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Abstract:

Agriculture is confronted to the following questiamder what circumstances will humanity
be able to feed its future population? The recasiars brought to this question — increase of
surfaces and above all intensification of productioare showing their limits. And indeed,
there is only a small margin left for the increadeboth parameters. What is more, the
environmental impacts produced threaten the systemustainability. Among the
environmental challenges that have to be facedptatan to climate changes originates
major uncertainties.

The settiig up of a tool for economic prospectineluding agronomic and technical
constraints thus appears to be necessary. Noneeoéxisting models which are presented
briefly«ire this report takes into account simultangly economic processes, production
meehanisms and environmental feedbacks.

We present in this report the questions raisechbyrépresentation of supply in Nexus-Land-
Use, a partial equilibrium model which was desigtedackle these aspects. The rarity and
the price of the available data are the main camgt to the development of such a model.
Moreover, the question of the potential evolutidryields remains a major difficulty. Finally,
taking into account the production process requiesling with the question of the
representation of technical itineraries, as welthegt of spatial representation. The complex
question of water is in this respect particulanhportant.

Besides, an example of a technicoeconomic reprasemtis presented for the case of
ruminant livestock breeding, for which a simplifipdoduction function is proposed. And
finally, a simplified version of the model Nexus richUse for Europe-15 stresses the
importance of the questions just mentioned.

Résumé :

L'agriculture est confrontée a la question suivargeus quelles conditions sera-t-on capable
de nourrir la population future ? Les réponsesnisse— augmentation des surfaces et surtout
intensification — commencent a montrer leurs lisitdn effet, il ne reste que peu de marge
d’augmentation de ces paramétres. En outre, lesadtepenvironnementaux engendrés
menacent déja la durabilité du systeme. Parmi é&fis @nvironnementaux que I'agriculture
doit relever, l'adaptation aux changements clim@&sgest a l'origine d'incertitudes majeures.
La mise au point d'un outil de prospective éconamicgui integre les contraintes
agronomiques et techniques apparait donc nécesdaren des modeles existants, présentés
ici dans une bréve revue, ne prend en compte simgrtent les processus économiques, les
mécanismes de production et les rétroactions emvénmentales.

Nous présentons ici les questions soulevées paplasentation de 'offre dans Nexus land-
use, modele d'équilibre partiel, qui a été dévetoppur traité ces points. La rareté et le prix
des données disponibles sont les principales dotdsaau développement d'un tel modéle. En
outre, la question de I'évolution potentielle desdements demeure un point d'achoppement
déterminant. Enfin, la prise en compte du proceskuproduction nécessite de se poser la
question de la représentation des itinéraires tqake, ainsi que celle de la représentation
spatiale. Dans ce contexte, la question complexeae est particulierement importante.,

Par ailleurs, un exemple de représentation techégonomique est présenté pour le cas de
I'élevage des ruminants pour lequel une fonctiopraduction simplifiée est proposée. Enfin,
une version simplifiée du modéle Nexus land-usey jf&urope des 15, montre I'importance
de ces questions.
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Introduction

This report deals with our work at the CIRED (Imt&tional Centre for Research on
Environment and Development). We did a 6 monthrirgieip working together on the supply
side of Nexus Land-Use, a technical and economidainof global land use developed by
Gitz and Ollivier (2007). The underlying very gesleproblematic of our work is a better
understanding of the interface between agricultunr@ environment. This report first presents
a bibliographic review of the long going effectsinatiensive agriculture on the environment,
and the future challenges that agriculture will dndo face as a consequence. We quickly
remind the issues related to the global politicaitext. Then we turn to a review of different
land use models, and draw a few conclusions foruslidxand Use itself. We move further to
a highlight of the difficulties inherent to the uskdatabases. Then we deal with methods to
improve certain aspects of the supply side of Nesush as the representation of yields,
spatialization, taking into account water use foigation, integrating a new model for
livestock production etc. The last part is devatedhe presentation of a simplified model,
developed for the European Project MATISSE, andegsilts.

1. Consequences of living in a finite world: can we be
productive and sustainable in the same time?

The power of population is so superior to the power of the earth to
produce subsistence for man, that premature death must in some
shape or other visit the human race. The vices of mankind are
active and able ministers of depopulation. They are the precursors
in the great army of destruction, and often finish the dreadful work
themselves. But should they fail in this war of extermination, sickly
seasons, epidemics, pestilence, and plague advance in terrific
array, and sweep off their thousands and tens of thousands.
Should success be still incomplete, gigantic inevitable famine
stalks in the rear, and with one mighty blow levels the population
with the food of the world.

Thomas Robert Malthus 1766-1834

1.1. The present Human domination of the Earth...

The growth of the human population, and growthhie tesource base used by humanity, is
sustained by a set of human activities such aswgrie, industry, fishing, and means of

transportation. These activities have transfornedland surface through cropping, forestry,
and urbanization. The pace, magnitude and spa#ahr of human alterations of the Earth's
land surface are unprecedented (Lambin et al. 2@01d indeed, human alteration of Earth is

substantial and growing. Thus, between one-thidi @me-half of the land surface has been
transformed by human action. Many ecosystems amirdded directly by humanity



(agricultural fields, pastures, urban areas eéngl no ecosystem on Earth’s surface is free of
indirect and pervasive human influence (Vitousetllel1997). Nearly 50% of the land surface
potentially under vegetation has been affected @gncalture, in the form of croplands,
pastures and rangelands. These numbers have lacgetainties, but they undoubtedly give
an accurate image of the situation (Tilman et &02Z Nonhebel 2005). Agriculture
profoundly affects global carbon, water and nutri@ycles (alteration of the major
biogeochemical cycles), as well as planetary sarfawergy balance (Nonhebel 2005), and
adds or removes species and genetically distinptilpions in most of Earth’'s ecosystems
(Vitousek et al. 1997).

Quantifying the impact of human activities on tlagtle system through land transformation is
extremely difficult. Land transformation encompassewide variety of activities that vary
substantially in their intensity and consequenddsh@n et al. 2002).

Remote sensing is a very useful technique, but @dgntly has there been a serious scientific
effort to use high-resolution civilian satelliteagery to evaluate even the more visible forms
of land transformation, such as deforestation,mtinental to global scales. It shows that, on
the one hand, up to 10 to 15% of Earth’s land serfa occupied by row crop agriculture or

by urban-industrial areas, and another 6 to 8%Mk®eE converted to pastureland (Tilman

1999). These systems are completely transformdtulnan activity. It means that about half

of global usable lands (excluding desert, tundoezkror boreal areas) are already under
pastoral or intensive agriculture (Tilman et al02p

On the other hand, every terrestrial ecosysterm ¢vese that are not directly exploited by
humanity, is affected by increased atmosphericaradioxide (CQ), and most ecosystems
have a history of hunting and other low-intenségaurce extraction (Tilman 1999).

1.2. ...in order to feed the population...

1.2.1. Agriculture enables the exponential increase of the world population.

It should not be forgotten that the benefits ofiadture have been immense. Before the
apparition of agriculture, the hunter-lifestyle poped about 4 million people globally

according to Cohen (1996). Today, in comparisondeno agriculture feeds more than 6
billion people.

The nutritional energy requirement of a human bisdyf about 10 M3Jper day. There is not
much difference in energy intake between develoged developing countries (Nonhebel
2005). The new feeding needs have been fulfilledotacticing agriculture on ever bigger
surfaces and with ever more intensive techniquasa Aonsequence of both extensification
and intensification, agriculture was able to realthe incredible food production increase
needed to feed the population: global cereal progludas thus doubled over the past 40
years (Tilman et al. 2002).

! Megajoule



Figure 1. Evolution of world population (Cohen, 198)

[
g
&
=
k=
T 4
e
k=
"
—§ a
=0
5 2
=
.1
0y ; : ; -
10,000 BC BOO0 E000 4000 2000 AD1 1000 2000

1.2.2. Not only there is more people, but they are  richer

Wheat, Rice and Maize provide about two-thirds Ibfeaergy diets (Cassman 1999) and
represent the foundation of human food supply. H@wreof course, the composition of the
diet shows large differences between populations.

Figure 2. Long-term trends in average per capita fod supply (Tilman et al. 2002)

380 38
.I. .-h
L] - L P i
360 . b4 &
. .::}:h\.\ {34
* @ -__.;..l. F

320 1

| = Py
® Cereal production

| # Meat production

300+

Per capita cereal production
(kg
.
=

Par capita meat production
(k)

280 & r . . 22
1960 1970 1880 1990 2000

Year

The affluent consumption patterns are characteriged high level of consumption of meat
and other livestock products, supplemented by niaog-energetic” food items (coffee, tea,
fruit juices, etc). This type of consumption isdaintensive. During the past 40 years, global
per capita meat production has increased by maaa #0% (Tilman et al. 2002). For



instance, in grain equivalent, a very basic menQéf kg of wheat per person can fulfill the
yearly needs for food. In comparison, more afflueigts, composed of meat, etc. are
estimated to require four times as much grain edents (Penning de Vries et al. 1995). The
production of 1 kg of meat can require between® Hnkg of grain (Figure 2), a trend driven
by increasing global per capita incomes, but tlemed by stagnant or declining per capita
grain production.

1.2.3. Demand drives supply that drives land domina  tion

People’s responses to economic opportunities, warehnot only economically driven but
also influenced by institutional factors, provokand-cover changes. And indeed,
opportunities and constraints for new land usexagated by local as well as national market
and policies, even though, in the end, the quaatity the wealth of a population drive land
use decisions. What is more, global forces becdmenain determinants of land use changes,
as they amplify or attenuate local factors, ang tinluence trade in food products as well
(Lambin et al. 2001).

For instance, tropical deforestation is driven édygby changing economic opportunities
which, as mentioned above, are linked to yet asberal, political and infrastructural changes
(ibid.).

The parallel exponential rise of the human popofatand increase of the per capita
consumption of resources over the last three cesturave strongly modified the Earth's
biosphere and atmosphere composition (Ramankudty-atey 1998).

1.3. ... is the consequence of important land use cha nge ...

The new feeding needs have been fulfilled by charigeagriculture and land use, more
particularly by the extension of agricultural sewda and intensification (Tilman et al. 2002).
But the issue of the future changes in land usevs of particular interest.

To be able to say anything on actual and futurd lzse, we need to understand past changes.
They can be analysed as follows.

Land-cover changes are of two types (Meyer and dnutf92):

- conversion from one category of land cover to agoth
- modification of condition within a category

Conversion is the better documented and more seadinitored of the two types of land
cover change, but too great an emphasis on it obscumportant forms of land-use
modification. Global expansion of cultivated lancbifversion) is accelerating, as is the
intensification of the use of lands already culi@ch(modification). Those land use changes
are the simple consequence of a growing human ptpnal



1.3.1. Land use conversion

Terrestrial biosphere has always provided resoustef as food or fiber for the human
population.

Ramankutty and Foley (1998) estimated that roudt@ymillion kn? of terrestrial surface
would be under some kind of some cultivation in@Q0Dhis is the size of South America.

What is really striking is the rapidity of the lande change. Indeed, the world total cultivated
land is estimated to have increased by 446% frof01@ 1980 (+12 million kf) (Meyer
and Turner 1992). Over the last three centuriesghty 12 million knf of forests and
woodlands have been cleared, grasslands and pasiave diminished by about 5.6 million
km? and cropland areas have increased by 12 millioh(kid.).

Ramankutty and Foley (1992) have reconstructed aiadly-explicit global data set of
croplands from 1992 back to 1700, using a simptgorghm which links contemporary
satellite data and historical cropland inventoryad&Jsing this method, they estimate that a
loss of 11.4 million krfof forest/woodland and 6.7 million Knof savannas, grasslands, and
steppes has occurred from pre-agricultural timesotwadays. What is more, land use change
accelerated around 1850, and since 1850, it isnagtd that 6 million ki of forest and
woodland and 4.7 million kfof savannas, grasslands, and steppes have bemedcle
Finally, 1.5 million knf of cropland were abandoned in previously foresteshs, and 0.6
million km? in areas previously occupied by savannas, gratsland steppes, all of this
having occurred since 1850.

Changes in land use
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Figure 3. Estimated changes in land use from 1700 1995 (Lambin et al. 2001)

What is more, land use is changing quicker andkguic Total cropland area has increased
during the first half of the 2bcentury. The increase was the most rapid duriegl®50s,
when several cropland extension programs wereatadi worldwide (Central Asia) (Bondeau
et al. 2007). Only in the 1980s, it slowed down a@tched quasi-stable conditions. From the
1980’s on, deforestation in the tropics has beegelg compensated by afforestation in the
temperate zones.



1.3.2. The fantastic production potential created b  y the “Green revolution”

But yields increase far more than surfaces. It @intg the result of greater inputs of
fertilizers, water and pesticides, new crop straam&l other technologies of the “Green
Revolution” (Tilman et al. 2002).

Grain harvest has doubled over the past 35 years,w exceeds 2 billion tons per year.
Some of this increase can be attributed to a 12¥ease in world cropland area, but most of
these production gains result from “green revohititechnologies (Lambin et al. 2001,

Tilman 1999, Foley et al. 2005).

Although appropriate government policies and socahditions also were required to
promote intensification, three production factorsrevlargely responsible for the increased
production achieved by farmers. These factors {eokey et al. 2005, Bondeau et al. 2007,
Cassman 1999):

(1) new “miracle” varieties of wheat and rice releasethe mid to late 1960s, which
had a higher harvest indeshorter stature, and increased stalk strength tha
reduced susceptibility to lodging, as well as sygatprovement in maize hybrids;

(i) increased application of N fertilizer, which allodvgreater net primary production
without fear of lodging. The doubling of agriculifood production over the last
35 years was associated with a 6.87-fold increasériogen fertilization, a 3.48-
fold increase in phosphorus, fertilization, and@Bifold increase in the amount of
irrigated cropland. (Tilman 1999)

(i) Massive investments in irrigation infrastructurdyieh were justified by the
greater yield potential which it enabled; fertilizesponsiveness; and increased
cropping intensity made possible with new varietg aybrids.

In addition, the reduction of the time separatifapnpng to maturity for the new varieties also
permitted an increase in cropping intensity. Wholdy one crop harvested per year was
possible with landrace genotypes, earlier matualtgwed two and sometimes three cereal
crop harvests per year on the same piece of land.

The foundation of global food security now is buit four major cereal production systems
in which modern farming practices are used. Thgsems include (Cassman 1999):

0] Irrigated annual double and triple-cropping continsi rice systems in the tropical
and subtropical lowlands of Asia (about 25% of glatice production),

(i) Irrigated annual rice-wheat double-cropping systemorthern India, Pakistan,
Nepal and Southern China,

(i)  Temperate maize-based, rain-fed cropping systertieedflorth American plains
(40% of the global maize supply),

(iv)  The favorable rain-fed wheat systems of Northwadt@entral Europe (20% of
global wheat supply).

2 Harvest Index (HI): ratio of grain to total crojpimass



Increased yield from intensification of wheat, rie@d maize systems have contributed to 94-
96% of the total increase in the global supply dfeat, rice and maize since 1967. An

additional 446 million ha of land would be requitedachieve 1997 levels of wheat, rice and

maize production at the 1967 yield levels.

The moving-average peak at 371 kg per capita cereduction was reached in 1984 and fell
to around 350 kg in the mid-1990s. Since 1983 tloelds population has been growing
faster than cereal production (Dyson 1998).
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Figure 4. World per capita cereal production, 19612000 (Dyson 1998)

A few authors (Dyson 1998) have used statisticadl@lsto argue that this slow down is due
to changing policies rather than a technical deficy. They show that the world cereal yields
follow a more or less linear or “arithmetical” (tse Malthus’ term) trend. Of course, on a
rising base this linear trend translates into dinieg percentage increase.

Other authors (Cassman 1999) have a more teclpoaat of view. They argue that meeting
future food demand while minimizing expansion oftigated area primarily will depend on
continued intensification of the four systems poergly mentioned. However, the way in
which further intensification will have to be achesl will differ markedly from the past,
because the exploitable gap between average faghdsyand genetic yield potential is
closing. At present, the rate of increase in ybdential is much smaller than the expected
increase in demand. Hence, average farm yields reash 70 to 80% of the yield potential
ceiling within 30 years in each of these major absystems to meet the population needs.

Although land-use practices vary greatly acrossatbed, their ultimate outcome is generally
the same: the acquisition of natural resourcegnfionediate human needs. It often happens at
the expense of degrading environmental conditi@usrent trends of land use allow humans
to appropriate an ever-larger fraction of the biesp goods and services, while
simultaneously diminishing the capacity of globabgystems to sustain food production,
maintain freshwater and forest resources, and aegulimate and air quality (Foley et al.
2005).



Achieving consistent production at high levels wiih causing environmental damage will
thus require improvements in soil quality and pgeananagement of all production factors in
time and space (Cassman 1999).

1.4. ... and the cause of serious environmental issue S

If our children are hungry, we will cut every last tree. And we will
not worry about the spotted owls, except maybe to eat them.
Ross Perot, American presidential candidate, 1930-....

Although intensification has spared natural ecasystfrom conversion to agricultural uses,
greater use of applied inputs and inefficient fangnpractices has contributed to non-point-
source pollution problems (Cassman 1999). Thusg gtobal scale, land-use changes are
cumulatively transforming land cover at an accéiegapace (Lambin et al. 1999, Lambin et
al. 2001).
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Figure 5. Human dominance or alteration of severamajor components of the Earth system (Vitousek et
al. 1997)

Yet, environmental issues form a confusing andnoitiegical collection that is difficult to
classify. They can be regarded as global, regiondbcal, of which the only truly global
issues result from alterations of the atmospher¢herocean. They directly impact biotic
diversity worldwide; contribute to local and regibrclimate change as well as to global
climate warming; they are the primary source of degradation; and by altering ecosystem
services, they affect human needs. Such changesiatsrmine, in part, the vulnerability of
places and people to climatic, economic or socidipal perturbation (Lambin et al. 2001).
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Figure 6. Agricultural trends over the past 40 yeas (Tilman et al. 2002)

However, some very important issues are local igigrbut occur so frequently that they are
considered to be global. Because of its globalahragriculture is concerned with most of
such issues. These effects have occurred so widahtensive developed agriculture, that
intensive agriculture is now often regarded as dangato the environment on a global scale
(Tinker 1997, Lambin et al. 2001).



At this point, it seems interesting to distingulsttween two ways land use change provokes
the alteration of the land surface and its bioteer (Meyer and Turner 1992, Lambin et al.
1999):

- By affecting a globally fluid system (atmosphererhd climate, sea level), for
instance through methane (Qtccumulation. There is an increased concern about
human-induced impacts on the biogeochemical foumdatf the biosphere and their
implications for climate change.

