, i.e. those non-modelled by
LPJmL, based on Agribiom and FAO data: Sect. 3.3;

– differences in fixed cost per hectare between extensive and intensive systems,
based on GTAP (2006) and UNSD (2011): Sect. 3.4;

– potential yield evolution induced by changes in irrigated areas, based on LPJmL15

data: Sect. 3.5;

– changes in feeding practices, based on Bouwman et al. (2005) livestock produc-
tion model and parameters: Sect. 3.6.

We also present estimates of trade in food crops and ruminant products from
Agribiom (Sect. 3.1) and of fertiliser consumption from FAO (Sect. 3.2) since they will20

be used as forcing variables during a step of the evaluation process (Sect. 4).

3.1 Food production and trade in calories

As described in Souty et al. (2012), the global database Agribiom (Dorin, 2011) pro-
vides historical resource-use balances in kilocalories (kcal) computed with FAO annual
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country-level supply-utilisation accounts in tonnes. Using additional data, such as hu-
man population, Agribiom also estimates food availability (kcal per capita) hereafter
called “diets.” Over 1961–2006, it shows that average availabilities in plant food in-
creased along with those in animal food (fish and sea food excluded) (Fig. 2) but with
large regional differences, and a special case, the Former Soviet Union (FSU). The5

increase in food availability is particularly remarkable in China, India, Africa and the
Rest of Asia, since these regions also witnessed a large increase in population. The
following Agribiom estimates were used to force or calibrate Nexus Land-Use over
1961–2006:

– human population;10

– diets in plant, ruminant and monogastric products (availabilities in kcalcap−1);

– other consumptions of edible plant or animal products (in kcalyr−1): seed, other
non-food uses (mainly lubricant and energy) and waste (between farm production
and household provision);

– trade of plant, ruminant and monogastric products (import and export in kcalyr−1).15

The trade data show that the USA, Canada, Latin America and the Rest of Asia became
growing net exporters of plant food calories, while Africa, the Middle East, the OECD
Pacific and China became growing net importers between 1961 and 2006 (Fig. 15).

3.2 Fertiliser price and consumption

Fertilisers are important inputs to increase agricultural production, especially when20

agricultural land is limited. The FAO (2012) statistical database provides historical an-
nual country fertiliser consumptions in tonnes for various mineral (inorganic) fertilisers,
as well as their aggregates in nitrogen (N), phosphate (P2O5) and potash (K2O) equiv-
alents. Figure 3, shows the regional nitrogen consumptions per hectare of cropland
over 1961–2006. The global average increased 8 fold between 1961 and 2006. In25
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2006, the regional average consumption ranged between 250 kgNha−1 yr−1 in China
and 10 kgNha−1 yr−1 in the Former Soviet Union, where it fell by 78 % between 1988
and 1994 (−22 % in Europe). Phosphate and potash consumption patterns showed no
clear regional trends.

The fertiliser price is a determining parameter as it drives the land-fertiliser substitu-5

tion, and thus strongly influences the intensification level calculated by the model. To
obtain price series since 1960, two options were available:

– Using the fertiliser price index provided by the World Bank based on market spot
prices of triple super-phosphate, urea, potassium chloride, diammonium phos-
phate and phosphate rock (World Bank, 2012a).10

– Using annual country import and export data of N, P2O5 and K2O provided by the
FAO in quantity (tonnes) and monetary values (current US dollars). To transform
these values into constant 2001 US dollars, we use the MUV index (Manufac-
tures Unit Value) of the World Bank (2012a) which is a composite index of prices
for manufactured exports from the fifteen major (G-15) developed and emerging15

economies. At the world level, annual total trade values (sum of imports and ex-
ports in 2001-US$) are then divided by annual quantities (sum of imports and
exports in tonnes) for N, P2O5 and K2O fertiliser in order to obtain price proxies.

The two price series are compared on Fig. 4. The pWB
χ and the pFAO

χ provide consis-
tent evolutions from 2006 to 1970, but significantly diverge during the 1960s. A bench-20

mark of our price series with other sources (including oil and gas prices – see Fig. 5)
leads us to conclude that pWB

χ proxy data is more realistic than pFAO
χ . Indeed, the sharp

decrease of the FAO fertiliser price index during the 1960s is not confirmed by other
data sources. This discrepancy between FAO and World Bank data may be due to the
weakness of fertiliser trade in the 1960s as well as the low quality of FAO data on fer-25

tiliser in this period. For this reason, we chose the World Bank (2012a) fertiliser price
index (pWB

χ ) smoothed with a Hodrick-Prescott filter (with λ = 6.25, Ravn and Uhlig,
2002) to force retrospective simulations.
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In addition to the change in prices, we also need the cost of fertiliser consumption per
region at the base year, ICχ . This value is obtained by multiplying the regional 1999–
2003 averages of trade prices by regional consumptions in tonnes for N, P2O5 and
K2O from FAO (2012). We then assume that in each region the share of the dynamic
crops in these costs is equal to their share in the total production of plant food calories5

in 2001.

3.3 Other crop productions and areas

In the Nexus Land-Use model, there are dynamic crops whose potential yields are
given by the LPJmL vegetation model, and other crops that are not. For the base year
2001, we estimate that:10

– The dynamic crops account for 87 % of the world plant food production in calo-
ries (10 600 Gkcal according to Dorin, 2011) and 51 % of the world cropland area
(1500 Mha according to Ramankutty et al., 2008). These dynamic food crops in-
clude most cereals, oil-seeds and pulses, plus sugar beet and cassava and three
fodder crops: maize (15 Mha harvested in 2000 according to Monfreda et al.,15

2008), rye grass and sorghum (1 Mha each, Souty et al., 2012, Table 3).

– Other crops account for 13 % of the world plant food production and for 49 %
of world cropland area. They includes (i) edible crops not modelled in LPJmL:
fruits and nuts (54 Mha), vegetables (44 Mha), sugar cane (20 Mha), oil palm
(10 Mha), coffee (10 Mha), tea (2.4 Mha), etc.; (ii) fodder crops: mixed grasses20

and legumes (65 Mha), alfalfa (20 Mha), etc.; (iii) non-edible crops: fibre (35 Mha),
rubber (8 Mha), tobacco (4 Mha), etc.; (iv) the so-called remainder.

Estimating how productions and areas of other crops changed over 1961–2006 is
challenging. For productions, Agribiom estimates in calories over this period are used
but if dynamic and other crops fall into the same Agribiom category, they are split25

according to FAO data on the harvested area. For example, in 1985, 8 Mha of cassava
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(dynamic crop) and 4 Mha of other roots and tubers were harvested in Africa. Therefore
two thirds of the production of the Agribiom category “Roots and Tubers” (other crop)
is allocated to dynamic crop production and one third to other crop production for the
year 1985.

Calculation of changes in cropland areas is problematic. Since the FAO provides5

only harvested areas, there is no historical data on cultivated area distinguishing the
different crops. Cultivated and harvested area may however be quite different as some
areas are harvested more than once a year (cropping intensity> 100 %) or, conversely,
set aside as fallow (cropping intensity< 100 %).

To estimate the regional evolution of other cropland areas for which there is no his-10

torical data, we subtract an estimation of the evolution of dynamic cropland areas from
the Ramankutty and Foley (1999) total cropland area evolution. This estimation is made
in each region by multiplying relative changes in the harvested area of dynamic food
crops reported by the FAO (2012) by the dynamic cropland area at the base year 2001
(coming from LPJmL data)1. Our retrospective simulations are forced back in time with15

the evolution of other cropland area and other food crop productions smoothed with
a Hodrick Prescott filter (with λ = 6.25, Ravn and Uhlig, 2002).

Even though it is not used in our retrospective simulations, we decomposed the other
cropland area in (i) harvested areas of other food crops reported by the FAO, (ii) other
fodder crops by combining the Monfreda et al. (2008) estimation of non LPJmL fodder20

1Estimating changes in cropland area using harvested area, however, is problematic in case
of change in cropping intensity. If the number of harvests per year increased from 1961 to 2006,
the reconstruction of cropland area will be underestimated at the begining of the period. For
example, if the number of harvests per year decreased from 2 to 1 backward in time, the harvest
area is halved, and this signal will be wrongly assumed to represent a halving in cropland areas.
In reality, for this example, the cropland area did not change, but the production of crops per
hectare and per year was halved. The use of this method, in our case, amounts to converting
changes in cropping intensity on dynamic crops in cropland area equivalents and adding these
areas to other cropland area. The repartition of dynamic and other cultivated areas is therefore
incorrect but their sum is comparable to total cropland area.
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crops harvested area in 2000 and relative changes in fodder consumption from the
Nexus Land-Use simulation described in Sect. 5, (iii) the remainder. In addition, the
dynamic cropland area is decomposed between food crops and fodder crops using
Monfreda et al. (2008) data and relative changes in fodder consumption from the sim-
ulation of Sect. 5 (Fig. 6). Our breakdown of cropland area is imperfect, as shown in5

Fig. 6. The negative values of remainder area in China after 2003 is probably due to
an increase in the number of harvests per year. The negative values in the 1970’s in
the FSU may be due to an overestimation of cropland area for fodder production.

In this study, the accuracy of retrospective simulations is assessed by comparing
Ramankutty and Foley’s estimation of historical changes in total cropland areas with10

model outputs. One must keep in mind, however, that other cropland areas are exoge-
nously set which means that, in practice, only changes in dynamic cropland areas are
evaluated against Ramankutty and Foley’s observed changes in cropland areas.

3.4 Fixed cost (labour and capital)

This section describes the computation of variations in the fixed cost for labour and15

capital (FCtot). In the Nexus Land-Use, FCtot is used to compare the opportunity cost
of the intensive and extensive systems. It can be interpreted either as the difference
between the fixed cost per hectare in the extensive and intensive systems, or as the
fixed cost in the intensive system, considering that the cost is negligible in the extensive
one. Indeed, the extensive system produces only ruminants that are fed by grazing20

while the intensive system produces ruminants, monogastrics and food crops.
The fixed cost of production in the intensive system corresponds to all expenditures

of farmers used for crop and livestock production except the intermediary consump-
tion of fertilisers and pesticides. This cost includes labour, capital, other intermediary
consumptions of business services and on-farm energy consumption. The fixed cost25

of the extensive production system is significantly lower since breeding livestock fed by
grazing only includes some labour and few infrastructure/facilities (Souty et al., 2012,
p. 1310–1311).
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FCtot is calibrated at the base year 2001, so as to ensure that the cost minimisation
of agricultural production leads to a position of the production frontier that fits with
the distribution of agricultural area in 2001 (Souty et al., 2012). There are no primary
economic data distinguishing between an extensive and an intensive system. However,
the evolution of this differential cost should follow the evolution of the main cost items5

in the dynamic cropland sector, the whole intensive sector or the whole agricultural
sector.

Very little data is available to estimate historical changes in FCtot, which leads to sev-
eral assumptions before computing the regional evolution index of FCtot. Firstly, due to
a lack of data on other intermediary consumption like business services and on-farm10

energy consumption, it is assumed that this cost item evolves as labour and capital.
Labour and capital costs in the intensive system are estimated by subtracting the land
rent per hectare (λ) from the added value per hectare of the intensive system (VA).
Evolution of the cropland area is taken from Ramankutty and Foley (1999). The values
of both VA and λ in 2001 for dynamic crops are taken from the GTAP (2006) database.15

Since no difference is made between intensive and extensive livestock farming in the
GTAP database, we selected only the GTAP categories corresponding to dynamic
crops (Souty et al., 2012, p. 1316). This amounts to neglecting differences in fixed
costs between the intensive and extensive sectors that are not associated with staple
crops. Changes in VA were estimated by using the added value per hectare of cropland20

of the “Agriculture, hunting, forestry, fishing” sector from the UNSD (2011), considering
that the part of the agricultural sector corresponding to dynamic crops evolved as the
whole agricultural sector. Changes in λ are more difficult to estimate, and we assumed
that the evolution of this land rent per hectare is related to land scarcity change, and
that land scarcity is related to the population per hectare of cropland. By subtracting λ25

from VA, the evolution of labour and capital during the period 1970–2006 was inferred
(data on VA not being available before 1970, labour and capital is considered constant
during the 1961–1970 period). In retrospective simulations, FCtot is forced by changes
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in labour and capital smoothed with a Hodrick Prescott filter (with λ = 6.25, Ravn and
Uhlig, 2002). The evolution of FCtot is shown in Fig. 7.

3.5 Potential yield

The yearly increase in crop production per hectare over the past five decades can be
attributed to irrigation, fertilisers and improved crop varieties, which altogether allow for5

an increase of yield, a reduction of fallow, or an increase in the number of harvests per
year. In the Nexus Land-Use model, fertiliser and pesticide consumption is endoge-
nously modelled. Changes in the number of harvests per year can be modelled by the
forced evolution of other cropland area. The impact of changes in irrigation is modelled
through changes in potential yields.10

The impact of high yielding varieties is not accounted for per se but through increase
in fertiliser use, because these varieties are considered to respond better to fertiliser
than traditional ones and make it possible to reach higher yields (Evenson and Gollin,
2003). We therefore consider that genetic improvements allowed to improve stress
resistance, but not to push out the yield frontier (Cassman, 1999). Nevertheless, the15

better productivity of newly introduced varieties also results from their higher harvest
index (i.e. these plants devote much of their fixed carbon to producing grain and less
to producing straw or leaf material, see Hay, 1995). Due to lack of regional data, and
because it is unclear to what extent a higher harvest index depends on increases in
fertilisers, this effect is not taken into account.20

The impact of irrigation on yield is inferred using the rainfed and irrigated variants
of LPJmL potential yields. Changes in potential yields due to irrigation are calculated
backwards in time from 2001 using annual fractional coverage per grid cell of each
crop functional type separately for irrigated and rainfed areas from Fader et al. (2010)
(the same computation is made from 2001 to 2006, Figs. 8 and 9). Changes in potential25

yields are smoothed with a Hodrick Prescott filter (with λ = 6.25, Ravn and Uhlig, 2002).
Smoothed relative changes in potential yield are applied to the potential yield of each
land class (ρmax

j , Eq. A2). Major increases of potential yield attributed to increased
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irrigation from 1961 to 2006 are 26 % in China, 18 % in India, 11 % in the Middle East,
7 % in the Rest of Asia.

3.6 Livestock production model

As described in Souty et al. (2012) Sect. 3.3, feed requirements for animal production
is calculated using the Bouwman et al. (2005) dataset. This dataset considers mono-5

gastrics (non-grazing animals), ruminants in the extensive system fed by grazing only
and ruminants in the intensive system fed by grass, food crops, residues and fodder,
animal products and product scavenging. For each category, Bouwman et al. (2005)
gives a feed conversion factor defined as the calories of feed needed to produce one
calorie of animal food (β), and feed composition factors defined as the share of each10

specific feed product in total feed needs (φ). Bouwman et al. (2005) only report values
of β and φ for 1970, 2000 and 2030. Hence, in retrospective simulation, we assumed
a linear evolution of these factors between these three dates.