- By occurring in a localized or patchwork fashioremough places to sum up to a
globally (or regionally) significant total. For itace, cumulative land cover
degradation designates problems such as globalvkrmsity loss, which are not too
serious at a local scale, but can become of gngadrtance with the accumulation of
occurrences throughout the world. On the other hpatthwork land cover
degradations are very serious at a local scalehlkeutaccumulation does not add up
seriousness until a certain threshold. Examplékeofatter degradations are regional
irreversible consequences in critical regions amderable places where soil
degradation or hydrological changes happen.

1.4.1. Chemical cycles

Between 1960 and 1995, global use of nitrogenlifagtiincreased sevenfold and phosphorus
use increased 3.5-fold (Tilman et al. 2002) (fig6yeBoth are expected to increase another
threefold by 2050, unless there is a substanta@ease in fertilizer efficiency. Agriculture has
become the largest source of excess nitrogen aosppbrus to waterways and coastal zones
(Foley et al. 2005). Indeed, fertilizer use anduleg crops have almost doubled total annual
nitrogen inputs to global terrestrial ecosystemsnil&rly, phosphorus fertilizers have
contributed to a doubling of annual terrestrial ghtworus mobilization globally. All other
things being equal, the highest efficiency of myen fertilizer is achieved with the first
increments of added nitrogen. Efficiency declinekigher levels of addition. Consequently,
nowadays, only 30-50% of applied nitrogen fertiliaad about 45% of phosphorus fertilizer
is taken up by crops.

Such non-point nutrient losses harm off-site ecesys, water quality and aquatic
ecosystems, and contribute to changes in atmosphemposition. For instance, nitrogen
loading to estuaries and coastal waters, and plosphoading to lakes, rivers and streams,
are responsible for over-enrichment, eutrophicaéiod low-oxygen conditions that endanger
fisheries.

Nitrogen may be the biggest problem. Nitrogen (Bl)Junique among the major elements
required for life, in that its cycle includes a watmospheric reservoir gNthat must be fixed
(combined with carbon, hydrogen, or oxygen) befibrean be used by most organisms.
Human activity has substantially altered the globalle of N by fixing N deliberately for
fertilizer production, and inadvertently during $dsfuel combustion (Vitousek et al. 1997).
Industrial fixation of N fertilizer increased froomder 10 Tg per year in 1950 to 80 Tg per
year in 1990. It is expected to increase to ovér I per year by 2030 (Vitousek et al. 1997).
Cultivation of soybeans, alfalfa, and other leguengps that fix N symbiotically, enhances
fixation by another 40 Tg per year. Thus, ovetaliman activity adds at least as much fixed
N to terrestrial ecosystems as do all natural ssucombined.

Alteration of the N cycle has multiple consequenteshe atmosphere, these include:



- Anincreasing concentration of the greenhouse gesus oxide globally;

- Substantial increases in fluxes of reactive N géses-thirds or more of both nitric
oxide and ammonia emissions globally are humanezthus

- A substantial contribution to acid rain and to gitochemical smog

1.4.2. The importance of water in economic and envi  ronmental studies

Globally, humanity now uses more than half of theaff water that is fresh and reasonably
accessible, with about 70% of this use in agricalt(Vitousek et al. 1997). Global water
withdrawals now total about 3900 Rnper year, that is, nearly 10% of the total global
renewable resource. The consumptive use of wdtat i&, water which is not returned to the
watershed) is estimated to be between 1800 and RBOper year. Agriculture alone
accounts for about 85% of global consumptive uséefFet al. 2005).

Agricultural water demand refers to four differéppes of uses: irrigation water, water used
for livestock, water used in forestry and aquagelturhe two latter ones are in general
negligible and are not dealt with in considerati@aiout agricultural water use (Water
Strategy Man).

In developing countries, irrigated land accountsdoly 20% of the arable area. But due to
higher yields and more frequent harvests, it segpli0% of the crop production and close to
60% of the cereal production. On the other hamifjated agriculture is by far the most
important water user in the world: it is responsifdr over 70 % of all water withdrawn for
human use (Heistermann, 2006).

Yet water is regionally scarce, and as much as 6#aah’s river runoff is evaporated as a
consequence of human manipulations. Major rivexduding the Colorado, the Nile, and the
Ganges, are used so extensively that little wateches the sea. Massive inland water bodies,
including the Aral Sea and Lake Chad, have beemtlgreeduced in extent by water
diversions for agriculture (Vitousek et al. 1997).

Thus, growing demand for water, uncertainties iturad water supply and new requirements
imposed by environmental legislation are posingoser challenges at maintaining water
guality and meeting demand for water resourcesstelenann et al., 2006a). In this context,
taking into account water seems to be an imporapect to study in land use modelling.
Water is important in considerations about landfus® at least two perspectives:

(1) water scarcity can limit crop yields, and on thieesthand, water availability can
considerably improve yields through irrigation grees, thus water availability is a
constraint for the allocation of land use

(2) water quantity and quality are affected by (amotigthings) agricultural
practices, for agricultural input such as nitrated phosphates are washed off the
land into rivers, and agriculture draws on watsorgce through irrigation practices
etc.

Water for livestock can be considered roughly &snation of the number of animals of each
kind and age class.

Irrigation is a more complicated subject becaussretmeeds to be consideration about
geography. Irrigation has contributed heavily te ticrease in agricultural productivity in the
past. Indeed, irrigated lands account for a sulistgrortion of the increased yields obtained
during the Green Revolution. However, the globdk raf increase in irrigated area is



declining. Indeed, per capita irrigated area hadimkd by 5% since 1978, and new dam
constructions may allow only a 10% increase in wéte irrigation over the next 30 years

(Tilman et al. 2002). What is more, expansion afigation systems is limited by

environmental and health related effects, suchodssalinization and the spread of water
borne diseases. The major factors contributinghtse irrigation problems are: unpriced
water resources and heavily subsidized water useleguate planning, construction and
maintenance of water systems, unassigned watds righules that limit the transfer of rights,
conflicts with development and urban planning gd&silly and Schimmelpfennig 1994).

Unless water-use efficiency is increased, greaggcatural production will require increased

irrigation. For example, technology such as drippagt irrigation can improve water-use

efficiency and decrease salinization.

1.4.3. Impacts on albedo and greenhouse gas emissio  ns

The potential interaction between climate changd agriculture may be important and

complicated. In the context of global climatic cganand with concern for food security,

scientific communities of different disciplines e cooperate more efficiently than ever,
and in an integrated fashion, to make sure any fotis has been overcome before any
climate change crisis develops.

Land use is a driving force in the gas emissiond plays an important role in global
warming. According to the Intergovernmental Panel@imate Change (IPCC), the three
main causes of the increase in greenhouse gases/ethver the past 250 years have been
fossil fuels, land use, and agriculture. It israstied that since 1850, roughly 35% of the,CO
equivalent emissions resulted directly from lan@ asd agriculture (Foley et al. 2005).
Nowadays, land use is still a very significant cimitor to CQ emissions.

Agriculture itself contributes to greenhouse gaseases through land use in four main ways:

- CO; releases provoked by deforestation. Indeed, thermtly accepted carbon balance
assessed for the earth includes a loss of 2 Gto@Ggrer annum from forest removal
(Tinker 1997).

- Methane releases from rice cultivation, which ae $0 produce 12% of the global
methane (Tinker 1997)

- Methane releases, from enteric fermentation inecatt
- Nitrous oxide releases, from fertilizer application

Together, these agricultural processes comprise &4ftethane emissions, roughly 80% of
nitrous oxide emissions, and virtually all carbeoxide emissions tied to land use (IPCC).

The planet's major changes to land cover since hé@ resulted from deforestation in
temperate regions. When forests and woodlands lasged to make room for fields and
pastures, the albedo of the affected areas ingedses can result in either warming or
cooling effects, depending on local conditions. de$tation also affects regional carbon
reuptake, which can result in increased concentratof CQ, the dominant greenhouse gas.
Land-clearing methods such as slash and burn comapthese effects by burning biomatter,
which directly releases greenhouse gases and yatéamatter, such as soot, into the air.



Livestock and livestock-related activities suctdaforestation and increasingly fuel-intensive
farming practices are responsible for over 18% whan-made greenhouse gas emissions,
including:

- 9% of global carbon dioxide emissions

- 351to0 40% of global methane emissions (chiefly luenteric fermentation and

manure)
- 64% of global nitrous oxide emissions (chiefly dadertilizer use)

Figure 7. Annual Greenhouse Gas Emissions by Sect(hy R. Rohde, data from Emission Database for
Global Atmospheric Research version 3.2, fast tracR000 project)
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Livestock activities also contribute directly angpioportionately to land-use effects, since
crops such as corn and alfalfa are cultivated dewoto feed the animals. It should not be
forgotten that, worldwide, livestock production apees 70% of all land used for agriculture,
or 30% of the land surface of the Earth.

Spatially explicit global parameterizations of lamgked for agriculture have been produced for
the estimation of biophysical and biochemical feadusuch as land surface albedo, energy
balance, roughness, greenhouse gas emissionsyietdp and carbon stocks. Differences in
albedo and surface roughness between natural dincated vegetation have then been linked
to atmospheric circulation, temperature and rainfacoupled vegetation-climate modeling
experiments.

This enabled the following estimations: a 24% (eespely 10%) reduction in global

vegetation (respectively soil) carbon due to admica, and a 6 to 9 Pg Carbon of yearly
harvested biomass in the 1990s (Bondeau et al.)2007



Unfortunately, there is no appropriate global dsgtfor soil carbon content of agricultural
soils. Different data sets refer to different st@pths. What is more, past and present farming
practices (such as tillage, residue managememnp, ratation, etc.) play an important role in
soil carbon content. However, it is generally atedphat carbon pools (vegetation, soil) are
considerably lower under cultivation, except foy donditions.

Land transformation can affect climate directly latal and even regional scales. It
contributes to about 20% of current anthropoger €missions, and more substantially to
the increasing concentrations of the greenhousesgasethane and nitrous oxide. Fires
associated with land transformation alter the reaathemistry of the troposphere, bringing
elevated carbon monoxide concentrations to th@/aiousek et al. 1997).

We will now focus briefly on carbon. Life on Eaithindeed based on carbon, and the @O
the atmosphere is the primary resource for photbsgms. Humanity adds GQwo the
atmosphere by mining and burning fossil fuels (hasiof life from the distant past), and by
converting forests and grasslands to agricultundl ather low-biomass ecosystems. The net
result of both activities is that organic carboonirrocks, organisms, and soils is released into
the atmosphere as GO

The growth of most plants is enhanced by elevat®d, Gut to very different extents. The
tissue chemistry of plants that respond to,@Caltered in ways that decrease food quality for
animals and microbes; and the water use efficiesfcglants and ecosystems generally is
increased. The fact that increased,Gfects species differentially means that it kely to
drive substantial changes in the species composiioad dynamics of all terrestrial
ecosystems.

1.4.4. Impact on the biotope

Land transformation represents the primary driioigge in the loss of biological diversity
worldwide (Vitousek et al. 1997).

Human modification of Earth’s biological resourc@ts species and genetically distinct
populations) is substantial and growing. Extincti®a natural process, but the current rate of
loss of genetic variability, of populations, and sgecies is far above background rates.
Recent calculations suggest that rates of spegtgscton are now 100 to 1000 times those
before humanity’s dominance of Earth and land fansation is estimated to be the single
most important cause of extinction. 12% of mamnaald 11% of birds are considered to be
threatened, mainly by habitat destruction. Loshabitat accounts for 36% of extinctions.
The other main causes are hunting (23%) and inttomlu of new species (39%) (World
Conservation and Monitoring Centre, 1992).

The current rates of land transformation eventuayl drive many more species to
extinction, although with a time lag that masks the dimensions of the crisis. Moreover,
the effects of other components of global environtalechange (altered carbon and nitrogen
cycles, and anthropogenic climate change) arebgginning and affecting land cover as well.
This will undoubtedly be responsible for increagynmore extinctions.

Loss by land transformation of locally adapted papons within species, and of genetic
material within populations, is a human-caused ghahat reduces the resilience of species
and ecosystems while precluding human use of tirarlf of natural products and genetic
material that they represent.



Moreover, many ecologists argue that the stabibty productivity of ecosystems is
maintained by high biodiversity. However, some vprgductive and stable ecosystems have
low diversity, e.g. coniferous forests, and theqjio@ is not yet settled.

Other arguments for conserving biodiversity aregbssibility of obtaining valuable products
of genes from hitherto unused organisms, and thieadtbelief that we should not render any
organism extinct (Tinker 1997).

1.4.5. Deforestation/desertification

Only a fraction of the world’s land is suitable fgriculture and only a fraction of this is still
unused. Much of the best of this potentially avd#ddand is at present under forest, and there
is growing alarm about the rate of forest loss KEML997).

There are underlying conflicts over what any renmgrifunused” land should be used for.
Ecologists are insisting that forests must be raaied for biodiversity conservation. Energy
and global change scientists want existing agucaltland to be turned over to forest, for
carbon sequestration or biomass production. Medawtine agricultural community is

calculating how much extra land is needed to eniod security. IMAGE output suggests
considerable losses of African forest in the nexttary for this purpose.

Researchers were able to reconstruct pre-agrieultund cover and use it to estimate that an
original 62 million knf of forest and woodland has been reduced by 9anikinf, of which 7
million km? (that is, 15% of total forest and woodland) repredoss of closed forest. The
loss in the developing tropics is estimated to gbuate to an annual net global loss of 0.1 to
0.2 million knf of forest (Meyer and Turner 1992).

Forest disappears mainly for cultivation but also fanching and pasture (South America),
timber extraction (South Asia), fuelwood extracti@frica, Indian Subcontinent), pollution
(North America, Western Europe) (ibid.).

Reforestation and afforestation can result natpurédlbm land abandonment or can be
undertaken deliberately by state or private actidayer and Turner 1992).

The UNCOD report of 1977 identifies 6% of the world’s area“man-made deserts”, and
close to a quarter of the world’s surface as tlereed by desertification. The 1984 UNEP
assessment estimated the annual degradation of‘tardksert-like conditions” to be about
60,000 kn, and the area annually “reduced to zero or negatét economic productivity” as
more than 200,000 kiDesetrtification is principally associated withcegsive pressure on
grasslands.

Land use activities, primarily agricultural expamsiand timber extraction, have caused a net
loss of 7 to 11 million krhof forest in the past 300 years. Many land-usetjmes (forest
grazing, road expansion, fuel-wood collection) ckgrade forest ecosystem conditions (in
terms of productivity, biomass, stand structured apecies composition) even without
changing forest area (Foley et al. 2005).

3 United Nations Conference on Desertification
* United Nations Environment Program



However, in many parts of the world, especiallyGast Asian countries, reforestation and
afforestation are increasing the area of forestedid. Furthermore, forest management in
many regions is acting to improve forest conditioRer example, inadvertent nitrogen

fertilization, peatland drainage, and direct mamaget efforts, increased the standing
biomass of European forests by about 40% betwe®d® a48d 1990, while their area remained
largely unchanged. These forests have become &astibssink of atmospheric carbon (0.14

Pg Carbon per year in the 1990s) (Foley et al. 2005

1.4.6. Regional climate change

Land conversion can alter regional climates throitgyeffects on net radiation, the division of
energy into sensible and latent heat and the joauitig of precipitation into soil water,
evapotranspiration and runoff (Foley et al. 2005).

Indeed, some scientists use numerical models simglatmosphere and biosphere, in order
to assess for example the effects of Amazon defdies on the regional and global climate
(Shukla et al. 1990). It was found that deforestatvill lead to an important regional change,
with a significant increase in surface temperatuaed decrease in evapotranspiration and
precipitation. The main consequences will be thasgumpossibility for the tropical forest to
reestablish. Although large scale clearing of trtapforests may create a warmer and drier
regional climate, clearing temperate and boreadis generally thought on the other hand
to cool the climate, primarily through increaselealo (Foley et al. 2005).

So the global vegetation is not only determinedhgylocal climate, but the global vegetation

will influence the regional climate. This is due dbanges in relative albedo, lower surface
roughness length, higher stomatal resistance,stalland sparser root systems, and lower
availability storage capacity for soil moisture.

Alterations to the hydrological cycle can also effeegional climate (Vitousek et al. 1997).
And indeed, irrigation increases atmospheric hutyidi semi-arid areas, often increasing
precipitation and thunderstorm frequency. Simuteticuggest that the net effect of this
transformation is to increase temperature and deereprecipitations regionally. Both
estimates are however controversial.

1.4.7. Soils

The FAO estimates that 5.44 million kmf rainfed cultivated land have been lost worldsvid
to degradation. Another study estimates that 20ianikm? of former crop land have been
irreversibly lost due to degrading uses and to peent cover land (Meyer and Turner 1992).

Some irrigated lands have become heavily salinizadsing a worldwide loss of about 1.5
million hectares of arable land per year, alonghwitn estimated $11 billion in lost
production. Up to 40% of global croplands may disoexperiencing some degree of soil
erosion, reduced fertility, or overgrazing (Foléyk 2005).



2. Agriculture will need to face new challenges

2.1. To feed tomorrow’s population

Although large surpluses of various food items teais different world markets, this does not
mean that there is a surplus of food at the glaoale. The surpluses are rather due to
incorrect distribution of food. There are estimaidhat 800 millions people worldwide suffer
from malnutrition (WHO).

Increases in food production are needed to resfimtreases of the world population on the
one hand, but also to respond to the increasedunogoton of luxury food items like meat,
sweets and beverage by this population.

More precisely, a doubling of global food demangbrigjected for the next 50 years (Tilman
et al. 2002). This doubling will have to resultrfra projected 2.4-fold increase in per capita
real income and from dietary shifts towards a high@portion of meat (much of it being
grain fed) associated with higher incomes (Casst®8v). What is more, most population
projections show population following a logisticogith path toward eventual stabilization.
For instance, UN current population projection (fitarand Kennedy 1999) foresees a
population of 9 to 10 billion people in 2050 (of it 8 billion will be in currently developing
nations). The Population Reference Bureau on therdtand expects the population to range
from 7.7 to 11.2 billion people (Cassman 1999).

Further increases in agricultural output are thssertial for global political and social
stability and equity. Doubling food production aswktaining food production at this level are
major challenges. Doing so in ways that do not comgse environmental integrity and
public health is a greater challenge still.

There is a general consensus that agricultureh@asapability to meet the food needs of 8 to
10 billion people while substantially decreasing throportion of the hungry population
(Cassman 1999). If the Malthusian precipice is@@toided, agriculture has to become more
productive per unit area or it has to use largeasirof land. The latter is often difficult or
impossible (Tinker 1997).

2.2. To adapt to climate change

Annual global temperatures have increased by abelfiC since 1980, with even larger

changes observed in several regions. The effegmstf changes remain unclear. It is likely
that warming has improved vyields in some areasjaed them in others and had negligible
impacts in still others. The relative balance a#sth effects at the global scale is unknown
(Lobell and Field 2007).

® World Health Organization, http://www.who.int/



Various studies found that yields for principal gschave substantially increased since 1961,
while temperatures and precipitations, spatiallygeed for each crop, also exhibited several
remarkable trends (ibid.). The impacts of thesenalic trends on yields have been
investigated by developing new empirical (or stetd#d) models of global yield response to
climate. For instance, spatialised data was uséidKqields, temperatures and water by Leff
et al. (2004). The findings of such manipulatiorss that at least 29% of the variance in year-
to-year yield changes was explained by the predicttemperatures, precipitations) for all
crops. The impact was particularly strong on wheasize and barley. The foregone
production due to climate trends is of 19 milli@ms per year for wheat, 12 million tons per
year for maize and 8 million tons per year for egr{which correspond respectively to $2.6
billion, $1.2 billion, and $1 billion). The resulssiggest that recent climate trends have had a
discernible negative impact on global productios@feral major crops.

However, the impacts of global warming are liketyhtave been offset to some extent by
fertilization effects of increased GQevels, although the magnitude of these effects ar
uncertain and the subject of much debate (LobellFdald 2007).

2.3. To provide solutions to live without fossil fu els

The issues at stake in studying the alternativésdsil fuels are firstly the need for mitigation
of the enhanced greenhouse effect. Secondly, thereeed to find new energetic solutions to
be able to compensate diminishing and finite stadéKsssil fuels.

Global fossil energy is estimated to be 400 &t year, that is, 0.01% of the annual incoming
solar radiation (3.5 million EJ). To be used, incognsolar radiation needs to be converted.
Photovoltaic cells convert solar energy in eledyribut the efficiencies of this type of
conversion are low, expensive, and the electripityduced is difficult to stock (Nonhebel
2005).

Another option to exploit solar radiation is theeusf plant material (biomass, wood). Plants
indeed convert naturally photons in organic makégkcose), by photosynthesis. This source
of energy was used before the industrial revolutiotihe form of the burning of fuelwood for
heating and cooking. In the modern context, to fdteate change and finitude of fossil fuel
stocks, biomass as energy source for modern sexiedis been put into the footlights again.

In developing countries biomass (wood) is stillianportant source of energy (38% of the
total energy supply), while in industrialized woriidonly accounts for 3% of the energy

supply.

The most frequently mentioned ways of exploitings thesource are: conversion into a
transport fuel (biodiesel or ethanol) or into elietty. These conversion processes are not free
of costs and require energy themselves. For exartipecosts for wood chips as feedstock
for electricity plants are estimated at 0.06 Euen KWh, while feedstock for coal is 0.02
Euro per KWh (excluding taxes).

® Exajoule (18° Joules)



The highest solar energy efficiency is obtained nvheggh-input systems are used (heavy
machinery, use of fertilizers and pesticides). Tdan be realized on high-quality soils, which
are comparable to soils required for food produrctio

But about 1/3 of the globe is land (that is, 13 zhad there is only 1.5 Gha of arable land,
3.5 Gha of pasture and 4 Gha of forests and woddMfhat is more, the need for food puts
an extra limitation on the potentials for the utsalar radiation for energy.

Based on this observation, there are two pointgest prevailing about the issue of biomass
as a source of energy. The pessimistic viewpoittias there is not enough land to fulfill the
needs for food and energy when biomass is usechanargy source. According to the
optimistic view, there is enough space but a lotludnge is needed in the management of
woodland and forest into intensive energy crop taltons.

To illustrate the importance of this topic in therrent public debate, we can mention the
European directive 2003/30/CE for the “promotiorbaifuels”. It indeed expects to reach an
incorporation rate of 5.75% in the fossil fuels 2910. But the energetic yield is not very
good (between 1.19 for wheat ethanol and 2.5 foHEN), according to the systemic method
used by INRA, and the cost is high. What is more, large sugare required (Sourie et al.

2005).

It is worth mentioning that the use of plant matkeas energy source leads to £fnissions.
This CQ, however has been taken up from the atmospherénaadoorated in the structural
plant material of the preceding growing seasori(sg net emission of CQrom this energy
source is therefore zero. Substitution of fossilguwith energy from biomass should
therefore lead to a reduction of €@missions.

2.4. To face important environmental issues

The main environmental impacts of agriculture cofmem the conversion of natural
ecosystems to agriculture; from agricultural nutisewhich pollute aquatic and terrestrial
habitats and groundwater; and from pesticides. Tin@acts are worsened by the
accumulation and the persistence of organic agullpollutants (Tilman et al. 2002).

Agricultural nutrients enter other ecosystems anadifg them, through leaching,
volatilization and the waste streams of livestockl d&aumans. Pesticides can harm human
health, as can pathogens, including antibioticstast pathogens associated with certain
animal production practices (ibid.).

The question that we address, with regard to @l ifisues we have raised up to now, is
whether land use activities are degrading the glebaronment in ways that may ultimately
undermine ecosystem services, human welfare, amdothg term sustainability of human
societies (Foley et al. 2005).

" Ester Méthylique d’Huile Végétale, or methylicasbf vegetable oil, also called diester or bioelies
8 Institut National de la Recherche Agronomique



3. Agriculture’s political context

3.1. Trade liberalization

Trade liberalization mechanisms are initiated bg WWorld Trade Organization (WTO)
negotiations. The WTO indeed conducts negotiatwitis all member parties through what is
called rounds. For instance, the Doha Developmenin® commenced at Doha, Qatar in
November 2001 and is still continuing. Its objeetiss to lower trade barriers around the
world, permitting free trade between countries afying prosperity. The Doha Round began
with a ministerial-level meeting in Doha, Qatark@01l. Subsequent ministerial meetings took
place in Cancun, Mexico (2003), and Hong Kong, @hi2005). Related negotiations took
place in Geneva, Switzerland; Paris, France; aathdag Geneva. Trade liberalization is thus
a slow and complicated process.

As Svedin (1999) puts it:

"Globalization, through global-scale linkages, cdisnects the sources of demand from the
location of production”

This global mechanism is of great importance fozaloland use allocation, insofar as
landowners choose their production not only asspaese to local economic opportunities,
but also as a response to demand on the world marke

3.2. National policies and associated subsidies sti Il prevailing

Developed countries such as the United StatesEamdpean countries with their Common
Agricultural Policy (CAP), are however maintainisgme level of barriers to trade, and more
importantly, significant subsidies to their agricué, in order to protect their economy and
their farmers.

Hence, there are a lot of issues related to laed msny of them being of great importance
for the future of humanity. Land use is thus anonignt concern in contemporary research.

The central importance of land transformation isleed well recognized within the

community of researchers concerned with global renvnental change. Several research
programs are focused on aspects of it; recent abstantial progress toward understanding
these aspects has been made, and much more progresse anticipated (Vitousek et al.

1997).

Land use allocation is associated with a lot offedént, sometimes opposite-going
mechanisms, which influence might be hard to asgeesisely. Understanding land
transformation is a difficult challenge; it requdréntegrating the social, economic, and
cultural causes of land transformation with evabret of its biophysical nature and
consequences. This interdisciplinary approachssrdgl to predicting the course, and to any
hope of affecting the consequences, of human-cdasddransformation (ibid.).

In this report however, the focus is not on theseeds of land use change but on technical
aspects driving demand, local environment,



4. The modeling of Land Use

4.1. Generalities concerning land use economics

4.1.1. The study of land-use, hypotheses, implicati  ons

Prior to reviewing land-use models, a brief exartiamaof the study object — land — and its
properties might help understand the underlyindiatilties or hypotheses of land-use
modeling.

Land use is indeed characterized by technical dnydipgal properties, which will be taken
into account in some way in models of land-use, land also has to be considered as an
economic good,e. an object which consumption, use, or possessitmeases utility, directly

or indirectly. However, the study of land use diférom the study of other economic goods
because of 3 characteristics: land immobility, ldmederogeneity, and land property (that is,
considerations of ownership, takings and rent segkiParks and Hardie, 2003).

The consequences for the modeling of land-useharéotlowing:

- There can be no land transfers over space;

- Land-use models need to account for spatial cheniatits of land, and might need to
take into consideration land heterogeneity ovecspa

- Land-use models might need to account for speeiaaiors due to particular types
of land property.

4.1.2. “Non-maximizing” studies of land use

Historically there has been progress towards b&tteéng into account adaptation in land-use
modeling. Formerly, a 3-step approach was adopieattount for the effects of especially
climatic change on agriculture:

(1) agronomic crop models were developed to simulaetfect of climatic change on
crop yields

(2) yields were then adjusted to simulate crop-spetafim-level adaptations

(3) yields were then converted to supply changes in@tic models

Further on we will give a few examples of techniaatl economic models following such a
procedure.

(@) The production function approach

According to Mendelsohn and Dinar (1999), and Reithd Schimmelpfennig (1999), the aim
of models adopting the so-called “production fumetapproach” is usually to estimate the
impacts of climate change on agriculture, and mamecisely on land values and farm
revenues.



This kind of modeling is based on an underlyingdoieiion function, also called crop-yield
model. The estimation of the impacts of climateng®on yields is derived by the variation
of one or a few input variables, such as tempegaforecipitation, and CQevels, and the
examination of the provoked change in yields. T$tereation of the impact of climate change
on revenues is derived from the simulated yieldsetogenous prices.

However, such models tend to omit adaptation behnsyvsuch as switches of productions.
And indeed, they de facto consider that the sampsccontinue to be produced at the same
place despite the climate change. Consequentlgethedels can’t be realistic and they are
sometimes said to follow a kind of “Dumb farmer saeo”.

(b) Agroeconomic analyses: Rosenzweig and Parry (1994)

This approach combines a biophysical and an ecanstudly.

Rosenzweig and Parry’s model aims as well at asge$ise impact of climate change on
yields.

It is based on data found on more than 100 siteklwme, and was extrapolated to the whole
world. Yields are averaged at the national levdie Tmodel only studies the impacts of
climate change on grain crops (wheat, rice, mazesaybean).

A biophysical model simulates crop yields, whicle #nen integrated in a world food trade
model. A classical climate change scenario simugai doubling of atmospherical G@&
then considered, and yield prediction under thenado is derived by linear interpolation.
Adaptation is taken into account by the applicatbbad hoc adaptation scenarios.

Compared to the traditional production function raggh, this one uses a world food trade
model which better accounts for the impacts of atenchange on revenues, linear
interpolation instead of the only biophysical modahd it takes into account adaptation,
although poorly.

4.1.3. Limits of the non-maximizing approaches  °

In the two approaches reviewed, land-use changessis®nt is limited by the fact that
adaptation is poorly taken into account. This ig do the fact that economic behaviour of
land managers is not precisely modeled.

However, in accordance with the neo-classical fhebehaviors in economics of land-use
basically follow the same methodology and hypotkeas other economic goods: profit
maximization, utility maximization and risk aversioParks and Hardie, 2003). Thus,
economics of land use deal with optimal allocatddhand, through land-use decisions, under
the assumption that profit, or welfare, is maxindiz€onsequently, the modeling of the
decision process of land managers is possible bngithe equations corresponding to profit
maximization and risk aversion. By contrast, the @pproaches reviewed previously can be
called “non-maximizing approaches”, because theg'tdtake into account explicitly the
maximization process.

° Reilly and Schimmelpfennig 1999, Mendelsohn andabil 999, Mendelsohn et al. 1994



On the other hand, maximization equations have lheenulated in different ways, and in
multiple different attempts of land-use modelingpeT*maximizing approach” is the kind of
approach we are particularly interested in, in origeadopt it in our model of land use,
because we want to focus on the process and resfulesxd use allocation under certain
variations in the economic or natural environment.

4.1.4. The Ricardian rent theory

The main underlying economic theory of land useneatics used in the different types of
land use modeling that we will present further srihie Ricardian rent theory. According to
this theory, land-use choices are made throughotitemization of land rent, which thus
stands for the profit maximization behavior of landnagers. Before presenting the Ricardian
rent theory, a close look into the meaning of leent is required.

The earliest definition of land rent is that of Ad&mith (1937):
“(land rent is) the highest price a tenant canrdfto pay the landlord for the use of land”.

Ricardo (1951, 19669 studied profit rates determined within the agtietal sector, and he
examined the role of differential rents in detenmgnthe margin of land cultivation:

“it is only because land is not unlimited in quantnd uniform in quality, and because in the
progress of population, land of inferior quality ss advantageously situated is called into
cultivation, that rent is ever paid for the usetbf

price

scarcity
rent

differential
rent

5 quantity
Q produced

Figure 8. Marginal cost curve and differential rentand scarcity rents

According to the Ricardian rent theory, the pri€@am agricultural good (the product from the
land, also called resource) is given by two diffeéddnds of rent. Thecarcity rentis not null
when the price of the production is higher than tharginal cost of production. The
differential rentis the surplus that emanates strictly from thedpotion factor remaining, i.e.
the land. The sum of these two rents is apprehendédr the concept oésource rentas the
figure above indicates.

1% Ricardo David, 1817, Des principes de I'éconoroiitigue et de I'impét.



This theory is useful in the modeling of land ussofar as economic models allocate land
according to its relative economic return undefedént uses. The economic return of land is
measured as the resource rent. Land is supposbd tsed by land managers in order to
maximize the resource rent.

4.2. What questions are addressed in land-use model  ing?

According to Lambin et al. (2000), on designs allase model specifically to answer some
precise question(s). The environmental and cultabbles, the geographical scale and the
regions, and the time scale, which are chosermtntodel, totally depend on the problematic
addressed by the model.

And indeed, in the literature, we have been abledigiinguish different categories of
questions in the models we reviewed.

4.2.1. “Economic, profitability” question

- Problematic:

Will agriculture be able to sustain economicallynso changes; will it continue to be
profitable?

- Sources:

Literature about adaptation and vulnerability ofriagture: Mendelsohn et al. (1994),
Rosenzweig and Parry (1994), Darwin (1999), FASOMCarl 2004), AROPA| (Bamiere et
al. 2005).

- Context:

These issues are raised patrticularly in the cordextimate change and also public policies
(e.g. carbon policy in the case of FASOM) etc.

- Other related questions:

What regions will be most affected, in what regiagsiculture is most vulnerable? In which
regions agriculture is the most likely to adapt Hest from an economic point of view to
changes in the natural or socioeconomic or poliBoaironment?

4.2.2. “Quantity, nutrition” question

- Problematic:

Will agriculture continue to be able to produce @gio food for everybody despite changes in
the natural, social, economic, political environtf?en

- Source:
IMPACT (Rosegrant et al. 2005), IMAGE (Alcamo et H94)
- Context:



Global pollution, climate change, competition betwelifferent economic uses of land.

- Related questions:

= Concerning changes in production areas: what regiolh be able to produce food in
the future, where will be the big production ba8ins

= Concerning competition between different economaialuses: between agriculture
and forestry, between agriculture and urban ategtejeen food production and plants
used as biofuels, between food and animal feedugtomh. How will different
interests for land use compete, and how, in thisecd, agriculture will continue to be
able to feed the world?

4.2.3. Impact mitigation

- Problematic:

How can we reduce the impact of agriculture oneiimgronment?

- Source:

AROPA|j (Bamiere et al. 2005), IMAGE (Alcamo et 2005)

- Context:

Local pollutions, climate change, need to find adeq policy measures.

Retrospectively, there is no unique way to answegivan question; each model chooses a
specific viewpoint, and focuses on some particakpects of the problem. Different models
might not give exactly the same answer to a giveblpmatic, but the comparison between
methodologies and results allows for a better wtdading of the underlying phenomenon
that is studied.

4.3. How can we classify land-use models?

4.3.1. Why a review of models and classification?

In this part we make a review of some existing nwaé land use allocation. The goal of
such an exercise is multiple:

(1) to find in each model its specificity,

(2) to figure out how the problematic answered by eaolel relates to our own
problematic,

(3) to figure out what elements were found pertinenth®yauthors to answer their
problematic,

(4) to assess what elements we find pertinent canydassileproduced in our model

(5) to assess what the limits are in the models weystud

(6) to find what improvements we should try to make pared to the preexisting models

To make it easier to understand, it is always udefalassify the models we present.

There is a great variety of modeling approachesagpmldications. There have been different
attempts to classify these modeling approaches.h@le decided to follow roughly the



classification by Heistermann et al. (2006a) fontagental and global land-use modeling. In
their classification, the guiding principle is th@egration of geographical and economic
modeling approaches.

The models presented are all at least regional gldteal scale of our study makes small scale
models undesirable, according to Heistermann €2@06a), because:

= Many important drivers and consequences of landchaage are of global extent
= Specific processes interlink locations and regahsver the globe
» Land-use changes and environmental impacts are gfiatially and temporally
disjoint
This model review falls into three main parts: gepdical models, economic models, and

integrated models. Each part is further subdivigetbrding to differences in methodology, in
key mechanisms, in scale precision or in the reprtasion of the economy.

4.3.2. Geographical models

Geographical models focus on the process of laedeliange itself. They develop spatial
patterns of land-use types, each of which has aiapallocation of area or commodity
demand, by analyzing land suitability. “Suitabilitg based on local characteristics of land
and spatial interaction with other parameters (atioy social, economic etc.). Thus these
models don’t explicitly take into account the medbkens of allocation of land-use. A further
classification is possible, according to the keychamisms used to simulate the process of
land-use change: the “empirical-statistical’ way, the “process-based” way (Heistermann et
al. 2006a).

4.3.2.1. Empirical-statistical models

Empirical or statistical models locate land-covieamges by applying multivariate regression
techniques to relate historical land-use changespatial characteristics and other potential
drivers.

Example: Ricardian rent model (Mendelsohn et a@4)9
This is a regional, statistical model, which applie the United States only.

It aims at assessing the economic impact of gleaiming on US agriculture, and more
precisely the impact of climate on land prices erenues. Basically, in this model, climate
impacts on net rent or value of farmland are evabliédy measuring farm prices or revenues.

Concretely, land-use is represented by land valnesfar as they are supposed to stand for a
certain set of crop productions, and climatic, gapgic, and socioeconomic characteristics.
The observations are weighted by the percentagad county in crop-revenue, which puts
emphasis on counties that are most important & agricultural production, that is, truck
farms and citrus belt. This way to take into actoerop production is considered
representative of the agriculture profitabilityvalue in the country.