Regarding β values, from 1970 to 2000, Bouwman et al. (2005) shows that the quan-
tity of feed to produce a calorie of ruminant product in the intensive system, βr,int, de-15

creased by 74 % for China and 50 % for India and the Rest of Asia. This trend likely
reflects an increasing carcass weight, off-take rates, milk production per animal and
a decrease in the use of animal traction (Bouwman et al., 2005, p. 146). The feed
conversion factor for monogastrics, βm, decreased by 13 % for India and by 36 % for
China. Regarding φ values, the share of food crops (soybean cakes, maize grain, etc.)20

in the feed ration of intensive ruminants, φfc
r,int, increased for all regions except Brazil

where it decreased from 15 % in 1970 to 2 % in 2000. The largest increase of φfc
r,int took

place over China and the Rest of Asia, where it climbed from 2 % in 1970 to 10 % in
2000, and over the Middle East (from 7 % to 29 %). The Bouwman et al. (2005) dataset
was also used to infer trends in the yield of intensive and extensive grasslands (see25

Sect. 4.4).
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4 Results: calibration and evaluation of specific model components

In the following, the performances of the Nexus Land-Use model are assessed us-
ing model-data root-mean-square errors (RMSE) and the coefficients of variation of
RMSE (CV(RMSE)). The RMSE of the variable X in the region k is defined by√

1
T

∑
t(X

model
k,t −X obs

k,t )2, where Xmodel
k,t and X obs

k,t are the simulated and observed values5

of X at the year t and T is the number of years of the period. RMSE at the world level

is
√

1
T

∑
k,t(X

model
k,t −X obs

k,t )2. The coefficient of variation of RMSE is

√
1
T

∑
t(X

model
k,t −X obs

k,t )2

1
T

∑
tX

obs
k,t

at the regional level and

√
1
T

∑
k,t(X

model
k,t −X obs

k,t )2

1
T

∑
k,tX

obs
k,t

at the world level. To facilitate the reading,

RMSE and CV(RMSE) are denoted with the name of the variable in superscript and the
period in subscript. For example, RMSE on cropland area over the 1961–2006 period10

is denoted RMSEcropland
1961–2006.

4.1 Crop yield function of input in each land class of each region

As described in Souty et al. (2012) Sect. 3.2, in each land class of each region, the yield
of the dynamic croplands is an increasing function of agricultural input consumption
(mainly fertiliser and pesticide). This function exhibits decreasing returns and asymp-15

totes toward the potential yield of its land class, ρmax
k,j . In each land class j , the minimum

yield, ρmin
k,j , corresponding to the yield without inputs, is defined as a fixed fraction of

the potential yield. In the first version of the model, this minimum in each land class
Rmin

max k = ρmin
k,j /ρ

max
k,j was set at 10 % in each region and each land class because ob-

served actual yields in Africa – which are thought to be close to the minimum yield –20

reach 10 % of the potential yield (Souty et al., 2012, p. 1306). To refine this assump-
tion, in this study we recalibrated the minimum yield by minimising the error between
simulated and observed dynamic crop yields.
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To calibrate and then to evaluate the accuracy of the crop yield function, we used
a special version of the model for which no cost optimisation is performed. In that
setting, the yield of dynamic cropland in each land class is still a function of fertiliser
use (ICj , the intermediary consumption of the land class j , Souty et al., 2012, Eq. 13)
but ICj is no longer the result of a cost minimisation balancing the price of chemical5

inputs with the food crop calorie price (Souty et al., 2012, Eq. 21). Assuming that the
consumption of nitrogen fertiliser is a good proxy for the consumption of all agricultural
inputs, ICj is forced with the relative FAO nitrogen fertiliser consumption per hectare
(Fig. 3 in Sect. 3.2).

To isolate the simulated effect of increasing fertiliser consumption on crop yield, the10

Ricardian production frontier representing cropland expansion on less fertile land is
set exogenously. Since historical data on the evolution of the production frontier is not
available, it is fixed at its 2001 level. In this configuration, the model is over constrained.
The repartition between intensive and extensive livestock production systems cannot
evolve to match the prescribed land supply. Therefore the demand for agricultural land15

does not equal this prescribed land supply. Even though a physical constraint is not
met, it is not problematic since we are focussing here on the relationship between
dynamic crop yield and fertiliser use.

This configuration lets us see how minimum and potential yields influence the results
of the model. A sensitivity analysis is performed by using 7 values of potential yield from20

−40 to 40 % of the original value of ρmax
j , and 9 values of the minimum to potential yield

ratio from 10 to 50 %. These values were modified so that potential yields would be no
less than 105 % of actual yields and minimum yields no more than 95 % of actual yields.
The minimum Rmin

maxk value is set at 10 %, as the literature suggests it cannot be lower
(Seufert et al., 2012; Erb et al., 2009, p. 17). Since the base year of the model is 2001,25

in retrospective simulations, the model is run from 2001 to 1961 and from 2001 to 2006.
RMSEdyn. cropland

1961–2006 is calculated by comparing, in each region, the simulated changes of
dynamic cropland areas to the observed ones (Sect. 3.3).
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The results show that the RMSEdyn. cropland
1961–2006 is very sensitive to the minimum and

potential yields levels. The model performance is also region-dependent. When the
difference between minimum and potential yields decreases, the RMSEdyn. cropland

1961–2006 di-
minishes in the OECD Pacific and the Former Soviet Union regions, and increases in
Europe, China and the Rest of Latin America. For other regions, the dynamic cropland5

area is less sensitive to potential yield levels, and minimum yield levels minimising the
RMSEdyn. cropland

1961–2006 lie in median values. The reason why the OCDE Pacific and the FSU
show similar patterns may be their specific form of yield evolution since 1961, which did
not increase monotonically with nitrogen fertiliser consumption per hectare (Fig. 10).

Beside reproducing the evolution of yields between 1961 and 2006, we also want to10

reproduce a response to fertiliser inputs that is not too different across regions. Indeed,
Ladha et al. (2005) and Van Groenigen et al. (2010) have shown that the response
of major cereals yield as a function of nitrogen are similar across regions. For this
reason, we do not calibrate Rmin

maxk just by minimising the RMSEdyn. cropland
1961–2006 . We used

a customed error term (Eq. 1) which also takes into account the difference between15

a world reference sref
min and the regional initial slope of the yield response to fertilisers,

smink =
P NPK
k
αICk

, with P NPK
k the price of fertiliser at the base year calculated in Sect. 3.2,

and αICk (in kcal$−1) the initial slope of the production function, in monetary value
terms (Souty et al., 2012, p. 1316).

Rmin
maxk = argmin

W
T

T∑
t=0

(Sdynmodel
k,t (Rmin

maxk)−Sdynobs
k,t )2

Sdynobs
k,t

2
+

(smink(Rmin
maxk)− sref

min)2

sref
min

2

 (1)20

Sdynmodel
k,t and Sdynobs

k,t are the simulated and observed areas of dynamic crops in

the region k at the year t. The smink value depends on Rmin
maxk because it is calibrated

at the base year 2001 (Souty et al., 2012, p. 1316). sref
min is 107 Mkcal (kgNPK)−1 and

was determined using a first estimation of Rmin
maxk found by minimising only the dynamic
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cropland RMSE (Appendix C1). W is a weight manually tuned in order to obtain satis-
fying results. Its value has been set to 10−3 in order to have a correct tradeoff between
minimising the error on simulated crop yield in the future and avoiding large differences
in the response of yields to fertiliser. Because estimates of potential yields by LPJmL
seems exceedingly high, the Middle East’s potential yield is reduced by 30 % in each5

land class to be consistent with values observed in other regions (Fig. 10 shows modi-
fied value).