Regressions of land values on climate, soil, amibegonomic variables are performed so as
to estimate the best-value functions across diffteceunties, that is, the effect of existing



climate on property values. Hence land suitabiltyepresented by a relationship between
land values and spatial and climatic variables.

The climatic variables are changed to simulate @jl@arming, and the effect on land values
is derived from the equation previously definede Tdimate change scenario applied is the
conventional doubling of the atmospheric L@anslated to the US into a uniform 5°C
temperature increase and 8 % precipitation incrpas®S season and region.

The economic impact is measured in terms of econa@wsts per sub-region in the US. The
model doesn’t provide information about specifi@abe in land allocation, it only indicates,
through the change in land revenue, that land-asechanged, and it is able to quantify the
cost of change. However, if a certain type of |laisé is associated to certain land revenue,
then land uses might probably be deduced fromahé tevenues, although with a high level
of uncertainty.

The main limit of such models is that long termjection is difficult, because empirical
relationships can’t be assumed constant over liomg periods.

4.3.2.2. Process-based models:

These models describe biophysical and technicategsses of land-use change. The
methodology used, described in Heistermann et280&a), who cite namely the works of
Stephenne and Lambin (2001) and Cassel-Gintz anschitd-Held (2000), consists in
focusing on a sequence of agricultural land-usenggés The aim of this approach, also
referred to as the “syndrome approach” is to ideraticausal chain, by combining spatially
explicit and quantitative data sets with qualitatreasoning. The causal chain might ideally
be recognized as also being relevant in other parthe world. This identification work
enables the provision of global scale patternstii@er occurrence of, and susceptibility to
specific types of land use changes. Thus, the synes approach provides information where
specific land-use changes might occur, and whatigely they might be. However this kind
of model can only apply to regions where very mealements corresponding to a certain
pattern of land use change, already observed etsewhave been identified. This approach
could basically be integrated into a quantitatirarfework in order to model actual land-use
changes, but it can’'t be generalized alone to agin of the planet.

4.3.2.3. Advantages and limits of geographical models:

Geographical models take well into account locaphiysical and socioeconomic constraints,
as it is their main focus.

However, in such models, land-use change mecharasensot explicitly modeled and the
causal relationships are not clearly establishedadt, these models can only predict patterns
of land use changes which are represented in fitatgon dataset. That is to say, they are
only able to predict some specific changes in lasé where such changes have been
measured over the recent past. Thus these modelmable to make long-term projections,
and they cannot be used for wide-ranging extrajpoiat(Heistermann et al. 2006a).



4.3.3. Economic models

These models focus on drivers of land-use changbedemand side. They allocate land-use
based on supply and demand of land-intensive contieedwhich are both computed
endogenously. Land is not the focus of interest, Wwas introduced mainly in order to
facilitate an assessment of environmental problsath as climate change (Heistermann et
al. 2006a).

The economic models are further discussed by Hmsten et al. (ibid.) along general
economic modeling concepts and strategies to intedland and land-use dynamics.
Economic land-use models differ in sectoral andoreg resolution, and in the representation
of trade and land.

4.3.3.1. Partial equilibrium models

(a) Little sectoral resolution: AgLU (Edmonds 1996, é8ahds et al. 2003)

AgLU (Agricultural and Land Use model) aims at slating global land-use change and the
resulting carbon emissions over one century inaresp to a carbon policy.

It is a global, top down, partial equilibrium ecomic model of land use, where the world is
divided into 11 regions. The model is programmedirtd the best land use distribution that
enables the equilibrium between demand and supply.

Land use is represented through one composite 2rogpes of forest products, one type of
pasture and one category of animal products. Aesystith more crops is being developed.

From an economic point of view, AgLU has 14 pridesermined by 14 non linear equations
that equate supply and demand in each market. Thasdeets are the following:

- 1 world market for the composite crop (that isdag,ne world price brings
global supply and demand into equilibrium)

- 11 regional markets for the composite animal pro¢hegional supply must
equal regional demand, adjusted for trade in anpr@ducts between regions)

- 1 world market for the composite forest product

- 1 world forward market for the composite forestdurct (because of the time
lag between planting and harvesting trees)

Land is allocated among crops, biomass, pasturestioor remains unmanaged, according to
the economic return from each land-use type in eagion. A joint probability distribution is
defined over yield in each alternative land usabGa policies are simulated in the model by
the introduction of an exogenous carbon price.

Demand for crops, animal and forest products,fisation of prices, per capita incomes, and
population. For food categories (crop and animaddpcts), diet is considered as an
exogenous input by region and food category. Denfanfiomass is represented through a
price for biomass computed exogenously.



Figure 9. AgLU model structure (Sands et al. 2003)
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The model then provides estimates of carbon emmssimm land-use change over the next
century in response to changing populations, incoamel agricultural technologies

The limits of such a model stand in the fact thas inot spatialized; it is rather based on a
simple probabilistic structure which doesn’t captuhe true variability of land within a
region. It proves difficult to match the parametefshe joint probability distribution used by
AgLU with the large amount of data available ol aad crop productivity.

(b) Higher sectoral resolution and geographical preoisiIMPACT (Rosegrant et al.
2005)

IMPACT (International Model for Policy Analysis @éfgricultural Commodities and Trade) is
a global scale model. However it incorporates meslwlith a variety of spatial scales, from
river basins, countries and more aggregated regimnthe global level. It consists of 36
countries or regions, and 69 river basins. Foodahehand trade are modeled at the national
level.

This model aims at analyzing the effect of popolatinvestment and trade scenarios on food
security and nutrition status. It studies the Igé&abetween the production of key food
commodities and food demand and security. IMPACRIs® concerned with the fact that
long-term change in water demand and availabiibg variability in rainfall and runoff, has
an important impact on food production.

The agricultural products are disaggregated intard® types, 6 livestock and poultry types
(including eggs), and 10 fish or sea products.ddelre estimated for each country or region,
and are assumed constant throughout the countrggion. Yields are linked to producer
prices and prices of production factors, technaalgimprovement (constant growth rate) and
water stress.

Within each country or regional sub-model, supglydetermined by the area and the yield
response function (the obtained vyield and the Istede area depend on exogenous
parameters). Domestic demand for a commodity isstime of its demand for food, feed and
other uses. Prices are endogenous in the systaquattions for food. Domestic prices are
function of world prices. Country and regional subdels are linked through trade. The key



mechanism involved in the model is the minimizatioh the sum of net trade at the
international level and the satisfaction of martleiaring condition.

The specificity of this model is its taking intocacint water availability in the formation of
yields (see6.5.2.1, p.82, for a precise description). Howeweater is considered at a too
coarse scale to be able to bring a significant ekegsf precision. The precision in the
representation of yields is also very low, as \gsedte averaged at the national level and
assumed to be constant.

(c) Higher geographical precision: FASOM (Adams etl&196; McCarl 2004)

FASOM (Forestry and Agricultural Sector Optimizatidlodel) is a dynamic, nonlinear
programming model of the forest and agriculturatses in the US.

Its objective is to evaluate welfare and marketaotp of alternative policies for sequestering
carbon in trees.

FASOM’s study area is the US, which is subdividedl1lii homogenous supply regions
(Alaska and Hawai are excluded). Some regions dwmve any forest. One doesn't have
agriculture. There is one single national demanggbre

Figure 10. FASOM model structure (Adams et al., 19)
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Crops compete regionally for land, labor and itiga water. 36 primary crops and 39
secondary products are represented. The model aesumarket behavior over 100 years
with a decade-long time period. There are more #t#hproduction possibilities representing
agricultural production in each decade. These deldield crop, livestock, and tree
production. The field crop variables are dividetbimrrigated and non irrigated production
according to the irrigation facilities availableaach region.




The decision making process for land use allocasothe maximization of the net present
value of the returns from the activities perfornoeda given land. The model takes fully into
account competition between forests and agriculfiore land use. The objective is to

maximize the present consumers' plus producensiusas net of transport and capacity costs.

The model is constrained so that for each areactbge mix falls within one of the mixes
observed in the the past 20 years (just for thet fivo decades). This prevents unrealistic
complete specialization of some regions, for which optimal solution would be a single
crop budget. Land use and exchanges of land betaeetors in some of the regions are
constrained for empirical or practical reasons.

What is more, farmers and timberland owners are adeodas being able to foresee the
consequences of their behaviors. They are saidwve & “perfect foresight”.

This model appears to have the highest precisioteims of crop disaggregation, yield
representation and geographical scale.

But it encounters a few limits:

- Only managed forests, which produce revenue fromdnexploitation, are
considered.

- Tree growth is not modeled; harvest takes place pec decade, whereas agricultural
markets are held every year.

- Simulations can be done over a 100 year perioord, tbut the sequestration policy is
assessed only over the first 50 years.

4.3.3.2. Computable general equilibrium models (CGE)

In such models, contrary to partial equilibrium ralsdwhich consider only the agricultural
and forestry market, all markets are modeled eijyliand are assumed to be in equilibrium
in every time step. All money-flows are tracealileotighout the whole economy and the
structure provides the emergence of feedback sftestiveen sectors. CGEs are often used to
analyze the effects of changes in single sectorghenentire economy and vice versa
(Heistermann et al., 2006a).

Example: GTAP Global Trade Analysis Project (Broelen 2001)

The GTAP model is a multi-regional, static, appligeneral equilibrium model. The
underlying equation system of GTAP includes twdeddnt kinds of equations. One part
covers the accounting relationships which enswaerdéteipts and expenditures of every agent
in the economy are balanced. The other part ofetheation system consists of behavioral
equations which based upon microeconomic theorgs@&lequations specify the behavior of
optimizing agents in the economy, such as demandtifins. Thus the agricultural sector is
figurated by a representative producer for eaclcalgural sector of a country or region. Each
producer chooses inputs of labor, capital and imégliates to produce a single sectoral output
SO as to maximize a profit function. In the caserofp and livestock production, farmers also
make decisions on land allocation.

The GTAP structure can be described as follows. Staging point is a regional household
associated with each country or composite regio@ DAP. This regional household collects



all income that is generated in the closed econdimyducers are also part of this framework.
The firms and the regional household together baildosed economy, linked together by
economic flows, consisting of taxes, savings, edpares and revenues. The regional
economy faces the rest of the world, consistinghef86 other regions taken into account in
the model (GTAP version 6).

GTAP assumes that land is heterogeneous. The petexiy is introduced by specifying a
transformation function, which takes total landaasinput and distributes it among various
sectors in response to relative rental rates.
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Figure 11. GTAP model structure (Brockmeier 2001)

MTAX



Economic equilibrium models can consistently adsirdsmand, supply and trade via price
mechanisms. However, they are limited in accounfiimgupply side constraints, in reflecting
the impact of demand on actual land-use changeepses, and in representing behaviors that
are not related to price mechanisms.

It should be noted that optimization models suclBasP are frequently used as components
of integrated models, which we will examine in tbowing chapter.

4.3.4. Integrated models:

Integrated models combine an economic analysisarfdumarkets and policies in order to
quantify demand and supply of land-intensive comitiexsj and the actual allocation of land-
use to locations based on a geographic analysiscr€ly, they generally consist in the
coupling of economic optimization models (such asAB) with tools for spatially explicit
evaluation and allocation of land resources.

4.3.4.1. Activity based or farm-based models: AROPAj model

In these models, the agricultural production iskbro down into different farm types or
production systems (in their great variety).

This model, developed by the INRA (described in Bamet al. 2005), is a microeconomic
partial equilibrium model, with an exogenous demarid aims at anticipating the
consequences of the continual reform of the CAParelaluating the environmental impact
of such changes.

AROPA| consists of a set of independent, mixedgateand linear-programming models.
Each model describes the annual supply choicegofean farm type, representative of a group
of farmers. Each farm-type accounts for a certaino$ technical constraints and consists of
the aggregation of farms located in the same regibaracterized by similar type(s) of
farming and belonging to the same elevation clasdes decision making process is modeled
by the maximization of the total gross margin icletarm type group.

4.3.4.2. Sectoral models

In sectoral models, as opposed to activity-basedetsp agricultural production is broken
down into different crop and livestock productigipés, regardless the production systems in
which the crop are grown.

(a) Example: the agro-ecological approach FARM (Darwetral. 1995)

FARM (the Future Agricultural Resources Model) congs a biophysical and economic
study. The FARM framework uses a GIS to link climavariables with agricultural
production and land rents.
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Figure 12. FARM model structure

In their study, Darwin et al. assess the impactliohate change on agricultural production.
More precisely they study how climate change cbuotas to the shift of land classes
worldwide, and they derive the shift of productiegions.



FARM'’s GIS divides the world into twelve geographegions. Climate is captured by six
land classes, each of them with some particuladymon characteristics consisting of a mix
of crops, livestock, and production levels. Lanakssks are determined by a length of growing
seasofT, water holding capacity, a production level, cpatsl an input use.

FARM'’s economic framework consists of a multi-regionulti-sector, CGE model. The CGE
model accounts for all domestic and internationahay flows. Households use the revenues
from the sales of the four primary factors of prain (land, water, labor, and capital), to
purchase consumer goods and services from the @rmpdusectors in domestic and
international markets.

The CGE model contains 8 regions. Each region higsrdducing sectors — including crops;
livestock; forestry; and processed foods. The @egtor is the only one to be multi-output,
producing wheat, grains, and non-grains. All regigmoduce, consume, and trade the 13
commodities.

A region’s primary factor endowments of land, watkbor and capital are determined
exogenously and are region-specific: i.e., oneorggi primary factors cannot be used by
another region’s sectors. Land is in fixed supply.

Water, labor, and capital are homogenous, i.ehiwitegions these factors are perfectly
mobile across all economic sectors, and each hasragional price. Regional supplies of
these factors are perfectly inelastic. Water isptiag to the crops, livestock, and service
sectors. Land, labor and capital are suppliedlteesitors. Regional demands for water, land,
labor, and capital are sums of sectoral demands.

Producer behavior in FARM is driven by profit maxation assuming competitive markets.
The impacts of climate change on land use are astedlby estimating the regional change in
water supplies and the distribution of land classeger a new climate. These changes, which
are computed in FARM’s GIS, are derived from changemean monthly temperature and
precipitation generated by general circulation niedehich mathematically simulate global
weather and climatic processes over time for gikemls of atmospheric carbon dioxide.
Scenarios of population growth and global tradécpes are also tested.

(a) Example: IMAGE (Alcamo et al. 1994)

IMAGE (Integrated Model for the Assessment of thereéhhouse Effect) is a
multidisciplinary and integrated model. The modaplées to the whole world, subdivided in
13 world regions based on economic similaritieg] along a grid of 0.5° latitude by 0.5°
longitude for biophysical properties.

The objective of the model is to simulate the dyitanof the global society-biosphere-
climate system, to investigate linkages and feekibaa the system and to evaluate
consequences of climate policies.

1 Length of growing season is defined as the longestinuous period of time in a year that soil tenapure
and moisture conditions support plant growth (Dareti al. 1996).



IMAGE consists of 3 different sub-systems: the ggemdustry module, the terrestrial
environment module, the atmosphere ocean modulthimeach module there are different
models simulating atmosphere, land cover, econdmy e

The Land Cover model (LCM) simulates land covengfarmations on a global grid. It uses
inputs from the Agricultural Economy Model (in tferm of regional demands for cropland
and rangeland), from the Energy Economy Model (egli demand for fuelwood), from the
Terrestrial Vegetation model (local potential ohdy Agricultural crops are computed all
together in one unique agricultural land category.

The economic dimension is given by the Agricultigabnomy model (AEM). Food products
are associated with so-called intensities, whichcete the amount of land needed to supply 1
Kcal per day of the vegetative or animal produakirtg into account the conversion from
feed to meat. Because prices do not exist in thil AlRtensities are considered to be a proxy
for prices. The heart of the AEM consists of 13igagl utility functions, which return a
utility-value for a given diet. The maximum valigeachieved at the point where the demands
are equal to the so-called preference levels. Hyenkechanism of the AEM is to optimize
the utility function, given a budget, which is anf@ion of intensities, income, average
potential production and technology. IMAGE usesimsuts different SRES scenarios
defined by the IPCE,

Regional-scale changes in agricultural demand,ngbsethe AEM, are satisfied in the LCM
by changing land cover anywhere within the regaepending on the most suitable location
for a particular land use. This is a simplificatitompared to reality, because land-use change
is also affected by local and national economi¢di@c Land suitability is defined according
to the land productivity, the proximity to alreadyisting agricultural areas, and to water
resources. Thus the LCM takes partially into actaronstraints of accessibility to water
resources, and can provide a plausible geograpdistaibution of land uses within regions,
contrary to other global models.

IMAGE is unable to provide grid scale calculatidosall components of climate change — in
particular for economic calculations. It indeed hmeblems for specifying economic and
demographic factors on a country or sub-countriesioa the entire world over the long time
horizon of the model.

There is quite a big discrepancy between the esilthe terrestrial vegetation model and
reality in regions where the vegetation and thdcafjural distribution depend on causes
other than climatic (e.g. additional water storage supply, anthropogenic influence and
natural disturbance).

Finally, the use of intensities as proxies for @sics very questionable.

4.3.5. Main conclusions on the reviewed models

The models that have just been reviewed can bmglisshed along various criteria. The way
they have been classified is just one of many. Téngew has outlined the factors that might
need to be considered when developing future lax@dehange models:

12 5pecial Reports on Emissions Scenarios (IPCC,)2000
13|PCC: Intergovernmental Panel on Climate Change



- The geographical and socio-economic context

- The spatial scale

- The sectoral precision (horizontally speaking — eagious types of crops, forests, and
vertically speaking — the various transformatiothpays)

- Temporal issues such as dynamic versus equilibmaaels, thresholds and surprises
associated with rapid changes

- System feedbacks (the models reviewed take acedunest partially feedbacks of the
environment in the agricultural system, in termglwdnges in yields for example)

We shall now go back to a few specific consideratiabout some types of models.

4.3.5.1. Partial equilibrium models

In partial equilibrium models, the geographicallscallows a high level of detail in the
modeling of land characteristics. The high levetisfaggregation that is thus adopted implies
high data requirements. As a consequence, alththegimodeling of local land-use changes is
made very realistic, it is difficult to make the d& grow beyond the regional scale. In
particular in the case of FASOM, the exclusionink$ to international markets for forestry
and agricultural products, and the absence of nmifke other goods, make it less suited to
study long run effects of more general or globdigypalthough it is very well suited to study
specific national policies aimed at forestry oriagjture.

Thus, in retrospect, partial equilibrium modelsrsde be a good tool to study local or short-
run policy questions, when there is no need to labkinternational effects or general
equilibrium effects. If the problem under scrutings a long-run or international dimension,
one might need to take into account general eqiuh effects.

4.3.5.2. General equilibrium models

The generally large geographical scale of the ggneguilibrium models prohibits a too
detailed modeling of the biophysical features oidlacontrary to partial equilibrium models.
However, the general equilibrium seems to allow &wdies of sectoral and regional
interactions through changes in relative pricesl for studies of the role of much wider-
sectoral and geographical -scope policies. Germgpailibrium models are capable of coping
pretty well with questions regarding the long-riy. contrast, some parameters which are
considered as given and fixed in partial equilibrimodels have to be considered as changing
in the long-term, and thus be integrated in feeklbaaps if one wants to study the long-term.

At any rate, the best model to answer a certairstgure depends on the exact scope of the
problem. The important features to take into cogrsition when one has to choose a type of
model are: the geographical scope of the studytinte horizon, the scope of the policy
studied (Van der Derf and Peterson, 2007).

4.3.5.3. Considerations about the decision making proces$anaf users

The distinction between farm-based and sectoral elsodtresses the fact that economic
decisions are taken at the farm-level, and nohatlével of a geographic area. Thus farm-



based models such as AROPAj seem to representetttetiie economic decision process.
However one doesn’t always need to represent tbeoeaic decision process at the level of
an individual farm. At an aggregated level, thenmrnic decision process can very well be
represented by the maximization of the regionaknexe for each crop instead of for each
farm.

It is worth mentioning the arbitrary definition tfe objective functions, as maximizing the
land rents. This definition, inherited from Ricard® we have seen previously, might deserve
a closer attention. People are indeed found to tastmpetimes non-optimal behaviors, due to
differences in values, attitudes and cultures. Ataggregated level, these limitations are
likely to be non-significant, however they are momportant as one looks at fine scale land-
use change processes and as one is interested diversity between actors (Lambin et al.
2000). Some authors mention possible drivers ofd laise change, other than profit
maximization, that are likely to have a significampact and are not often taken into account
in the traditional models:

- population growth and farmers’ assumed preferefardsisure
- goal to provision the household, maximization aitytwith a trade-off between
consumption and leisure, and limited market integna

Turner et al. (1993) stress the importance of uswigence from case studies to supplement
the modeling activities. And indeed, evidence frarase studies can provide useful
information on the drivers of land use change, laglg to assess the accuracy of the model.

This is just to remind the reader that one showt aonsider the mechanism of land use
allocation as obvious. The choice of land rent mmazation as the key decision making

process is questionable. However it has provectpdwerful enough to represent accurately
decision behaviors at an aggregated level.



4.4, Nexus-Land Use model

Dans quelque domaine que ce soit, la perfection
est enfin atteinte non pas lorsqu'il n'y a plus rien a
ajouter mais lorsqu'il n'y a plus rien a enlever.
Antoine de Saint-Exupéry, 1900-1944

4.4.1. General description

We shall focus here on a rapid and schematic gegmriof the supply side of the agricultural
part of Nexus Land Use model. For a more precisrgsion, especially on the forest
module and on costs, refer to Gitz and OllivierQ20 The Nexus Land Use model is an
economic model of optimal land use allocation. #svdeveloped with the CIREf) based on
works by Marie-Héléne Hubert and Hélene Ollivier.

Figure 13. Schematic representation of the Nexus ba-Use model (Gitz and Ollivier 2007)
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Nexus is a partial equilibrium sectoral model, camny different production channels. It is
decomposed in three parts: the primary productiosjndustrial transformation and the final
consumption. The first step considers the landdesgsions, the second the mix of natural
inputs and the third the consumption bundle. Thisleh is developed to assess the impacts of
the evolution of demand on the competition betwiendifferent production options. But as

14 Centre International de Recherche sur I'Environeenet le Développement



it is intended to be as complete as possible otisheventually be able to address some issues
of global importance such as competition for lasé between energy and food production,
impacts of climate change on land use patternsfaod production, and contribution of
agriculture to climate change, distribution of aghural revenues under new agricultural
patterns.

The key mechanism of Nexus is the maximizationedfgocial surplus, in all lands and in all
regions, by a benevolent planner, to meet a giwgional demand. The optimization
functions with endogenous prices are determinedabg rent, by relative prices of the
transformation products and by consumers’ pricéswiations are made by incorporating
trends according to long-run scenarios. At eacle titep, Nexus computes optimal shares of
land uses.

The choice of a partial equilibrium model was mdmkeause this kind of model is less
complicated to deal with, and allows for more ps&m in the field it focuses on, that is,
agriculture in this case. However, in the long Mexus is meant to be coupled with a general
equilibrium model developed by the CIRED and calledclimR.

This model’s originality is to take into accountandynamic fashion forest and agriculture,
and above all to allow for changes in the frontietween these two uses. This model has the
following characteristics:

- Itis an economic model, thus it follows the rufesorplus maximization

- Itis a global model

- It encompasses primary and secondary forests amdgions

- Itincludes agriculture

- Itis dynamic

- Itincludes details on the processes of produdiwth transformation of agro-forestry
products

4.4.2. Nexus regions

Nexus uses a world disaggregation in 87 GTAP regieersion 6). These regions are then
reaggregated in two different ways. This aggregatiooice was imposed by the research of
data and parameters for the model. Nexus thusudéferent kinds of disaggregations:

- Disaggregation in 87 regions from GTAP 6

- Nexus type disaggregation in 7 regions, which stanthe demand centers: East
Asia, Industrialized Countries, Latin America, NoAfrica, Sub-Saharan Africa,
South Asia and Transition Countries;

- Disaggregation is 14 regions stemming from Sohregei. (1999), which determine
the dynamics of forest growth of the model: SoutistEAsia, Central Asia, South
Central America, Africa, Europe, China, South Kofeassia, India, Australia,
Canada, Japan, New Zealand, and the United States



4.4.3. The supply side

4.4.3.1. Agricultural land use

The supply side of the model consists in productsifagriculture and forestry.

Land use is disaggregated at different levelst, fagricultural land uses are opposed to forest
land uses; second, agricultural land uses are demsed in croplands, pastures and fallow;
third, forest land uses contain planted forestsraadaged forests.

Nexus distinguishes between 3 forest types: plaftexbt, managed or secondary forest, and
sink or primary forest. As our focus is on agriaut, we won’'t give more detail on the
forestry part of the model. Agricultural land usamtain paddy rice, wheat, cereal grains,
vegetable and fruits, oil seeds, sugar cane anar sagpt, plant-based fibers, other crops (all
adopted from GTAP 6), plus pasture and fallow.

4.4.3.2. Primary productions

The production of an agricultural primary outpytd), in a production regiom , is described
by the following equation:

Q(po,u,r,t) = L(po,u,r,t) L y(po,u,r,t)
Where :

u refers to the land use category devoted to tlndymtion
r refers to the production region
L(po,u,r,t) refers to the part of the available land in thgior r devoted to primary

production of pa at time t
y(po,u,r,t) refers to the average yield @io in the regionr at timet

4.4.3.3. Primary product transformation

Primary crop production is then devoted to humaondfar introduced in the animal
production mode to produce feed.

In order to produce final food commodities, thedandustry sector proceeds in two stages:
first of all, the primary agricultural activity obproduction, then the industrial activity of

transformation. This last operation implies a rawtenial loss; therefore the quantity of

agricultural production is divided by a conversrate.

The case of meat production is similar to induktmiansformation, but it can be achieved
through two different production systems: intensimeough animal feed production, or
extensive via the pasture mode.



For the extensive grazing production, the averaggpub in terms of ingerable biomass,
coming from the regiom , denoted byQ( pasturesr,t Jamounts to:

L(pasturesr,t) [ y( pasturesr,t)
Then the livestock output from pastures, in terinsancass weight, is:

Q(Carcasg, pasturesr,t) = Q(pasturesr,t) [A, (pasturesa,r,t)

Wherea refers to the animal type amtis the feed ratio (in tons of carcass weight pardb

dry matter). For the intensive production systeime tquations are similar, but with
guantities, yields and feed ratios correspondinigéal crops.

Once the livestock output is obtained, the careesight is considered as an input for the
meat and dairy transformation process, which istidal for both production systems. The
final meat and dairy products are obtained by #eaf a transformation coefficient.

Costs are obtained thanks to constant average @rodiwcosts by region, final output, and at
a given time.

4.4.4. The demand side

The demand side is represented by demand fundijwetsfied for various centers of demand.
The drivers of the demand side are based on exagestenarios of growth and diet change.

In this respect, Nexus Land use follows a | = PAResne of the effects of driving forces,
which was first described by Ehrlich and Ehrlicndaoy Commoner (Meyer and Turner
1992). In this approach, |stands for impact, Pgopulation, A for affluence, and T for
technology.

Nexus’ centers of demand are defined as subseteafonsidered regions and countries, and
noted k. For a good j, the demand function is defias following:

— Qix Bik
D, = A, [P™ I¥/* IN,
Where:

- D, is the demand of good j in the center of demarekfgressed in millions of tons
- A, lis atechnical coefficient specific to each good

- P, is the world price of good j in dollars per ton

- Y, is the GDP per capita (in the center of demanda ldollars

- N,is the population in the center of demand k

ajx andpi are respectively the price and income elasticdfesemand of good j.



The final world demand for the final food commodifg thusD, = z Dy -
k

4.45. Conclusion

Nexus is thus a complex model, which intends tabe&omplete as possible to address the
issue of land use allocation. Our focus in thiores the way to deal with the demand side in
Nexus Land Use. However, we don't deal with aspegtgive to trade (market organization,
international trade, tariffs, subsidies, agricludiupolicies etc.). We only intend to study the
choice functions of agricultural landowners. Weluidcus on the technical and economic
modeling of supply. The precise question we addness is how to represent supply so that it
provides realistic results in the long term.



5. Problematic and available data

Democracy is the worst form of government, except for all those
other forms that have been tried from time to time

from a House of Commons speech on Nov. 11, 1947

Churchill, 1874-1965

5.1. Cost data: the GTAP *° database

Like many economic models in general equilibriungxis is based on GTAP. The GTAP
version 6 database represents global production teeme for 89 country/regions, 59
commodities and 5 primary factors. The data chare intermediate demand and bilateral
trade in 2001, including tax rates on imports axyoets and other indirect taxes.

The advantage of GTAP is that it is a very complaft-ouptut database. But it is very

inaccurate in terms of data itself. GTAP is likemieracy was for Churchill, as he expresses
it in his famous dictum: "Democracy is the worstnfioof government, except for all those

other forms that have been tried from time to tinfelouse of Commons speech on Nov. 11,
1947).

GTAP database is organized by type of industry.itAis very hard to reorganize GTAP
industry types, Nexus follows exactly the same oiztion as in GTAP, and there has been
no attempt to work by farm type for this same reagmyway, there is, to our knowledge, no
existing global dataset enabling a study of farpesyat a global scale. However there is at
least a European dataset (the RI€)Abut access to this set of data has already tefased

for confidentiality reasons.

As can be easily observed, GTAP contains a lotabé.dAs a consequence of this, Nexus is
very difficult to initialize. A way to solve thisomplexity problem would be to reaggregate
the data, just like in other models where agriaeltconsists only of a few categories, (3 crop
categories in FARM, see p.39) or even just oner¢p category in IMAGE, see p.41). It is
worth noting that the current GTAP disaggregati®smaot always the most pertinent for the
use Nexus makes of it. Indeed, it isn’t based awragmic data, but rather it was chosen to
facilitate accountancy, or by pooling products whk same kind of final use. For instance, it
is not very compatible with land use modeling teédanilk production data separated from
meat production data.

!> GTAP: Global Trade Analysis Project
'8 RICA: Réseau d'Information Comptable Agricolestvie provided by the Department of Agriculture and
Rural Development, European Commission



5.2. Land Use data

The FAO' aggregates national declarations about land usevekr, this data is not
convenient to download and thus exploit. What igenthis data is not spatialized but rather
averaged at the national level, even for big ceestsuch as Russia, Brazil, Canada, and the
United States. The FAO data are often used in relsehowever, less because of their quality
than because of their convenience. The FAO doesgatiter data independently for the
FAQO’s Production Yearbooks; it rather collates nensbreported by member states. Hence
the data quality varies greatly by country, andntousize determines the scale at which the
(national-level) data are presented (Meyer and diut892).

There are alsoegional databasesuch as Eurostat for Europe, and NAS®r the United
States, but finding all regional databases availamridwide for a global study is a very long
work which cannot be undertaken in the contextuwsfstudy.

Finally, global land cover patterns are accessibtesatellite imagery We were able to
identify a few grid point databases and maps, lutvweork should be pursued in order to
identify the maps representing crops that are lisefNexus, and to associate to each of the
crops the corresponding yield. Such mapping woekdieeady been done by Ramankutty and
Foley (1998) and Heistermann et al. (2006b). Tkterd@eveloped an allocation methodology
which combines land cover characterization by rensansing with census data on national
and sub national levels. The resulting crop distidn pattern provides a plausible and
consistent representation of crop geography amdnsistent with existing expert knowledge
and other available data and information sources.

The available databases and maps produce the fojanformation about land use:

Croplandsand pastureshave become one of the largest terrestrial biooreshe planet,
rivalling forest cover in extent and occupying abdQ % of the land surface (Foley et al.
2005).

Cultivated landis defined as areas that are regularly used tew glmmesticated plants. They
range from long-fallow, land-rotational systems permanent, multi-cropping systems.
Estimates of current cultivated land go from 14t@5L5 million knf. The area suitable for
rain fed agriculture is estimated by some to beuati8.74 million kni. The six most widely
grown crops in the world are wheat, rice, wheagbsans, barley and sorghum. Production of
these crops accounts for over 40% of global crapkrea, 55% of non-meat calories and over
70% of animal feed (Lobell and Field 2007).

There has been no standardization of definitiotestad toforest yet, and it is thus found
under a variety of meanings.

- Closed as opposed to open woodland
- Inclusion of savanna and land used in fallow adtice
- Exclusion of tree plantation.

According to the FAO, the planet has more than b®@%anopy cover.

" FAO: Food and Agriculture Organization
¥ NASS: National Agricultural Statistics Serviceripaf the United States Department of AgricultutsSDA)



Grasslandandpasturecan be defined as land having a ground story gétagion cover in
which grasses are the dominant life form. The FADOnetes them to cover 67.88 million
km? (Meyer and Turner 1992).

Of course, a very important type of land use fomhnity is urbanization. Although it is
important in terms of economic activity and dem@dng Gribler (1994) reminds that it
occupies less than 2% of the earth's land surtdeeconcludes that changes in the area of
urban land per se, therefore, do not appear tebgat to land-cover change. However Folke
et al. (1991) argue that, in reality, urbanizataffects land change elsewhere through the
transformation of urban-rural linkages. For exampidan inhabitants within the Baltic Sea
drainage depend on forest, agriculture, wetlanke @nd marine systems that constitute an
area about 1000 times larger than the urban aeaveAcan thus see, the importance of urban
areas is subject to controversy.

In the context of an “engineer-type” modeling, wil wot only have to know what kinds of
crops are grown in which conditions in the pres&. will also need to know how crops will
be able to adapt to new regions or new conditibience we need maps of the present
climate, the expected future climate, of physicad ahemical features of the soil, as well as
of agricultural practices.

5.3. Data on agricultural practices

To our knowledge, there exists no map of agricaltysractices. National or regional
databases such as Eurostat certainly give infoomabin agricultural inputs, for instance
national average fertilizer quantity per hectanenber of tractors per farmer, etc. However
this kind of information is not always availabler fall countries, and above all, it doesn’t
cover all aspects of technical itineraries. The FAGo provides such information for all
countries worldwide, but it is not spatialized.

There have been recent attempts to recreate stehFaa instance, Heistermann and Stehfest
(2006) developed a scheme to calculate global ipigtates on a global 30 arc minutes grid,
based on average monthly climate. Heistermann (28186 developed a model of the spatio-
temporal distribution of irrigated areas, in ortteaddress the role of irrigation in agricultural
land management and intensification.

5.4. Data on climate

Two main databases are available for informatiomhenclimate.

The LSCE?® , which collaborates with the CIRED, is able toyide data about the present
climate and projections of the climate in 100 ydarghe whole world.

The CRU® on the other hand provides freely available mgntidta for mean temperature,
precipitation, number of wet days, and sunshinergotihis information is gridded at 0.5
degree resolution for 1901-2000.
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5.5. Data on soil features

Soil quality, as well as yield potential, is an se concept that is difficult to define and

measure. Definitions of soil quality in recentigture stress the capacity to support biological
productivity, maintain environmental quality, anibmote plant and animal health (Oldeman
1994). Let alone this broad definition, it can bygueed that the specific soil properties that
support crop productivity, such as nutrient resgrweater holding capacity, and favorable
structure for root growth, are the very same festuhat contribute to the environmental
services that soils furnishes (Cassman 1999).

Soil is characterized by physical, chemical anddgical attributes (Cassman 1999).

- Physical attributes of the soil comprise: the simd continuity of pores, the aggregate
stability, impedance, and texture, which deternsiog structure.

- Chemical properties comprise: organic matter cdraed composition, nutrient stocks
and availability, mineralogy, and the amount ohsaits and compounds that are
deleterious to plant growth.

- Biological attributes are for instance: the quantictivity, and diversity of microbial
biomass and soil fauna.

Soil degradation can be defined as a reductiomilngsiality as a result of human activities.

The four major types of soil degradation are wageosion, wind erosion, chemical

degradation (salinization, acidification, pollutietc.) and deterioration of physical properties
(ibid.). Soil degradation is a major threat to fosekcurity because it diminishes potential
yields. This kind of degradation can be remediedt the cost can be prohibitive as
degradation becomes severe. Prevention is the key.

Some maps exist about soil degradation, but norteerh was found to be very satisfying.
Some quantitative data also exist. For instanceaet al. (1994) estimate that the total area
with some form of soil degradation is about 2000iam ha. About 60% of this degraded soill
is found in dryland regions poorly suited for irgere agriculture. Inappropriate farming
methods, deforestation, and overgrazing were ifledtas the primary causes. It is estimated
that 555 million ha have undergone various formsh#mical and physical degradation not
directly associated with erosion (ibid.). The FASimates that 5.44 million kivof rainfed
cultivated land have been lost worldwide to degtiada Another study estimates 20 million
km? of former crop land have been irreversibly lose do degrading uses and to permanent
cover land (Meyer and Turner 1992).