Calibrated Rmin
maxk vary from 10 to 35 % between regions (Table 2). Figure 10 shows

the simulated dynamic cropland yields for calibrated Rmin
maxk as a function of nitrogen fer-

tiliser consumption from the FAO (2012). It is compared with observed dynamic crop-10

land yields. The potential yield is also shown for information in Fig. 10. The model is
used in its “no cost minimisation version” from 1961 to 2006. Despite some exceptions,
Nexus Land-Use fits rather well with observations, showing that the shape of our pro-
duction function is adequate to reproduce historical yield trends. In absolute terms, the
RMSEdyn. cropland

1961–2006 is larger than 10 Mhayr−1 for Europe, India and the Former Soviet15

Union, and lower for other regions. In relative terms, the CV(RMSE)dyn. cropland
1961–2006 is below

20 %yr−1 except for the FSU, the OECD Pacific and the Middle East regions.
αICk ranges from 1.2 to 2.4 $Mkcal−1 except for the OECD Pacific and the Middle

East, where it is respectively 4.1 and 4.5 $Mkcal−1, meaning that it is more costly to

increase yield in these regions (Table 2).
P NPK
k
αICk

, which mirrors fertiliser use efficiency in20

volume over the 1961–2006 period, ranges from 60 to 132 Mkcal t−1. It is the lowest in
the Middle East and the highest in the USA.

In the OECD Pacific, the observed yield does not increase as a monotonic function
of nitrogen fertiliser consumption due to the confounding effects of specific agricultural
practices in Japan and South Korea over the period. In these countries, crop yields25

reported by the FAO were not always positively correlated with fertiliser use. For exam-
ple, the yield of rice increased by 11 % in Japan between 1970–1980 and 2000–2006
while the nitrogen fertiliser consumption per hectare decreased by 14 %. Similarly,
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fertiliser consumption is poorly correlated with yield in the Former Soviet Union. Be-
tween 1987 and 1994, because of the collapse of the centrally planned economy, the
nitrogen fertiliser consumption per hectare decreased by 80 % while the observed dy-
namic cropland yields decreased only by 20 %. Then, between 1994 and 2003, the
dynamic cropland yields increased by 30 % while the nitrogen fertiliser consumption5

per hectare continued to decrease by 40 %.
In the following, we used calibrated values of ρmin

j and the Middle East’s ρmax
j cut

down by 30 % compared to the original LPJmL data. The model is used in its “classi-
cal” version for which fertiliser use and the Ricardian production frontier are solved to
minimise the production cost of the agricultural product.10

4.2 International trade module

In the Nexus Land-Use model, the international trade of food crop products is modelled
as follows:

Impfc
k = αfc,imp

k ×
pcalk

pw
cal

×Dfc
k (2)

Expfc
k =

αfc,exp
k p−γfc

calk∑
k α

exp,fc
k p−γfc

calk

×
∑
k

Impfc
k (3)15

where Dfc
k is the demand for food crops (fc subscript) in the region k in calories, pcalk

the regional food crop calorie price and pw
cal the world food crop calorie price. αfc,imp

k

and αfc,exp
k are calibrated at the base year 2001 using trade data from Agribiom (Dorin,

2011). γfc is the price elasticity of exports of food crops which was arbitrarily set at 2 %20

in the first version of the model. International trade of ruminant products is modelled in
the same manner using the price of ruminant calories pr and parameters αr,imp

k , αr,exp
k

and γr. Trade of monogastric products is prescribed (Souty et al., 2012, p. 1313).
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Between 1961 and 2006, the volume of food crop trade grew from 10 % to 23 % of the
world food crop production. Trade in ruminant products took in parallel an increasing
fraction of world ruminant production, going from 9 % to 16 %. To reproduce these
historical changes in the share of trade in total production, import coefficients αfc,imp

k for

food crops and αr,imp
k for ruminants were modified during runs of the model using an5

annual evolution rate. An evolution rate of 1 % means that αfc,imp
k and αr,imp

k coefficients
increase by 1 % per year from 2001 to 2006 and decrease by 1 % per year from 2001
to 1961 backward in time. Imports and exports of monogastric products are forced by
the evolution rate of αr,imp

k .
In this section, four trade parameters are calibrated at the world level: the evolution10

rates of import coefficients for food crops αfc,imp
k and ruminant products αr,imp

k and trade

elasticities γfc and γr. To do so, we ran a sensitivity analysis with 4 values of αfc,imp
k

and αr,imp
k evolution rates: 1 %, 2 %, 3 % and 4 % per year, 8 values for γfc from 0.5

to 4 and 4 values for γr from 0.5 to 2. Assessment of results is based on different
root-mean-square errors calculated over the period 1980–2006, considering that inter-15

national trade was too limited before 1980 (the error calculation is detailed in Sect. C2).
The global evolution rates of αfc,imp

k and αr,imp
k were chosen to minimise the RMSE on

the total trade volumes and imports. The resulting optimised values were found to be of
3 % per year for food crops, and 2 % per year for ruminants products. Using calibrated
values of αfc,imp

k and αr,imp
k evolution rates, sensitivity of the model to price elasticity20

of exports was assessed using the error on net imports by region defined in Table 4.
For Europe, the OECD Pacific, China, India, Brazil and Africa, the error on net trade
of food crops increases with the elasticity value. the USA have an optimal elasticity
value of 3 %, while the last five regions show little sensitivity to price elasticity of food
crop exports. Concerning trade of ruminant products, except for the USA where the25

error is lowest for γr = 1, regional errors either show little sensitivity to price elasticity
(7 regions) or increase with the elasticity value (4 regions).
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Globally, the error in net trade is lowest for γfc = 0.5 and γr = 0.5. Notwithstanding,
errors are quite similar for γfc = 1 (+7 %) and γr = 1 (+8 %). With such similar errors,
choosing a specific value is rather arbitrary. The food crop market is known to be more
reactive than the ruminant meat market, notably due to lower transportation costs (γr <
γfc, Hertel and Tsigas, 1988). For this reason, we chose γfc = 1 and γr = 0.5.5

4.3 Maximal conversion speed of residual pastures

In the example of model outputs presented in Souty et al. (2012), the Maximal Con-
version Speed of Residual Pastures (MCSRP) was arbitrarily set at 20 %. In this sec-
tion we assess the impact of this parameter on model results to calibrate the MCSRP.
Residual pastures are located on high-yield land classes but are part of the extensive10

system (no input and grazing only). Considered to be an inefficient use of land from
the point of view of economic return (Souty et al., 2012, p. 1309), areas of residual
pastures are reduced as soon as the pressure on agricultural land – measured by vari-
ations of the production frontier jlimit – is higher than its reference level in 2001. The
annual conversion speed is linearly related with the pressure on land up to the MC-15

SRP value. Therefore, if MCSRP = 20%, when jlimit = 1, 20 % of residual pastures are
converted to dynamic cropland and intensives pastures. This share diminishes linearly
until jlimit is equal to its reference level in 2001 and no residual pastures are converted.
In the same manner, increases in jlimit induce conversions of dynamic croplands and
intensive pastures into residual pastures.20

A sensitivity analysis was carried out with 28 values for MCSRP: 1, 2, 3,..., 18,
19, 20, 30, 40,..., 80, 90 and 100 % (MCSRP= 0 % was not considered because this
would come down to suppressing the process). At the regional level, the reconstructed
change of cropland area is quite sensitive to the MCSRP value. The most sensitive
region is India, for which CV(RMSE)cropland

1961–2006 is 3 %yr−1 for MCSRP= 1 % and 9 %yr−1
25

for MCSRP= 100 %. For USA, Europe, the OECD Pacific, and the Rest of Asia, the er-
ror on cropland area decreases with MCSRP while it increases for other regions. At the
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world level, the RMSEcropland
1961–2006 is much less sensitive: CV(RMSE)cropland

1961–2006 is 4 %yr−1

with MCSRP= 1 % and 5 %yr−1 MCSRP= 100 %. We chose MCSRP= 1 %.