5.6. Data on water

5.6.1. What kind of water should we consider in lan d use studies?

Different water quantities can be distinguishedrétation to agriculture, that is, there are
different ways to take water into consideration.
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5.6.1.1. Physical data:

One can look at climatic data (set) such as precipitation, to have an idea abatemw
availability for plants. Climatic data can be swgpkented by physical or geographic data (see
5.5) about surface water and groundwater quanti8esh data gives an indication of how
much water is available on the whole for any attiitimight be used for.

However, concerning rainfall, part of the rain wapercolates below the root zone of the
plants and part of the rain water flows away over soil surface as run-off. This deep
percolation water and run-off water cannot be usgedhe plants. In other words, part of the
rainfall is not effective. The remaining part isr&td in the root zone where it can be used by
the plants, it is the effective rainfall. The factovhich influence which part of rainfall is
effective and which part is not include the climdtee soil texture, the soil structure and the
depth of the root zone. If the rainfall is highiedatively large part of the water is lost through
deep percolation and run-off. In many countriesmiglas have been developed locally to
determine the effective precipitation. Such forneutake into account factors like rainfall
reliability, topography, prevailing soil type efthere also exist some rough estimates of the
effective rainfall based on the actual rainfallA(®)

5.6.1.2. Crop water requirements:

Water can be taken into account through the studdgrap water requirements. The crop
requirements are driven by the combination of tepasate processes, whereby water is lost
on the one hand from the soil surface by evaparaitd on the other hand from the crop by
transpiration. This phenomenon is referred to ap @vapotranspiration (E)Jl The crop
water need mainly depends on the climate, the tyqog, and the growth stage.

One crop grown in different climatic zones will leadifferent water needs. It is therefore
useful to take a certain standard crop or referemop and determine how much water this
crop needs per day in the various climatic regiéssa standard crop, or reference crop, grass
has been chosen. The daily water need of the sthrgtass crop is also called “reference
crop evapotranspiration” or BT

The influence of the crop type on the crop watexdhie important in two ways:

- The crop type has an influence of the daily watsds of a fully grown crop (i.e. the
daily peak water need)

- The crop type has an influence on the duratiomeftdtal growing season of the crop

The growth stage of the crop has an influence op wrater needs, because when the plants
are very small, the evaporation from the soil alashipsurface will be more important than the
transpiration. On the other hand, when the plargsfally grown the transpiration is more
important than the evaporation.



Direct calculation of crop evapotranspiration (Eifmplies either measures of mass transfers
or energy balance of a cropped surface, or sturfiesil water balance, or the derivation of
ET. from meteorological and crop data by means ofteman-Monteith equatidh

When direct calculation is not possible, whichhe tase in modeling of a large number of
crops in different climatic and geographic conditipthe “crop coefficient approach” can be
used to calculate the crop evapotranspiration ustierdard conditions (E)l The standard
conditions refer to crops grown in large fields enexcellent agronomic and soil water
conditions. The crop evapotranspiration differarfrthe reference evapotranspiration as the
ground cover, canopy properties and aerodynamistaese of the crop are different from
grass. The effects of characteristics that distsigtield crops from grass are integrated into
the crop coefficient (K. In the crop coefficient approach, crop evapapamation is
calculated by multiplying EJby K:

ET.=ETo x K¢

Most of the effects of the various weather condsi@re incorporated into the g£&stimate.
Therefore, K varies predominantly with the specific crop chéedstics. It represents an
integration of the effects of four primary charaisécs that distinguish the crop from
reference grass: crop height, albedo of the crdpssioface, canopy resistance, evaporation
from soil. Consequently, different crops will hadifferent K. coefficients. What is more, the
changing characteristics of the crop over the gngwseason also affect the Koefficient.
This enables the transfer of standard values fobéfween locations and between climates.
The reference ETis defined and calculated using the FAO Penmantditin equation.
Standard values for Jare available on the FAO website for many difféi@ops.

Such processed data gives information about a ¢kieal water quantity that should be
brought to the plant in order to meet some yielgeexations. It doesn’t give any indication
on the water quantity which is actually broughthe plant.

5.6.1.3. Irrigation data:

2L In 1948, Penman combined the energy balance Wihmass transfer method and derived an equation to
compute the evaportaion from an open water surfaom standard climatological records of sunshine,
temperature, humidity and wind speed. This commnatmethod was further developed by researchers and
extended to cropped surfaces by introducing resistdactors. The Penman-Monteith form of the stedal
combination equation is :
(e, -&,)
r

AR, -G)+p,c,
AET = a
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where R is the net radiation, G is the soil heat flux;€g is the vapour pressure deficit of the girjs the mean

air density at constant pressurgjsthe specific heat of the aik, is the slope of the saturation vapour pressure
temperature relationshipy is the psychrometric constant, andand y are the surface and aerodynamic
resistances. (FAO)




Finally, water can be represented by data aboigfation. This data can take the form of
irrigation areas, that is, areas that are alreamiered with an irrigation network, whether it
works or not, or areas that are covered with aigation network that is actually used.
Irrigation can also be represented by irrigationtevguantities. This kind of data is likely to
give a better idea of the water that is actuallgdutor plant cultivation under irrigation. It is
also likely to give an idea of the pressure of @gture over water resources, because
irrigation is the way to draw water from the enwvineent to supply agricultural systems. Such
data can be found on various databases that wi fuetier.

5.6.2. Data problems constrain the choice of the st  udy object “water”

Meteorological data provide useful data about pmiegtions at the gridpoint level
(geospatialized maps) or aggregated at nationaldev

However it proves very difficult to find data abotite quantity of water consumed for
irrigation per crop per country for several reasons

(1) There exists no standard accounting system iratiog networks

(2) It is difficult to distinguish between the quantafwater brought to the irrigation

canal and the quantity of water which is actuatipsumed, for there are very variable
losses in the whole system depending on the teocggppthe type of service and local
practices. As a consequence of these both faetslatabases provide assessments of the
evaporated water depending on agronomic parametsishese assessments are thus in
general very different from the reality.

Different definitions of water resources exist, depnding on the database considered, which makes iafu
to get an idea of the accuracy of such or such dataee

(3) Table 1).

The available quantitative data we found on glokater use and availability comes from 3
main different sources: (1) IRENA/Eurostat, (2) Agtat (FAO), and (3) OECD.

(1) IRENA'’s data on water comes from Eurostat. It cstssin irrigated areas per crop
type per country, but the sum of irrigated areastisn different from the data of the
total irrigated area. Much data is missing. Theralso data about the quantity of water
used per country per year.

(2) Aquastat’s data (FAO) was collected from Aquastdisgn each country. When the
country statistics weren’t available, the data estimated (e.g. by supposing that the
relative change in water extraction is equal torthative change in irrigated land,
which is available in the same database). Aquastatprovide data about irrigated
areas per country per year, and about water giemnéktracted for irrigation and for
agriculture per country per year. The data abeigiated areas is full of gaps.



(3) The OECD’s data comes from the OECD EnvironmentshBCompendium 2004;
OECD 2nd Agri-Environmental Indicators Questionaa2004. They are very
inconvenient to deal with because they need taxblaaed country by country, and thus
they haven't been used. They seem to be very simoildnat of Eurostat because the
OECD and Eurostat use a common questionnaire.

Heistermann (2006) report the existence of a digi@bal map of irrigated areas. However
on the whole it appears that there is very litdkable, complete and easily available data on
water used for irrigation.

Water withdrawal

Water removed from any source, either permanenttgmporarily. Mine water and drainage
water are included. Water abstractions from growatdwresources in any given time period gre
defined as the difference between the total amotimtater withdrawn from aquifers and the
total amount charged artificially or injected irdquifers. Water abstractions from precipitation

(e.g. rain water collected for use) should be idetliunder abstractions from surface water. [The
amounts of water artificially charged or injecte®@ attributed to abstractions from that water

resource from which they were originally withdrawkVater used for hydroelectricity
generation is an in-situ use and should be excluded

Irrigation use

Artificial application of water on lands to asdistthe growing of crops and pastures.

Irrigation water

Water which is applied to soils in order to inceedlkeir moisture content and to provide for
normal plant growth.

Irrigable area

This term is used in the EUROSTAT statistics wtih following meaning: The maximum arga
which could be irrigated in the reference year gdime equipment and the quantity of water
normally available on the holding. The meaninghisréfore similar to the term area equipped
for irrigation used by the FAO. However, the tdtaljable area may differ from the sum of the
areas provided with irrigation equipment since #gripment may be mobile and therefore

utilisable on several fields in the course of ashat year; capacity may also be restricted by|the
quantity of water available or by the period witlkwhich mobility is possible.

Irrigated area

In general this term refers to the area equippedrfigation. EUROSTAT however uses this
term in the following meaning: Area of crops whichve actually been irrigated at least once
during the 12 months prior to the survey date. définition used by EUROSTAT is therefofe
similar to the area actually irrigated as usedneyRAO.

Table 1. Definitions related to agricultural wateruse (Eurostat, FAO)



5.7. Data on livestock

The FAO provides data about number of live animddda about primary animal products in
average carcass weight, in numbers of slaughteredass, and in tons of primary product;
data about processed livestock and feed.

We also used INRA tables about animal feed requerémin terms of energy, protein,
minerals, and feed digestibility; and about transiation coefficients of animal feed (Jarrige
1988).

5.8. Data on energy

The NRData datasets provides information on:

- The final energy consumption of the agriculturateefor all countries. Energy
consumption is divided into a few categories, tfesnimportant (i.e. the most
significant quantities) being oil, electricity, gasd coal. We used quantities in tep
between 1995 and 2005 for European countries.

- Energy prices for all energies. We used pricesument US$/tep for oil, electricity,
gas and coal. We assumed that prices for agriewtare the same as prices for
industries. We used prices for residential areasnnthey were the only ones
available. For oil prices we used prices of lighlf

This database provides information on energy copsiom by the whole agricultural sector.
We assumed that the share of each type of enerdljeirtotal energy consumption was
constant throughout the different sectors of adfuce in a country.

When adding up energy costs for agriculture fromDidRbase on the one hand, and from
GTAP on the second hand, we found that total castsvery different from one base to
another. These differences range from 3% (Germeng)ore than 70% (Greece). The mean
difference is 26.5%.

5.9. Data on Greenhouse Gases

A widely accepted methodology to calculate greesbogas emission coefficients by
agricultural production and production techniqueswaaborated by the IPCC (2006).
However it proved very difficult to use for calctitms of emissions based on available data
on land use and technical itineraries. Indeed, astioned earlier in this report, such data is
either too scarce or too imprecise.

As a consequence, we took our data on total gremehgas emissions directly from the
European Environmental Agency (EEA). The data wagirally calculated by countries
following the IPCC recommendations, and sent to ONE and the EU Greenhouse Gas
Monitoring Mechanism (EU Member States). Data cdetpiand held by ETC/ACC
(European Topic Center on Air and Climate Chandg&EA center of thematic expertise) are
annual emissions of CO2, CO2-removals, CH4, N2OCHF HFC-P, PFC-A, PFC-P, SF6-
A, SF6-P from individual countries. Sectoral dafQC classification) is provided for the
different source categories: Energy, IndustrialcBsses, Solvent and Other Product Use,



Agriculture, Land-Use Change and Forestry, Wastief) CO2 emissions from Biomass,
International bunkers and Multilateral Operation& focused on the Energy (for agriculture)
and Agriculture categories, as well as on annuasgions of CO2, CH4, and N20O only, for
they are the main greenhouse gases emitted byudgre

We haven't taken into consideration all categoriesprder to keep the most representative
ones, and to make them correspond to the Nexus lesed model categories. The sub
categories taken into consideration are the folhguwi

- Dairy Cattle (1)

- Non Dairy Cattle (2)

- Sheep + Goats (3)

- Swine (4)

- Poultry (5)

- Rice cultivation (6)

- Direct emissions (7)

- Indirect emissions (8)

- Animal production (9)

- Field burning of agricultural residues (10)
- Energy Agriculture/forestry/fisheries (11)

5.9.1. Explanations of a few categories

Categories 7 t0 9:

Three sources of D are distinguished in the most recent IPCC metlogyo(2006): (i)
direct emissions from agricultural soils, (ii) esies from animal production, and (iii,®
emissions indirectly induced by agricultural adies. These three categories correspond to
the following processes: & may be emitted directly to the atmosphere (ipgmicultural
fields, (ii) animal confinements or pastoral syssean (iii) be transported from agricultural
systems into ground and surface waters throughaseirfunoff. There are two potential
sources of nitrous oxide in animal production (gstes from confined animals and (ii) dung
and urine deposited on the soil by grazing anintafsissions induced by use of manure N as
fertilizer applied to agricultural fields are codered direct nitrous oxide emissions from
agricultural fields.

Missing categories:

4 categories haven’t been taken into account: abaetagoons, liquid systems, solid storage
and dry lots, other AWMS (Agricultural Waste Managmt System). These categories
correspond to different types of animal waste/ nmamaanagement systems. Emission data is
provided for these categories for,®MI only, whereas CH emissions from manure
management are disaggregated by animal categoriesa by manure management systems.
The problem with disaggregating by manure managemsystem is the reference data. And
indeed, we don’t know what proportion of manurensnaged in such or such way. Therefore
we can't relate the GHG emissions to a certain tityaof manure for example, or to any
other variable we could manipulate easily in ameoaic model. To address this problem we
could look more precisely into emission factors famimal waste per animal waste
management system, detailed in the 1996 IPCC melbgyl However this reference is old
and certainly out of date.



5.10. Data on pollution

Progress has been made on developing common méblastoto measure the environmental
performance through the construction of environmlemdicators, which are simplified
statements meant to capture the key factors indoimethe complex relationships between
agriculture and the environment (Arsalane 2006).

OECD has thus produced a set of agri-environmemdatators and put them to use. What is
more, within the European Union, five services hdeen particularly involved in the
production of indicators grouped under the name NRE(Indicator Reporting on the
Integration of Environmental Concerns into Agricué Policy). Five environmental subject
areas were highlighted representing various tom€sagri-environmental policy: (1)
agricultural nutrient loading, (2) GHG emission) (®sticide use, (4) species diversity, (5)
landscape.

Both of these sets of indicators have been thordgusfindied in the context of our work on

land use modeling, and were found to be very indetapand not spatialized. What is more,
they are not adapted to the GTAP crop categoriasare used in Nexus Land Use model.
That is the reason why we decided to develop our g8t of indicators, first for Europe in the

context of our work for the MATISSE project (séep.99). This set of indicators is to be
extended to the 87 GTAP countries.

6. Improving the supply side of Nexus model

6.1. Objectives

We know that the present agricultural system i ablfeed the world population, although a
bad distribution of the resources is responsiblefdmines. We know the world population
will keep increasing and will get richer, so therldgopulation will consume more and more
resources and be increasingly more land intendf@eover, the widely recognized global
warming, created by our carbon intensive use dfifossources, is impacting the Earth.

The model Nexus Land Use aims at giving an idedhef difficulty of feeding the next
generations, of the sustainability of future adtime, an of its environmental cost. As a
prospective exercise, we want to be able to teféerdint hypotheses in terms of climate
change, agricultural technology improvement an@-agwrburant policies scenarios.

Nexus land-use must be designed to answer thehmess issues.
As we have seen previously, our main constrairgs ar
- Data is scarce, often unreliable, and imprecise

- Simplicity in modeling is required, otherwise, fm@gram of the model will take a
long time to provide results, which will be diffitwo understand

We shall thus present here a few thoughts abowtdheulture production part of Nexus land
use. These are possible improvement paths for Né&ysus/as reminded in the model review,



two kinds of approaches are possible in the moggirocess: a statistical and a technical
approach.

The statistical approach is easy to adopt when idatd acceptable quality. This approach
may enable to predict short term events. Yet, it gat be a solution to analyze long term
processes where some major changes may happeal(glabming, stabilization of maximum
yield, etc.).

To fulfill Nexus’ objective, we will prefer a teckoal or an economic and technical modeling
method, which will take into account physical, bigical, technical, economic mechanisms in
a more or less detailed fashion. To be able toaove need to know what a yield and a
production surface depend on. Two main question® hha be answered, and they are not
totally independent:

- How shall we represent yield increase?
- What is the relevant technical precision level?

6.2. Question of time and technology: How will aver  age crop
yields increase?

6.2.1. The issue of carrying capacity

The issue of the world’s carrying capacity, thattiee maximum number of individuals that
the world can support without detrimental effedssyery classical and numerous research
works have tried to address it. The underlying tjaesis the following: “is the world
approaching carrying capacity in agriculture?” (faand Kennedy 1999).

A number of studies (e.g. studies by the Worldwanstitute) have suggested that the answer
to this question is yes, that is, that we are ctosacing some very serious problems of food
security and environmental catastrophes. Howeueerst for instance the World Bank and
the Council for Agricultural Science and Technold@AST), are generally optimistic that
meeting future food needs will be possible and eveneasingly easy. FAO and IFPRI
models assume a carrying capacity of 12 billionpbeoThe middle position suggests that
predictions of unprecedented food security crises excessively simplistic, but that
technological optimism understates the importariexological stresses.

The wide divergence in projections of agricultunéufes is mainly due to the yield increase
potential hypothesis. It can be traced to diffener@thodological perspectives of ecological
and neoclassical economics.

22|FPRI: the International Food Policy Researchitnt



6.2.2. The yield increase potential

Neoclassical models are oriented toward incremeayrtaith without inherent limits. It is the
method employed by the contributors in the IFPRbtgtpreviously mentioned. This method
consists in basing future agricultural productigtimmates on a projected rate of yield growth.
The yield growth is presumed to be a result of iommg technological improvement and
investment in agriculture. Historical growth ratee used as a baseline for estimating future
growth rates. The result is that these models gdlgatisplay exponential growth in yields
over time. This is a crucial factor from which theiostly optimistic conclusions about future
supply/demand are derived (Harris and Kennedy 1999)

For instance, in the model AgLU (see p.34), Samdislaeimbach (2003) simulate increases in
AgLU crop yield in a range of 0.0% to 1.5% per yamith the model running in fifteen-year
time step. A crop yield growth of 1.5% per yearde#o an exponential growth over time.

Ecological models on the other hand start fromghemise that there are obvious inherent
limits to capture and use of solar energy and péagaesources. And indeed, first, the solar
energy is a defined and measurable value. Sedoaghotosynthesis capacity is inherent to a
plant and seems to be a very difficult factor tgiove (plant selection did not manage to
improve photosynthetic capacity, but rather stnessstance). That is why the use of a
logistic path for crop yields with some upper linstmore logical from this point of view. In
its early stages, a logistic growth path closeberables an exponential path. But as the upper
limit starts to exert more influence, the growtkeralows, passes through an inflection point,
and ultimately approaches zero as the carrying aigpas approached. Of course, the
seriousness of an error like taking the exponemt&h instead of the logistic one would
depend on the upper limit in question.

Harris and Kennedy (1999) mention a study usinggastic projection for maize yields. In
this case, the upper limit is 21 metric tons per Wwhich is close to the theoretical
photosynthetic limit on yields in the USA todayt{emted to be 3 times the actual average
yields). However, the theoretical genetic potestiaf plant physiology are commonly
constrained by unfavorable physicochemical enviremimWhat is more, global soils are
generally subject to more stresses and producteaystraints than the major US crop-
growing area. This provides strong evidence forieddylimit significantly lower than the
theoretical potential. Consequently, the logistdt@rns which fill observed trends generally
indicate a potential for doubling, rather thanlinig, yields over the next 50 years (Harris and
Kennedy 1999).

If we consider a crop yield logistic curve, it cdube interesting to consider that different
nations may be in different regions of a logistiowth curve (developing nation are 15 years
behind developed nation in achieving a particuli@tdy (Harris and Kennedy 1999). It is
possible to add complexity to yields in Nexus, & define the maximum yield as a function
of the latitude. So the yield growth capacity ofriéén countries would be higher than the
European, and the former countries would be consitlas being in the lower regions of the
logistic curve. This could be justified by the dgisce of different stresses (water, parasites,
soils quality) and by the low level of intensificat in African countries.



6.3. What is the correct crop production function?

As it was already said, crop yields depend on mparameters. Some of them could be
considered as characteristic of an area: soil tyialieather, slope, etc. Other parameters
depend on the country technicity level: mechaniraticrop varieties, etc., or policies:
incentives, taxes, etc.

A yield is a consequence of the complex interactibplenty of factors. These factors can be
categorized in few main types:

- Related to local and constant conditions: soildityy@lobal weather, soil slope, etc.

- Related to the plant: type of plant (rice, whe#t,)eand plant quality (resistance to
drought, etc.)

- Related to agricultural practices: date of seedjugntity and time of inputs used,
irrigation, soil work (tillage, etc.)

Related to weather: average and extreme tempesategasons, precipitations, etc.

Related to some random events: parasite attackst ijihesses, etc.

All those factors are much too precise for our se&ince we are working at the world level,
we can aggregate our data. By aggregating we wdulb very local effects such as random
events.

The parameters we are interested in here are lgiretated to the farmer’s choices. From one
year to another, to adapt to the market tenderaymdr can change their production choices
and techniques pretty quickly. For example they maxdify their input use levels (especially
nitrogen), irrigation practices, or pesticide useel.

6.3.1. Continuous model

6.3.1.1. Considering only one parameter

If we consider, only one of the parameters mentoaigove (input level, irrigation, pesticide

use etc.), finding a crop response is not veryaliff. Usual models show a decreasing effect
of the input efficiency. Godard (2005) reports ttte# INRA uses logistic curves to describe
crop yield response. Other experimental data shgositive but decreasing effect of the

input on crop yield, then a plateau (saturatiory) amegative effect (toxicity).

Of course, the crop response also depends onpacameters (soil quality, weather, etc.) and
on technicity parameters (especially how and wineninput was use). But those parameters
can be considered as the ones precisely definegldteau (maximum yield possible).



CROP YIELD

I INCREASING NITROGEN SUPPLY

Figure 14. Yield response of cereals to nitrogen pply under different moisture conditions

For instance in the figure above, increased nitnogapply increases the crop vyield at
decreasing rate, and the plateau is defined bynthisture conditions. The moisture condition
is thus here the limiting factor.

The crop water stress response is more difficuétstgess. Some studies seem to show that the
same function types should be used. Yet, for watere than for input, timing is important as
the water doesn’t stay in the soil as long as Niisp
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Another major problem is that irrigation potentsiclearly limited by surface water scarcity.
By contrast, in the case of N input, we can exgaoiers to use the quantity that will



maximize its benefits. However this is totally inggdhle to do with irrigation, as irrigation
systems are all but flexible. One can assume tmatfarmers will irrigate up to the full
irrigation capacity, because the variable costst(ob water) are negligible compared to the
fixed costs (cost of the infrastructure). And indeaccording to experts, there are very few
countries where farmers pay water. The only costigation infrastructure (and sometimes
the cost of pumping). So the economic choice offémmer is different from that for other
inputs. The question is not how much irrigationtspdut rather what the difference is
between “no-irrigation associated to no cost”, dnd-water stress associated to the fixed
costs of the irrigation system”. In other termsg #ne costs of water stress yield deficits
compensated by the fixed costs of an irrigationtesy® The answer depends on the
importance of the water stress, the crop price andthe cost of the irrigation system
(increasing with the distance to the source). Sdewcan not really be considered in a
continuous model.

At the valley level, another question is very intpat: what is the maximum water quantity
the farmer can use?

6.3.1.2. Considering more than one parameter

As soon as we want to consider more than one paeamethe time, the problem starts to be
more difficult. Using the functional forms of therfction described above (for instance
quadratic, three-halves or square root polynomugictions) creates a huge discrepancy:
substitution becomes possible. For instance, witth sfunctions it would be possible to

substitute water by nitrogen (Grimm et al. 198 9m® more interesting polynomial functions

considering interactions between inputs may be {sewjer and Schmid 2007), but they
don'’t fit so well with reality (Grimm et al. 2007}urthermore, the number of interactions
between parameters is increasing tremendously ttvemumber of parameters introduced. It
might thus be difficult to extend the model to i four parameters.

The Von Liebig Model seems to be more consistehts Tentury-old model is considering
the limiting nutrient principle for all macro-nutnents including water. In its formulation, it
assumes a linear crop response to the limitingienituntil a maximum plateau is reached
and another factor then becomes limiting (Grimrale1987).

Obvious as it might seem, it is very interestingnira theoretical point of view, but it can be
more difficult to use. All crop functions describéd the Von Liebig study come from
statistics done on very local data. The maximumdpetion thus depends on the local
geophysical environment. Such models are consegudtitficult to extend to other
geographical areas, and to parameterize. The questindeed, if we know the average yield,
the irrigation level and N input uses in a countian we guess the production function?



OO . ATE
X WHEAT
Von Liebig Polynomial model

Figure 16. Von Liebig and polynomial model (Grimm ¢ al. 1987)



6.3.2. The discontinuous solution

A discontinuous solution is far more easy to udasTs typically the kind of solution used in
the case of irrigation.

6.3.2.1. ... only consists in adding crop types

Within a country, instead of considering 8 cropaypl6 (8x2) crops types can be considered:
8 without irrigation, and the same 8 with irrigatidn this framework, farmers won’t choose
the most profitable crop production between 8 betiMveen 16, while demand will still be
driving production of only 8 crop types.

Some easy constraints on water use intensity cadtded, such as, for instance, a maximum
total irrigated surface per country (e.g. FASOM Be35).

6.3.2.2. .. Butit allows to consider complex interactions

However, a new kind of tool has been developed sm®ims very attractive. We are talking
here about models of crop physiology. Such modelehlong been considered as too
complex.

There are different models simulating crop grov@miCS (Brisson 1998), Daycent (Stehfest
et al. 2005). They were created with different obyes: to understand how yields are
formed, to understand erosion phenomenon and shiltipn, etc. In the end, they all model
the continuum soil-plant-atmosphere in a more 66 Iprecise fashion. Their accuracy has
often been confronted to experimental data. Thet piecise models take into account very
numerous and precise input parameters: geophy&leatription of soil layers, of the daily
evolutions of temperature and rainfall during tHanp development cycle, etc.), technical
itineraries (soil manipulation type and date; typeantity and date of use of input, phyto-
sanitary products; irrigation; intercropping andltiple cropping patterns, etc.), all this being
dependent of the type and variety of plant considlelThe output variables are all the same
very complete, and concern production quantityl, faml state and emitted pollutants.

6.3.2.3. STICS, the French model by the INRA

STICS (Simulateur mulTIdisciplinaire pour les Cués Standard) models the ways cultures
function with a daily time step. The input variablare relative to climate, soil, and cultural
systems. The output variables are relative to ptoo (quantity and quality), to the
environment and to the evolution of soil featuresler the effects of the culture. STICS was
designed as a tool for operational simulation incadfural conditions. Its main objective is to
simulate the consequences of the variations oétiveronment and the cultural system on the
production of an agricultural plot and on the eonment. It was also designed as a working
tool, and a tool for collaboration and of knowledgansfer towards other related scientific
fields (Brisson 1998).

STICS’ advantages are the following:



- Its genericity: it is indeed adaptable to differeatied crops (wheat, maize, soybean,
sorghum, linseed, prairies, tomatoes, beets, suafk) peas, barley, bananas,
sugarcane, carrots, lettuce etc.).

- Its robustness: it is able to simulate various péeldoatic conditions without
generating any important bias, but sometimes t@Xpense of local precision.

- The easy access to parameters and input variables.

- Its conceptual modularity: it is possible to addvmaodules (e.g. volatilization of
ammoniac, symbiotic fixation of nitrogen, vegetalloh, stony soils, multiple organic
residues, etc.). This modularity aims at facilitgtulterior evolutions of the model.

- The context of internal and external communicatiaat STICS generates is used as a
basis for the model’s evolution, which is concretiby the successive versions of the
model’s software.

The superior limit of the system is the atmosphevhich is characterized by standard
climatic variables (radiation, minimal and maximutamperatures, rainfall, reference
evapotranspiration or wind and humidity), and thirior limit corresponds to the interface
ground / underground.

The culture is considered in a global fashion Bybibmass over ground, its nitrogen content,
its foliar index, as well as the number, the biosnasd the nitrogen content of the harvested
organs. Thus, the vegetative organs (leaves, reatiins or talles) are not individualized.
The soil is assumed to be a succession of horiztayers, each of them being characterized
by its water content, and its mineral and orgariiigen content. The interactions between
the soil and the culture are made by the rootschvare defined in the model by a distribution
of root density in the different soil layers.

STICS simulates the carbon balance, the water balamd the nitrogen balance of the
system, and enables calculations of agriculturahbées (yields, input consumptions), as wall
as environmental variables (water and nitrogenel®ss different agricultural situations. The
possible existence of stresses (water or nitrog#itits or excess, excessively low or high
temperatures) is taken into account through indexegh can quantify the reduction in

vegetative growth, and that of storage organs. @hedexes are calculated in the water,
nitrogen or energetic balances.

STICS thus enables to simulate some typical behgvio know their impact on yields, but
also on the environment (soil quality, quantity inputs washed out, etc.), with a high
precision. Given that farmers take their decisior@nly based on profit maximization (and
neglecting externalities), STICS thus enables telan idea of the impacts of policy changes
or changes in market conditions on the evolutiorthafse externalities. It also allows for
considerations about changes of soil conditionschvivill have, in the short or middle run,
an impact on production (e.g. salinizafiynand which will thus have an impact on future
generations’ capacity to feed themselves.

% galinization is the accumulation of free saltsstch an extent that it leads to degradation ofssaiid
vegetation



6.3.2.4. Are crop simulation models too precise?

This type of agronomic model at the plant level saam to be too precise compared to what
we try to do in Nexus. It is really necessary te asmodel of the functioning of the crop,
when we want to deal with global problems?

Despite the complexity drawback, such models cavebg useful:

- These models enable to take into account manyréiftdactors. It is also possible to
keep some of these factors fixed and to make atyesof them vary. Such models
are thus more flexible than the statistic mode¢ésented previously.

- These models have been tested by comparison wlthdata, and are thus more
reliable than any other models studied previously.

- STICS (and maybe other such models) is constaativimg, in order to respond to
the new needs of its users or to new problematic

- The precise geophysical data needed by these maxd@etsten available. Satellite
imagery indeed provides precise data for the whtabal surface, it is thus possible to
know the slope at any precise point of the globerd are soil maps etc. Climatic
models (developed by the LSCE, the IPSL or the LidDexample) provide
meteorological forecasts at every geographicalpgiiat.

- STICS comprises data relative to numerous plardsynd varieties, which enables to
respond to agricultural specificities of differeagions.

- Ifitis impossible to know the precise technidaleraries at every location, it should
be possible to define a few important types of néxdl itineraries.

Thus, for a certain soil, a plant variety and aegiweather, it is possible to compare yields
produced by different technical itineraries. Whatmore, this type of model can provide
information about the consequences of each tedhitiiwarary on the environment, the soil,

and on the following cultures (effect of culturd@atons). Thus this type of model enables to
model the effects of ultra intensive agriculturd, reasoned agriculture, of precision

agriculture and of organic agriculture. It is algmwssible to measure effects of

environmentalist policies etc.

6.4. How should we represent the geophysical enviro  nment?

So far we have been dealing with the effect of memies (associated to more or less
unpredictable technical improvement or changesjrop yields. We have also dealt with the
production function at a defined time and how we cedel it.

But we have neglected up to now what might be tlstnmportant question: the impact of
geophysical parameters on crop yield. This parametdso very difficult to deal with.



6.4.1. Types of geophysical environment

The geophysical environment, and land quality, banapproached along two dimensions:
land suitability to the plant, and land slope.

Land quality is considered as intrinsic in eachatamn (we will see in a second approach that
soil quality can be modified by some land uses agrttultural techniques). To put it simply,
land will be more or less suitable to differentrglaarieties, and land slope will enable or
prevent the intensification of agricultural praesc To illustrate the role of land slope, a hilly
area will increase the risk of erosion, and wiley@nt mechanization for example. The
possibility for agricultural intensification is teuwiminished.

This concept of soil quality can be illustratedtbg following scheme.

Figure 17. The two dimensions of land quality

Land slope
F 3
Low yield potential High yield potential
& &
low and expensive cultivation low and expensive cultivation
very low benefit average benefit
» Soil suitability to
the plant
Low yield potential High yield potential
& &
High and cheap High and cheap
intensification intensification
average benefit important benefit

Within a country, we can find all of the categoraescribed above, which form of course a
continuum. Obviously, the marginal benefits by heetare different according to the land
type, and the plots which are the first to be putar cultivation are those who produce the
more benefits. Thus the microeconomic theory figdl wiith reality. The surfaces for which
profit is superior to zero or to a reference beng@fiterest rate without risk, or opportunity
cost) are put under cultivation. The plots whicim'tdproduce enough benefits stay fallow.

It is worth stressing the fact that we are intez@sinly in the cultivable surfaces. Urban zones
are not taken into account in Nexus Land Use, alfhove know that they occupy the most
fertile plots. Non cultivable zones are left outooir study as well.



6.4.2. Use of constant yields

6.4.2.1. Geographical unit

The easiest surface unit that can be considerdn® isountry. This is what Nexus Land Use is
doing now.

The FAO gives average yields per ha in 210 counai®d territories of the whole world, for
many crop types, and for at least the past 10 ydatiser databases (Eurostat, National
Agricultural Statistics Service, etc.) give regibm@d sometimes very precise agricultural
data. Nexus Land Use uses data produced thanks tmbperation between the GTAP model
team and the SAGE&team, which give average yields per country fer8tcrop types used in
GTAP data base.

This type of data is interesting. Yields can vamgagly between countries because of
incentive policies, history, farm structures, etce different.

6.4.2.2. Fixed crop yield, fixed added value/benefit

In this type of approach, there are average crefulyiand average added value per crop per
ha per country. Hence, an interesting assumptiomdvioe to consider crop yield and added
value constant per ha and per crop in a countaydafined moment.

Overtime, technical improvement can easily be adg®dg exogenous scenarios. Reference
yields can be increased following an exogenous awgment scenario. For instance, in
AgLU, crop yields increase yearly by 0, 0.5, or 1 Plae scenarios can also follow a logistic
curve on which countries start at different poiotshe curve. This could be done in order to
take into account the fact that the increased ypeitbntial is bigger in low yield countries
than in high yield countries. Different maximumsnche used for the logistic curves of
different countries, in order to take into accobotv favorable the average local conditions
are (for instance, in a country where slopes arpoitant, mechanization is difficult and
maximum vyield is low).

Technical itinerary are more difficult to add in dets adopting the fixed crop yield approach.

We can use the discontinuous method as describgopsty. In this method, instead of
considering 8 crop types, there can be:

8 crop typesi irrigation typesx j levels of N use ...

To put it differently, technical itineraries hawelie divided into well defined categories. The
main issues raised by this approach are:

- How should categories be defined, so that thegtteelevant in a few decades?
How can crop yields and associated benefits beel?i

2 SAGE: Center for Sustainability and the Global Emvment



- How so many crop types can be dealt with? (It sthtvel remembered that there are
already 87 countries and the model parameterizaiarvery difficult task to
accomplish).

But the main problem is how to integrate a fixeelgimodel in the economic part of the land
use model. Indeed, calibrating a partial equilibrimmodel with fixed crop yields or fixed
added value/benefit is impossible. Since thereciconcave function, the solution is either
one extreme (complete specialization) or the othercultivation).

Other main concerns about using constant yieldsolomtry are worth highlighting:

- Climate change impacts different locations in ddfg ways. Its consequences, in
terms especially of yields, have to be assesstgbdbcal level rather than at the
country level (the sum of local consequences iatorg the risk, but within a country
some are may win, some other may lose).

- Water constraints are difficult to take into accourhey should be thought at the
valley scale. Yet, the best we can do here is doglgdach crop category in rain-fed
crop and irrigated-crop, and limiting the secongktyn surface.

- Constant yield per ha per crop and per countryis@nomic mistake, especially for
wide countries. For instance, the US prairie laau@smore fertile than the Rocky
Mountains. The most fertile lands are used firgidose they are the most valuable. If
the model doesn’t consider that marginal qualitiaofl is decreasing (and that cost is
increasing) with the total surface used, it missgsry important economic
phenomenon. This argument should be important dntaugxclude the possibility of
using this methodology.

6.4.2.3. The continuous method

A continuous method could also be considered. Thethod implies the definition of a
production function, and its parameterization. Atoauous production function gives the
average crop Yyield, the input use, the irrigatiexel, etc. Some experts suggest that this
solution is possible for one parameter. But thenea consensual production function used.

Another way to account for yields in a continuoasHion is to consider statistical models. If
we have past data (it is the case for some cropsiiope and the US), we can fit yield curves
with this data and use them to project a trend.

This approach implies finding historical regionata on yields, and on any other parameter is
thought to be influencing yields (climate variabksch as rainfall, data about agricultural
practices such as mechanization intensity, nitroigguait level, etc.). By linear regression,
relationships are found between the chosen expleaiariables and the explained variable
(yields). The derived trend is then assumed todbiel ¥n a close future, and yields can thus be
predicted according to scenarios on weather, isrpbssible to recalculate the optimum level
of nitrogen use at each time step. Some researshdeae in this direction (the Ricardian
approach by Mendelsohn and al. [1994]). But a feajomproblems remain:

- There is not enough data to find statistical retahips in every important part of the
world or for every parameter might be useful toetakko account.