4.4 Grassland yield

In the Nexus Land-Use model, areas of pastures in intensive and extensive systems
(the latter including extensive and residual pastures) are calculated using a “consumed5

grass yield” for each system in each region (ρgrass
past,int and ρgrass

past,ext in Mkcalha−1 yr−1,
Souty et al., 2012, p. 1317). These parameters, which correspond to the quantity of
grass harvested or grazed (as opposed to total grass grown) on a unit of land, are cali-
brated at the base year by combining the Bouwman et al. (2005) and Ramankutty et al.
(2008) datasets. In this section, we compare these top-down estimations of consumed10

grass yields to the independent grassland yield estimation from the process-based
ecosystem model ORCHIDEE (Krinner et al., 2005).

The ORCHIDEE model was run on a 0.5◦×0.5◦ grid without nitrogen limitation using
a C3/C4 map based on Collatz et al. (1998), see Fig. 11. In each region, average above
and below ground Net Primary Productivity (NPP in gCday−1 m−2) over the 1995–200415

period were calculated by distinguishing extensive pastures from intensive and residual
ones (the latter cannot be separated because they belong to the same land classes).
Figure 12 shows that in most regions, the consumed grass per hectare used in Nexus
Land-Use is lower than the above ground NPP calculated by ORCHIDEE. Except in
the intensive system of India where pasture areas are relatively small (4 Mha) and in20

the Rest of Asia (12 Mha), the Nexus Land-Use grass yields respect the biophysical
constraint provided by the ORCHIDEE simulation.
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5 Results: evaluation of the Nexus Land-Use model to reproduce
historical changes of cropland areas

Using the parameters calibrated in the previous section, the performances of the model
are now investigated through a backcasting exercise over 1961–2006. Estimations of
cropland areas (areas for dynamic and other crops), trade of food crops and ruminant5

products, food prices and fertiliser consumption in each region are evaluated against
historical data in each region. Data sources are Ramankutty and Foley (1999) for crop-
land areas, Dorin (2011) for trade, World Bank (2012a) for food prices and the FAO
(2012) for fertiliser consumption.

According to Ramankutty and Foley (1999), the global cropland area increased by10

9 % between 1961 and 2006. Regionally, it decreased by 15 % in Canada, Europe and
the FSU. It increased by 20 % in the Middle East and in the Rest of Latin America, by
50 % in Africa and the Rest of Asia and doubled in Brazil. Pasture area decreased or
remained constant in most of the regions. However, in Brazil and China it increased
respectively by 36 % and 70 %. The large decline in the Middle East pasture area from15

88 Mha in 2004 to 66 Mha in 2005 seems to be due to the removal of pastures in the
national inventory of Iran (Fig. 13).

Cropland area changes resulting from the backcasting simulation are shown in
Fig. 13. The model performs rather well considering the large changes in food con-
sumption that occured in the last decades (food crops consumed by humans and20

animals increased 2.5 fold from 1961 to 2006). As expected, results are better over
the 1980–2006 period, as CV(RMSE)cropland

1980–2006 do not exceed 13 %yr−1. Globally,

CV(RMSE)cropland
1980–2006 is 2 %yr−1 and CV(RMSE)cropland

1961–2006 is 4 %yr−1 (Table 3). Over the

whole period, the largest RMSEcropland
1961–2006 is for China with 37 Mhayr−1. Then four re-

gions show errors between 10 and 28 Mhayr−1 and seven other regions are below25

7 Mhayr−1. In relative terms, the CV(RMSE)cropland
1961–2006 is between 11 and 25 %yr−1 for

six regions and below 7 %yr−1 for the six other regions.
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Globally, Nexus Land-Use overestimates cropland area in the 1960’s (+7.5 %) and
1970’s (+10 %). This can be explained by the effect of public intervention and price
stabilisation. During the last decades, the use of industrial fertilisers has been largely
subsidised, directly or indirectly, in many regions of the world. These subsidies, as well
as interventions on commodity markets, contributed to stabilising farm revenues. In5

fertiliser price statistics, subsidies are deducted wherever possible. The fertiliser price
provided by the World Bank therefore probably does not correspond to the price ac-
tually paid by farmers, introducing errors in our simulations over the past. Fertiliser
subsidies have been progressively suppressed since the 80’s/90’s. Therefore, we can
expect these errors to be of less importance in future simulations. The sharp overesti-10

mation of cropland area in the 1970s in China can also be explained by inconsistencies
between pasture area evolution from Ramankutty and Foley (1999) and the consumed
grass yield of intensive pasture from Bouwman et al. (2005) which are based on differ-
ent land-use datasets.

To assess the accuracy of the endogenously calculated intermediary consumption, it15

was compared to nitrogen fertiliser consumption from the FAO (2012) (Fig. 14). Overall,
the model tends to underestimate the consumption of fertiliser, which is consistent with
yield underestimation and cropland area overestimation.

Considering the large variability in trade, simulated net imports of food crops fits
rather well with the Agribiom data for most of the regions over 1980–2006 (Fig. 15).20

Except for India, Brazil and Europe the coefficient of variation of the RMSE on net im-
ports of food crops is below 54 % (Table 4). Concerning trade in ruminant products,
performances of the model are lower. Net imports of ruminant and monogastric prod-
ucts are shown in Sect. C2.

To assess the impact of trade bias on cropland area bias, we compared results of the25

simulation presented here (called ET in the following for endogenous trade) with a ret-
rospective simulation configured with trade forced (FT) using Agribiom data. Except for
Canada and Europe, for which RMSEcropland

1961–2006 is respectively 12 % and 45 % higher in

ET compared to FT, RMSEcropland
1961–2006 is lower with ET for other regions (up to −63 % in
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Brazil). This suggests that the model bias on trade compensates for yield bias in most
regions. However, this effect is not sizeable at the world level, CV(RMSE)cropland

1961–2006 is

4.5 %yr−1 in FT and 3.9 %yr−1 in ET.
Figure 16 shows the world calorie price for the two retrospective simulations us-

ing either pWB
χ (default case) or pFAO

χ . In Nexus Land-Use, the world calorie price is5

defined as the mean of the regional calorie price weighted by the share of each re-
gion in total exports. When comparing our calorie price with the food price index from
the World Bank (2012a), it appears that the world calorie price is underestimated by
Nexus Land-Use before 1985, both with pWB

χ and pFAO
χ . It is challenging to explain

this underestimation, because the actual underlying causes of food price evolution are10

complex. The gap with historical data can be related to some model simplifications
(no labour/capital substitution, agricultural policies not taken into account), changes in
transportation costs and inconsistencies between other historical data forcings and the
World Bank’s food price index itself (for instance the deflator used).

6 Sensitivity to input data15

Data on agriculture and land-use are surrounded by large uncertainties. According to
Young, “data on land-use are among the least reliable of international statistics” due
to unreported harvested areas, degraded croplands, underestimation of land occupied
by settlement, uncultivated patches, footpaths and ditches (Young, 1999, 2000). “For
example, the US data on croplands used by FAOSTAT includes idled cropland, which20

includes land under the Conservation Reserve Program that amounts to roughly 9 %
of the total cropland area, and is often idled for longer than 5 yr (Lubowski et al., 2006)”
(Ramankutty et al., 2008).

Land-use datasets and potential yield estimations vary greatly according to various
studies. As previously shown, this also concerns fertiliser price, which may dramatically25

decrease or not during the 1960s according to the computing methodology followed.
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These discrepancies on input data may thus impact model error. To assess the effect of
input data on model outputs, we run in this section a sensitivity analysis to the following
input data:

– Two indexes of fertiliser price: pWB
χ from the World Bank (2012a) and pFAO

χ calcu-
lated from FAO data (see Sect. 3.2).5

– Two land-use datasets: the original land-use dataset of Nexus Land-Use version
1.0 – comprising cropland and pasture maps from Ramankutty et al. (2008) and
a forest map from Poulter et al. (2011) – and the land-use dataset from Erb et al.
(2007).

– Two potential yields datasets: LPJmL and Licker et al. (2010) (see Appendix B).10

Total cropland area according to Erb et al. (2007) is 1522 Mha, which is roughly equal
to the Ramankutty et al. (2008) estimation (1495 Mha). However, the spatial distribu-
tions are quite different, with a mismatch of 400 Mha between the two datasets. Erb
et al. (2007) reports 4685 Mha of pasture compared to 2711 Mha in Ramankutty et al.
(2008). This discrepancy is explained by methodological differences. The Ramankutty15

et al. (2008) pasture distribution is explicitely estimated by combining agricultural in-
ventory data with two satellite-derived products, while Erb et al. (2007) deduce pasture
distribution by using a subtractive approach. The Ramankutty et al. (2008) pasture
map is almost entirely included in the Erb et al. (2007) one. Forest area from Erb et al.
(2007) is 3495 Mha compared to 5064 Mha in Poulter et al. (2011) and is almost com-20

pletly included in it.
Potential yields from Licker et al. (2010) are calculated using a statistical approach

based on actual regional data (while LPJmL uses a process-based approach), based
on the global crop dataset from Monfreda et al. (2008) in conjunction with globally grid-
ded climate datasets. The mean potential yield at the global scale from Licker et al.25

(2010) is 17 % lower than in LPJmL. Spatial distributions of actual and potential yields
as well as histograms of the land area classes of potential yield are displayed in Ap-
pendix B.
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To ensure a consistent comparison between results, Rmin
max ratios have been recali-

brated for each yield and land-use datasets (Table 6). Results of the sensitivity anal-
ysis are shown in Fig. 17. The overestimation of the cropland area in 1960 is signif-
icantly increased when using pFAO

χ (+18 % against +7.5 %) as it yields much higher

values than pWB
χ during this preriod (Fig. 5). At the world level however, input data5

have little impact on model performance. CV(RMSE)cropland
1961–2006 range from 3.5 %yr−1

with Licker-Ramankutty/Poulter whatever the fertiliser price index used to 4.6 %yr−1

with LPJmL/Ramankutty/Poulter/pFAO
χ . At the regional level, the impact of input data

on performance of the model can be significant, especially in the OECD Pacific, the
Middle-East and Africa. This stresses the importance of testing the impact of input10

data on forecasting simulations. Finally, no dataset appears to perform better, hinting
that the error is due to model structure rather than to input data.

7 Concluding remarks

This article allows us to understand the difficulties in modelling agricultural land-use
changes at the level of large regions of the world. Since the 1960s, the agricultural15

sector of most countries has undergone profound structural changes. Despite the
great complexity of the underlying cause triggering these structural changes, this study
shows that the Nexus Land-Use model can reproduce part of the agricultural land-use
changes.

In this evaluation several components have been assessed and the main results are:20

when forced by nitrogen fertiliser consumption, the crop production function is rather
well suited to reproduce historical trends in crop yields in most regions. The crop pro-
duction function cannot reproduce the specific patterns observed in the Former Soviet
Union, the OECD Pacific or Europe. Performances of the trade module vary widely
among regions but is correct considering the large variability of trade over 1961–2006.25

Overall, the Nexus Land-Use model reproduces trends in food prices, cropland and
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pasture areas from 1980 to 2006 but tends to underestimate food prices and overesti-
mate cropland area in the 1960s, showing the limits of our model to mimic the whole
complexity of the agricultural sector.

Finally, if this retrospective analysis gives many interesting insights into model func-
tioning, we cannot draw direct conclusions on its accuracy for prospective analysis.5

Actually, the agricural sector may be increasingly constrained by growing food and
biomass energy demand in a context of slowdown of yield growth rates (Alston et al.,
2009), changing the relevance of some mechanisms of Nexus Land-Use.

Appendix A

Changes from Nexus Land-Use version 1.010

A1 Intensive pasture areas

Intensive pasture areas of the old and the new Bouwman et al. (2005) dataset are
shown in Table 5. Symmetric changes appear in residual pasture areas since they are
defined as the difference between pastures from Ramankutty et al. (2008) located at
the right of the limit land class (high yield land classes) and intensive pasture areas15

from Bouwman et al. (Souty et al., 2012, p. 1308–09). In addition, consumed grass
yields on intensive and extensive pastures are adjusted so that total grass consumed
in each system and in each region remains unchanged.

A2 Fodder crops in global supply/demand balance

To account for fodder crop included in the LPJmL model (dynamic category), the de-20

mand for feed to produce ruminant products (Souty et al., 2012, Eq. 4) is now:
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Dfc
r,int =Qr,intβr,int

φfc
r,int +φfodder

r,int

QLPJmL
fodder (t = 2001)

Dfodder
r,int (t = 2001)

 (A1)

where, QLPJmL
fodder (t = 2001) is the fodder crop production included in LPJmL at the base

year in each region in Mkcal of grain equivalent from Monfreda et al. (2008) and
Dfodder

r,int (t = 2001) is the demand for residues and fodder for ruminant animals at the
base year. In this way, part of the demand for fodder crops is moved to the demand for5

food crop feeding ruminant animals Dfc
r,int. During the simulation, this part is a constant

share of the demand for residues and fodder by ruminant animals. This is not needed
when using the Licker et al. (2010) yield dataset which does not include fodder crops.
Fodder crop production was converted into grain equivalents by using, for each fodder
crop in each region, the ratio between the mean yield of the corresponding grain crop10

(e.g. maize for fodder maize) and the fodder crop mean yield.

A3 Actual and potential yields taking into account multicropping

Actual and potential yields have been modified to take into account cropping systems
with more than one crop a year (multicropping). In Nexus Land-Use version 1.0, actual
and potential yields (yactual

CFT,l and ymax
CFT,l , Souty et al., 2012, p. 1304–1305) were “harvest15

yield” (the amount of product gained per unit of area that is actually harvested and per
harvest event) whereas fractional coverage per grid cell of each crop functional type
(fCFT,l , Souty et al., 2012, p. 1305) was equal to cultivated area and not to harvested
area in the case of multicropping. As a result, for grid cells with multicropping, only one
harvest was accounted for in the dynamic crop production category, other harvest(s)20

being accounted for in the other crops production category.
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To take into account multicropping, the representative potential yield on grid point l
is now given by (see Eq. 10, Souty et al., 2012, for the old definintion):

ymax,agg
l =

∑
CFT y

max
CFT,l × f harvested

CFT,l × calCFT∑
CFT fCFT,l

(A2)

where f harvested
CFT,l are harvested area per crop functional type expressed as a fraction of

grid cell. The representative actual yield is computed likewise. Spatial distributions are5

displayed in Figs. 19 and 21. Histograms of cropping intensity in each region of the
model are displayed in Fig. 18.

Appendix B

Yield datasets

Figures 19 to 22 show spatial distribution of actual and potential yields using LPJmL10

and Licker et al. (2010) datasets. Figures 23 and 24 show two histograms of the land
area classes of potential yield using different land-use and potential yields datasets.

Appendix C

Evaluation and calibration of specific model components

C1 Crop yield function in each land class15

sref
min is a world reference for the initial slope of the yield response to fertilisers. It could

not be an average of regional smink because αICk value depends on Rmin
maxk (calibrated at

the base year 2001, Souty et al., 2012, p. 1316). To get the value of sref
min, we used a first
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estimation of regional Rmin
maxk , called Rmin ref

maxk , minimising the RMSE on the modelled

dynamic cropland area over the 1961–2006 period. sref
min is then defined as the average

of resulting sref
mink =

P NPK
k

αICk (Rmin ref
max k )

values weighted by the observed areas of dynamic crops

in each region:

Rmin ref
maxk = argmin

√
1
T

∑
t

(Sdynmodel
k,t (Rmin ref

maxk )−Sdynobs
k,t )2 (C1)5

sref
min =

∑
k

∑
t Sdynobs

k,t∑
l ,t Sdynobs

l ,t

sref
mink(Rmin ref

maxk ) =
∑
k

∑
t Sdynobs

k,t∑
l ,t Sdynobs

l ,t

P NPK
k

αICk(Rmin ref
maxk )

(C2)

C2 International trade module

Root-mean-square errors on trade are calculated over the period 1980–2006 consid-
ering that international trade was too limited before 1980. The sensitivity analysis is10

done with 4 values for αfc,imp
k and αr,imp

k evolution rates from 1 to 4 % per year, 8 values
for γfc from 0.5 to 4 and 4 values for γr from 0.5 to 2. Results shown on the figures
concerning trade of food crops come from simulations using calibrated values for ru-
minant trade parameters (αr,imp

k evolution rate = 2 %yr−1 and γr = 0.5) and conversely

for figures concerning trade in ruminant products (αfc,imp
k evolution rate = 3 %yr−1 and15

γfc = 1). The impact of food crop trade parameters on ruminant product trade is neg-
ligible and vice versa. Figure 25 shows global errors on imports and exports of food
crops and ruminant products. Figures 26 and 27 show net imports of ruminant and
monogastric products as simulated by Nexus Land-Use compared to Agribiom data.
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Table 1. Population in 1961 and 2006 from Agribiom (Dorin, 2011) in millions. OECD Pacific
includes Australia, New Zealand, Japan and South Korea. FSU stands for Former Soviet Union
and Rest of LAM for Rest of Latin America.

Regions 1961 2006

USA 198 328
Canada 18 33
Europe 457 599
OECD Pacific 133 200
FSU 218 277
China 661 1328
India 457 1148
Brazil 75 188
Middle East 42 161
Africa 287 929
Rest of Asia 362 955
Rest of LAM 137 345

World 3045 6491
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Table 2. RMSEdyn. cropland
1961–2006 in Mhayr−1 for calibrated minimum to potential yield ratio, followed

by CV(RMSE)dyn. cropland
1961–2006 in brackets. Calibrated minimum to potential yield ratio (Rmin

maxk in per-
cent), total consumption of fertiliser at the base year 2001 calculated using FAO data in
Sect. 3.2 (ICFAO

χ in millions dollars), initial slope of the intermediary consumption function (αICk

in $Mkcal−1), mean NPK price over the period 1999–2003 (P NPK in $(kgNPK)−1), initial slope

of the crop production function in volume of fertiliser (
P NPK
k
αICk

in Mkcal (kgNPK)−1). World αIC is
calculated by calibrating the crop production function on the whole world instead of calibrating
it on each region. This value is not used in the model.

Regions RMSEdyn. cropland
1961–2006 Rmin

maxk ICFAO
χ αICk P NPK P NPK/αICk

USA 9.3 (11 %) 35 2505 1.2 154 132
Canada 2.1 (10 %) 30 451 2.4 274 116
Europe 12.2 (14 %) 20 4744 2.4 304 127
OECD Pacific 6.6 (43 %) 10 848 4.1 281 68
FSU 25.3 (23 %) 25 432 1.4 177 130
China 9.4 (11 %) 20 4847 1.3 162 124
India 14.3 (13 %) 15 3372 2.3 278 123
Brazil 4.2 (18 %) 25 978 1.9 225 116
Middle-East 4.4 (37 %) 10 557 4.5 270 60
Africa 5.1 (7 %) 15 584 2.0 252 128
Rest of Asia 4.5 (9 %) 30 2958 2.3 277 118
Rest of LAM 5.2 (15 %) 25 906 2.1 259 121

World – – 23 182 1.8 232 127
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Table 3. Root-mean-square error on cropland area estimation over 1980–2006 and 1961–2006
in Mhayr−1, followed by RMSE as a percentage of the regional mean of observed cropland area
during the period in brackets (CV(RMSE)cropland

1980–2006 and CV(RMSE)cropland
1961–2006 in %yr−1).

Regions RMSEcropland
1980–2006 RMSEcropland

1961–2006

USA 5 (3 %) 13 (7 %)
Canada 5 (11 %) 5 (12 %)
Europe 8 (5 %) 10 (6 %)
OECD Pacific 3 (11 %) 7 (23 %)
FSU 12 (5 %) 24 (11 %)
China 14 (10 %) 37 (25 %)
India 2 (1 %) 5 (3 %)
Brazil 3 (5 %) 3 (7 %)
Middle-East 2 (5 %) 6 (23 %)
Africa 26 (13 %) 28 (15 %)
Rest of Asia 4 (2 %) 6 (5 %)
Rest of LAM 3 (3 %) 5 (5 %)

World 34 (2 %) 57 (4 %)
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Table 4. Root-mean-square error on net trade for food crops and ruminant products on the
1980–2006 period in Tkcalyr−1, followed by corresponding CV(RMSE).

Ruminant
Region Food crops products

USA 57 (15 %) 2 (17 %)
Canada 22 (26 %) 1 (42 %)
Europe 117 (75 %) 9 (126 %)
OECD Pacific 15 (11 %) 3 (27 %)
FSU 25 (27 %) 7 (264 %)
China 43 (49 %) 3 (56 %)
India 12 (116 %) 1 (134 %)
Brazil 91 (118 %) 1 (132 %)
Middle-East 11 (11 %) 2 (59 %)
Africa 17 (12 %) 3 (38 %)
Rest of Asia 47 (54 %) 2 (44 %)
Rest of LAM 32 (50 %) 3 (40 %)

World 179 13
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Table 5. Intensive pasture areas for each region at the base year 2001 in Mha from Bouwman
et al. (2005). Old data used in Nexus Land-Use version 1.0 and new data used in this paper.

Intensive
Regions pasture area

Old New

USA 121 64 (−47 %)
Canada 5 10 (+107 %)
Europe 84 84 (+0 %)
OECD Pacific 24 24 (+0 %)
FSU 48 46 (−6 %)
China 74 81 (+10 %)
India 4 5 (+13 %)
Brazil 25 79 (+213 %)
Middle East 7 9 (+32 %)
Africa 64 65 (+2 %)
Rest of Asia 12 13 (+7 %)
Rest of LAM 43 42 (−3 %)

World 512 522 (+2 %)
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Table 6. Calibrated ρmin
j /ρmax

j ratios using LPJmL or Licker et al. (2010) potential yield datasets
and land-use datasets of Ramankutty et al. (2008) (for croplands and pastures) and Poulter
et al. (2011) (for forests) or Erb et al. (2007).

Regions LPJmL Licker

Ramankutty/Poulter Erb Ramankutty/Poulter Erb

USA 35 40 40 40
Canada 30 30 30 30
Europe 20 20 20 20
OECD Pacific 10 10 10 10
FSU 25 25 20 20
China 20 20 15 15
India 15 15 20 20
Brazil 25 20 35 35
Middle-East 10 10 10 10
Africa 15 15 25 25
Rest of Asia 30 30 25 25
Rest of LAM 25 25 30 35
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Fig. 1. Description of the evaluation of the Nexus Land-Use model in this study. In the simula-
tions, food trade and fertiliser consumption can be either forced or endogenously calculated.
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Fig. 2. Diets in 1961 (left hand bars) and in 2006 (right hand bars) from Agibiom (Dorin, 2011).
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Fig. 10. Potential, simulated and observed dynamic cropland yields as a function of nitrogen
fertiliser consumption from FAO (2012) using calibrated Rmin

max ratios. If the solid line is close
to the dashed one, it can be concluded that Nexus Land-Use is successful in reproducing the
historical yield change of each region. Markers point out the year 2001. Note that the y-axis
scale is different for China.
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Fig. 11. Net primary productivity of grasslands (NPP, above+below ground) from the vegetation
model ORCHIDEE, average over the 1995–2004 period. White pixels are those where the
grassland fractional coverage in each 0.5◦ grid point of ORCHIDEE is zero.
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Fig. 12. Mean above and below net primary productivity of grassland from the ORCHIDEE model by re-

gion. The upper figure shows mean NPP of intensive and residual pastures, the lower for extensive pastures.

Black whiskers show the NPP consumed by livestock, on the intensive system and the extensive one used

in Nexus Land-Use (see text). Consumed grass yields were caculated from NPP output of ORCHIDEE (in

m−2 day−1) by assuming that a dry ton of biomass corresponds to 4.4 Mkcal and contains 0.5 ton of carbon,

then 1 gC m−2 day−1 = 32.2 Mkcal ha−1 yr−1

33

Fig. 12. Mean above and below net primary productivity of grassland from the ORCHIDEE
model by region. The upper figure shows mean NPP of intensive and residual pastures, the
lower for extensive pastures. Black whiskers show the NPP consumed by livestock, on the
intensive system and the extensive one used in Nexus Land-Use (see text). Consumed grass
yields were caculated from NPP output of ORCHIDEE (in m−2 day−1) by assuming that a dry
ton of biomass corresponds to 4.4 Mkcal and contains 0.5 ton of carbon, then 1gCm−2 day−1 =
32.2Mkcalha−1 yr−1.
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Fig. 13. Land-use changes simulated by Nexus Land-Use over 1961–2006. The white dashed
line shows cropland area reconstructed by Ramankutty and Foley (1999) used as observations.
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Fig. 14. Simulated annual intermediary consumption vs. nitrogen fertiliser consumption from
FAO (2012). Intermediary consumption is underestimated by the model when solid curves (sim-
ulation) are above dashed lines.
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Fig. 15. Simulated net imports of food crops compared to Agribiom data.
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Fig. 16. Calorie price simulated by Nexus Land-Use using two different fertiliser price index
values, pWB

χ from the World Bank (2012a) database (Sect. 3.2, red curves) or pFAO
χ calculated

from the FAO database (blue curves). Food price index from the World Bank (2012a) (black
curve).
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Fig. 17. CV(RMSE)cropland
1961–2006 depending on the yield dataset (LPJmL or Licker), the land-use

dataset (Erb or Ramankutty/Poulter) and the fertiliser price index (pFAO
χ or pWB

χ ).
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Fig. 18. Cropping Intensity (CI) in the 12 Nexus Land-Use regions in percent. CI is defined as
fharvested
CFT,l

fCFT,l
.

Since data on cultivated area used (fCFT,l from LPJmL) do not include fallow land, areas with CI < 100 % are

accounted for CI=100 %.
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Fig. 19. Representative actual yield using the LPJmL dataset.
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Fig. 18. Cropping Intensity (CI) in the 12 Nexus Land-Use regions in percent. CI is defined as
f harvested
CFT,l

fCFT,l
. Since data on cultivated area used (fCFT,l from LPJmL) do not include fallow land, areas

with CI< 100 % are accounted for CI= 100 %.
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Fig. 18. Cropping Intensity (CI) in the 12 Nexus Land-Use regions in percent. CI is defined as
fharvested
CFT,l

fCFT,l
.

Since data on cultivated area used (fCFT,l from LPJmL) do not include fallow land, areas with CI < 100 % are

accounted for CI=100 %.

0 4 8 12 16 20 24 28 32 36 40
Mkcal/ha/year

0 17 33 50 67 84 100 117 134 151 167
GJ/ha/year

Fig. 19. Representative actual yield using the LPJmL dataset.
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Fig. 19. Representative actual yield using the LPJmL dataset.
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Fig. 20. Representative actual yield using the Licker et al. (2010) dataset.

0 4 8 12 16 20 24 28 32 36 40
Mkcal/ha/year

0 17 33 50 67 84 100 117 134 151 167
GJ/ha/year

Fig. 21. Representative potential yield using the LPJmL dataset.
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Fig. 20. Representative actual yield using the Licker et al. (2010) dataset.
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Fig. 20. Representative actual yield using the Licker et al. (2010) dataset.

0 4 8 12 16 20 24 28 32 36 40
Mkcal/ha/year

0 17 33 50 67 84 100 117 134 151 167
GJ/ha/year

Fig. 21. Representative potential yield using the LPJmL dataset.
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Fig. 21. Representative potential yield using the LPJmL dataset.
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Fig. 22. Representative potential yield using the Licker et al. (2010) dataset.
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Fig. 23. Histograms of the land area classes of potential yield in the 12 Nexus Land-Use regions at the base

year 2001 using the LPJmL yield dataset, land-use maps of cropland and pasture from Ramankutty et al. (2008)

and a map of forest from Poulter et al. (2011). The x-axis in GJ ha−1 yr−1 ranges from 0 to 167.
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Fig. 22. Representative potential yield using the Licker et al. (2010) dataset.
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Fig. 22. Representative potential yield using the Licker et al. (2010) dataset.
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Fig. 23. Histograms of the land area classes of potential yield in the 12 Nexus Land-Use regions at the base

year 2001 using the LPJmL yield dataset, land-use maps of cropland and pasture from Ramankutty et al. (2008)

and a map of forest from Poulter et al. (2011). The x-axis in GJ ha−1 yr−1 ranges from 0 to 167.

40

Fig. 23. Histograms of the land area classes of potential yield in the 12 Nexus Land-Use regions
at the base year 2001 using the LPJmL yield dataset, land-use maps of cropland and pasture
from Ramankutty et al. (2008) and a map of forest from Poulter et al. (2011). The x-axis in
GJha−1 yr−1 ranges from 0 to 167.
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Fig. 24. Histograms of the land area classes of potential yield in the 12 Nexus Land-Use regions at the base

year 2001 using the Licker et al. (2010) yield dataset and the Erb et al. (2007) land-use dataset. The x-axis in

GJ ha−1 yr−1 ranges from 0 to 167.

Table 1. Population in 1961 and 2006 from Agribiom (Dorin, 2011) in millions. OECD Pacific includes

Australia, New Zealand, Japan and South Korea. FSU stands for Former Soviet Union and Rest of LAM for

Rest of Latin America.

Regions 1961 2006

USA 198 328

Canada 18 33

Europe 457 599

OECD Pacific 133 200

FSU 218 277

China 661 1328

India 457 1148

Brazil 75 188

Middle East 42 161

Africa 287 929

Rest of Asia 362 955

Rest of LAM 137 345

World 3045 6491

41

Fig. 24. Histograms of the land area classes of potential yield in the 12 Nexus Land-Use regions
at the base year 2001 using the Licker et al. (2010) yield dataset and the Erb et al. (2007) land-
use dataset. The x-axis in GJha−1 yr−1 ranges from 0 to 167.
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Fig. 25. Global root-mean-square error on imports and exports of food crops and ruminant products. The white

stars point out calibrated values.
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Fig. 25. Global root-mean-square error on imports and exports of food crops and ruminant
products. The white stars point out calibrated values.
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Fig. 26. Net imports of ruminant products compared to Agribiom data.
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