- Statistical data are available within the area whiegressions are done. It can be
useful to address the short term, but it doesaltydelp for long run issues, where



some parameters and the interactions between \esiale expected to change
dramatically.

6.4.3. The spatial dimension of the model

In every country, land quality for cultivation ves. Land can be either less productive or
more difficult to cultivate. In both cases, theseaidecreasing added value per ha (or benefit).
This is a physical truth and can be used to impmwemodel. Thus, unequal land production

benefits must be taken into account. We can congitleer increasing costs, or decreasing

yields, or both. In each case, the marginal bemefitecreasing with the total cultivated area.

It is worth recalling the fact that the decisionmitting new land in culture is based on the

expected marginal benefit.

6.4.3.1. How decreasing are crop yields/benefits ?

Available data just gives information on actualrage yield/benefit. There is no precise data
on the repartition of benefits/crop yields over thdtivated land. And, obviously, there is no
data on the potential yields/benefits of none eated land.

There are three ways to represent the decreale marginal benefit of land.

6.4.3.2. Aggregation of present national data

It is possible to aggregate national or even irgonal data on yields and surfaces and build
a distribution function. Indeed, from a set of datad statistical analyses meant to find the
appropriate function fitting with the data, a protlan function can be derived.

For example, the yield distribution curve drawntlier (see Figure 18. Graph of wheat yield
distribution in GTAP countries was obtained by clating hectares of surfaces under wheat
cultivation in the 87 GTAP countries. The first teges to be cultivated are those with the
highest yields, they are on the left of the graphen, the following plots to be put under
cultivation are of decreasing yields. A linear eggion enables to find the following fitting
production functionin(y) = 506— 035xIn(x )with a determination coefficient?R0,74.

This production function can be a classical, easynanipulate function, for example a
Weibull or a Gumbel distribution: those are usefithce they have some interesting
mathematical properties which make them easy egrate in a model.
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Figure 18. Graph of wheat yield distribution in GTAP countries

6.4.3.3. Use of a plant modeling program

Plant modeling programs can be used with data Bpatialized maps to assess the potential
of every grid of land within a country. The modeROHIDEE, developed by the LSCE,
should be able to provide such data very soon tmlyme crop distribution functions for
Nexus Land Use.

ORCHIDEE is a global, dynamic model of the contitanbiosphere, which includes
biophysical, biochemical and ecological proceskeasgas built with 3 preexisting models, and
it allows the coexistence of different ecosystems & same gridpoint. Irrigation is
incorporated to the parameterization of the hydjiala cycle as a major anthropic factor. It is
a key component of the interactions between sunmoeesses, river flow, and atmospheric
and oceanic processes. To deal with severely grttao surfaces, ORCHIDEE is coupled to
specific models; including the agronomic model STKG simulate cereal plots.

The problem with the two solutions that have juserb mentioned is that the distribution
functions of different crops are not independeritug; if we have the decreasing marginal
benefit curve for each crop in a country, it is possible to determine if the plots that are
highly fertile for a crop type are the same that highly fertile for another crop type. The
land use decision process can't be accurately redde

6.4.3.4. Use of a joint probability function

AgLU found a way to deal with this question (se84p). It uses a mathematically-friendly
yield distribution function to represent the diffat crop yields existing in each region. It
assumes that this function applies (with diffeneatameters) to every land use types (3 types



in AgLU: forest, crop and pasture) and every regi¢hl in AgLU). Each distribution is
characterized by a scale parameter and variancecavers all potential yields for a crop,
whether observed or not. Yield distributions offeliént land use types may be correlated.
Thus, given a joint probability distribution forejds across alternative land uses, the set of
potential yields at any particular location cando@sidered a random sample from that joint
probability distribution. Some regions may thuseofé high crop and pasture yield, but low
forest yields. Other locations may show the oppogittern. This method is mathematically
challenging, based on some quite strong assumpi@onksseems to be hard to use in the case
of many land use types, and many regions (becdusse heeds to be as many distribution
functions as countries and land use types).

6.4.4. Agro-ecological Zones (AEZ)

An agro-ecological zone is the division of an aocddand into smaller units, which have
similar characteristics related to land suitabjlipotential production and environmental
impact.

The Food and Agriculture Organization of the Unité¢ations (FAO) with the collaboration
of the International Institute for Applied Systesalysis (IIASA), has developed a global
agro-ecological zoning. This zoning work is supgbs$e be base on recent availability of
digital global databases of climatic parameterpptwaphy, soil and terrain, vegetation, and
population distribution that define crop suitalyilidind land productivity potentials. But, it
hasn’'t been possible to find any paper describmg bxactly the zoning has been done. It is
also impossible to download data, except a JPEG map

Very fortunately, the GTAP-SAGE model also uses ABAd data is available. In this
approach, the world is divided into 18 AEZ (6 moist zones x 3 climate zones). Available
data is really precise. For each country, for eAEZ, and for each crop the GTAP-SAGE
model produces cultivated surfaces, average cregds/per ha, and average added values per
ha.

Advantages of the GTAP AEZ definition are numerous:

- Data is available.

- It keeps the country division, hence the informmatim national policy distortions.

- Itincludes a subdivision along geophysical crderi

- It enables to take climate change impact into astby shifting AEZ position and
surface over the world

Of course, there are still some problems:

- The AEZ division is only climatic. Land quality mot considered. Furthermore, it
doesn’t correspond to any crop potential realitytbua systematic division.

- Data accuracy is doubtful.

- For a country and for an AEZ, benefit and landamestant and we have the same
problem as already mentioned previously @G€e2.2, p.71).



Table 2. Definition of global agro-ecological zonessed in GTAP
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Figure 19. The SAGE global map of the 18 AEZs



6.4.5. Spatialization

6.4.5.1. Large-scale, generic crop modeling

Recently, the climate modeling community has sthiti@ develop more complex Earth-
System models that include marine and terrestitgdmchemical processes in addition to the
representation of atmospheric and oceanic ciranati

The group at the Potsdam Institute for Climate lotfResearch (PIK) (Heistermann et al.
2006b) implemented so-called crop functional ty(@sTs) to model phenology and growth
of the world dominant crop or rangeland types withPJ (a climate model). The natural
vegetation, represented by plant functional tygeBTE), and CFTs can coexist within a
mixed grid cell on two different land cover typ&%Ts are all mixed within the ‘natural’ land
cover and compete for resources, whereas each <Btated on a distinct stand with its own
water budget within the ‘agricultural’ land covehkccording to the climate, the model
estimates several variety-specific parameters oheroto ensure that the crop simulated
represents the type most likely used by the farmiarsthat specific environment.
Consequently, the model simulates the adaptatiowaniety selection across the climatic
zones and with climate change. The main advantag#ss model are that PFTs and CFTs
represent a virtual plant that may correspond fierdint actual crops. The important question
of the seeding date is also address by takingaotount the seeding date that will maximize
yields.

The French group at the Laboratoire des SciencéSlichat et de I'Environnement (LSCE) is
pursuing a different approach, with their hybrid deb consisting of the dynamic global
vegetation model ORCHIDEE (sée4.3.3, p.74) and the standalone agronomy modi€l ST
Whenever there is an agricultural land cover ty[p&CBIIDEE is calling STICS and handing
over all the necessary climate data STICS needsiltulate crop growth. In return, STICS
passes biogeochemical and biophysical variablds asideaf area index, root profile, canopy
height, irrigation, and nitrogen stress back to GRIEE. This strategy has been
implemented for few different cultivars.

The ORCHIDEE model works but is not totally funcia yet. STICS parameterization is
done in a non economic fashion by maximizing injsé. There are still troubles with tropical
crops that STICS doesn’t represent really well.dBep dates used are not calculated but
exogenous, so they can adapt to climate change.

6.4.5.2. Advantages and drawbacks of process models
Actually, those models are very useful:

- Inputs are either known: soil type, climate, plaatiety, etc. or can be defined: input
use, irrigation, technical itinerary.

- Outputs are impossible to know otherwise: cropdyipbllutant and gas emission,
impact on soil quality.

- As the models are well localized, the heterogeragigstion is well address.

It should also be mentioned that these models gittemendous quantity of data. For each
grid point (around 10 sq. km classically), all ardihe world, they produce outputs for every



crop types under different technical itinerary. S8 a lot of data, which necessitates that the
model runs a very long time to be produced.

6.4.5.3. How can these models be used in Nexus Land Use?

Firstly, this kind of modeling may help to definea process-based way the area suitable for
different crop varieties.

For instance, knowing what the potential wheat amefis, and how this surface might be
evolving with climate change, is a first importastep. The PIK team (Heistermann et al.
2006a) addresses this issue by checking if themmim conditions necessitated by the crop
are met. Yet, there are different varieties of apctype. All those varieties have some
common needs (e.g. minimum cumulated radiationnéwarieties have specific needs, such
as the presence of few very cold days for winteeathor the tolerance of a minimum

temperature by summer wheat. In the end, a maptehpal cultivated land per crop with or

without irrigation can be done.

Secondly, instead of using the tremendous datanve|an aggregation can be done. For this
goal, the first possibility is to use an AEZ metbtmdyy. If we do so, the challenge is to use a
better zoning than that of the GTAP-AEZ projecte TBTAP-AEZ definition is only based on
climatic data, and the accuracy of crop yield dataloubtable. By using the world crop
models, it is possible to produce more varied atwlia@te data, in order to create any AEZ
division we find interesting. It is also possibteassess how marginal crop yields evolve with
an AEZ.

6.4.5.4. New possibilities?

This part presents another idea that could beasteg to investigate more deeply.

There exist statistic tools which group sets ofdatctors by similar class. For instance, the
linear discrimining analysis (LDA) theory studié®tlinear combination of features which the
best separate two or more classes of objects mt®vwkccording to this approach, the idea is
to classify soil types in a way that is not basedgeophysical parameters, but on output
parameters. This method is used in other rese&lds f such as genetics, and resembles the
ACP technique in statistics.

The ORCHIDEE project could be used in this approadtereby geophysical parameters and
outputs are linked. The link could be ensured biCST

To gather similar surfaces together is an intemgséipproach. Indeed, inside these groups,
decreasing average yields can be observed butetiaion (to irrigation, input, land use
change, etc.) is the same.

ORCHIDEE is very long to run. However, it makegdissible to have crop yield simulations
in each gridpoint all over the world for Nexus’ ®p types (and with or without irrigation,
and with different technical itineraries, underfeiént global climate condition).

When in possession of all the data, we could simpéximize farmer’s profit at every grid
point. The maximization is to be done on a few alidmuous benefit or yield curves at each
grid point. Of course, doing that is not very eaBgrmers’ decisions will impact prices,
which will impact farmers’ decisions in return. Ewgrmore, there is a tough initialization
work at the first year of the model, to make thedeldfit the actual data. Yet, those two



difficulties have to be addressed anyway. The madlklbe slow to run, but is this really a
problem?

Keeping spatialization (maybe not a very precise)dras advantages. For instance, it allows
future addition of new questions such as waterlab#ity and biodiversity zones. It has
however an important consequence. Maps of futurewtyral lands will be obtained and
they will be completely false. Land cultivation nsaipdeed cannot be exact. The reasons for
this are multiple.

Firstly, there is no present accurate crop distidoumap that can be used to initialize
our model. The SAGE (Ramankutty and Foley 1998)taedPIK teams used satellite-
derived land cover data, national and sub-natiagatultural inventory data and
simulation results to create such maps. Their tesué interesting and are the best we
have. Yet they don't totally match and they canlm®tonsidered as reliable at the
most precise level. Of course, the less precisedhsidered geographical level, the
best they match.

Secondly, our model is only a simulation model, anothial crop yield will depend on
criteria we can not take into account (farmers’exignce, parasites’ activities, etc.).

Thirdly, even if the model was precisely parametst and gave exact potential crop
yield, linking yield with benefit is not so easyhd cost of changing cultivars, of
distance to storage building, of access to intesnat market, etc., would have to be
known. For instance, Brittany is specialized in t@whheat because harbors are close,
but also because the specialization movement créatewn dynamics.

Fourthly, it is pretty obvious that farmers don’aximize yearly costs. Non-economic
parameters, such as sentimental attachment tdiorgdong-term economic
arguments, such as investment, farm size, matxisience; personal capacity, such
as ability to switch culture, risk aversion; arecaimportant parameters.

Développement

Croissance aérienne

Elaboration du rendement

Figure 20. STICS model structure



However, not being able to have accurate mapstis @ooblem, if we know that the global
result (country or continent level) is accurate. #l&ays in prospecting, accuracy is very
difficult to check. The global accuracy of our mbhas to be checked with the evolution over
the ten or twenty last years, which is a gigantchky

What is more, differences between a model’'s resatts reality are often sought for, just
because the analysis of these differences maysitédla good idea of the processes occurring,
and they also highlight the weaknesses of the mankthus show paths for improvements.

6.5. Focus on an important problem: water

6.5.1. Characteristics of water models: different d rivers, different scales,
addressed issues

The management of water resources is particuladitisnmensional, insofar as it includes
structural (physical works) as well as non-strugitufconservation measures, efficiency
improvements, economic instruments etc.) componeamd should be conducted in a way
that integrates technical, social, environmental anonomical dimensions into a coherent
framework.

River basin models are used to assess the rivein baanagement with regard to
environmental, economic and social effects of alieve water management policies and to
explain and understand the underlying processt®isystem.

More precisely, the objective of a modeling exeraislated to water management is often to
maximize the total socio-economic benefit of theeribasin. Concerning more specifically
agriculture, benefits include the profit from imaigon. The entire system is controlled by
institutional decisions on water management pdigech as tariffs, allocation decisions,
environmental constraints and others. These paemetn be integrated in the model as
well.

The hydrologic system provides a more compreheraigerational setting for the assessment
of water resource systems than any other spatiadefined by political, administrational or
local boundaries, and is the appropriate scale esimating a change in the system
performance when water management interventiong fallace. Knowledge about the
hydrological regime of a region or a catchment iprarequisite for any study of water
management. The available water has to be assestedegard to quantity and quality of
groundwater resources, surface water and marineastal water.

The long-term natural water balance equation fgrgimen catchment can be written as
P=ET+Q+/ -L+DS

Where P is the total precipitation, ET is evapaparation, Q is total runoff including
groundwater flow, L is leakage from and to the batent area and DS represents a change in
storage in the catchment.



However, the spatial scale of a water balance lglei@pends on the objectives of the balance,
and the available data and may range from the dwatat balance of a river reach to sub-
basins or larger entities.

Figure 21. Schematic overview of water managemennalysis (Wisser, 2004)
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6.5.2. Modeling of water management:

Given the imprecision of the available data, thenplexity of the water cycle, and the
multiple ways to consider water, many land use rfsosienply do not take water into account,
or they account for it in a very simplistic fashiofor example they consider only two
possibilities: irrigation provides enough water tbe crops, no irrigation constrains yields to
a fixed point.

Concerning irrigation, some old studies provideuasle information and methodologies to
assess the potential for irrigated cultivation angé spatial scales. All these preexisting
approaches apply expert knowledge in order to gfyatite limitation which a particular
landscape property exerts on the irrigation poééndf specific locations. They do not
consider the actual distribution of irrigated arees therefore do not consider how this
distribution is actually constrained by the envirental factors. Irrigation is for instance not
necessarily applied on locations which are techiyicgtimal or adequate for sustainable soil
management. Neither are the water consumption fatasrigation always compatible with
the concept of sustainable river basin management.

While there is at least one continental to glolles hydrological model which explicitly
considers the role of irrigation in water consummpt{Alcamo, Doll and Siebert), large scale



land-use models mostly ignore changes in irrigatexhs. According to Heistermann et al.
(2006), only few continental to global scale larskunodels explicitly include irrigation in
their production function, however, dynamic changes neglected and water resources are
rather not related to environmental processes. IVHACT-Water model is one of the few
models which endogenously calculate changes igaited areas, however, it operates on the
aggregated basis of 36 world regions, which is ¢oarse for taking into account the
geographic variability of water and land constrsitat irrigation (Heistermann, 2006).

6.5.2.1. Quantitative assessment of irrigation water nedissggrant et al. 2005)

This part is devoted to the description of how tM@ACT-Water model deals with the issue
of water. The IMPACT-Water model stems from thesgration, in the IMPACT model of
land use, of WSM (water simulation module), thdabeaes water availability and uses within
various economic sectors (agriculture, industriegyigation...). Water availability is
incorporated as a stochastic variable with obséevaimbability distributions to examine the
impact of water availability on food supply, demamd! prices.

Water supply and demand and crop production asedssessed at the river-basin scale, with
a disaggregation of 69 basins — some regions dfcpkar interest are further divided into
sub-basins — and crop production is then summedtemational level, where food demand
and trade are modeled (see also p.35, for a déscrigt IMPACT).

(@) Water in the land-use model

Water stands as one of the factors influencingdgieind the harvested area. What is more,
there is a projected non-price exogenous trendifag or gY influencing respectively
harvested area and yields, which also depends, gquoihiers, on irrigation and water. Water
is thus incorporated in the crop area functionth trend factors and in terms called: crop
area reduction due to water str&s&C, crop yield reduction due to water stresgC, and a
water variable .

For example, the crop areAC) response is:

ACtni =0 % (Ps\ni)gim X |_I (F)s\nj)gi

j#l

ijn

X (l+ gAni) - A'A‘Ctni (WA-I;nl)

The crop yieldYC response has a similar form.

For each year, initially, it is assumed that thisrao water shortaged\AC(W gnd AYCW )

are zero, and crop area harvested and crop yiedddedermined based on other parameters.
Then water availability for crops is computed thaurtk the water component which is
described in the two following paragraphs.

(b) The Water Simulation Module: demand side
Concerning specifically the Water Simulation Mod(@&SM), it is based on a river basin

approach. In the original IMPACT-WATER model, thend was divided into 69 major river
basins of various sizes.



Irrigation water demand is assessed as crop watgrirement, based on hydrologic and
agronomic characteristics. Net crop water demardl lbasin in a year is calculated based on
an empirical crop water requirement function.

Part or all of crop water demand can be satisfig@ftective rainfall (PE). Effective rainfall
for crop growth can be increased through rainfalivesting technology. Then net irrigation
water demand (NIRWD) is calculated with considematof effective rainfall use, and salt
leaching requirement. Total irrigation water demglWD) is calculated as the ratio
NIRWD / BE, in which BE is defined as basin effiecay. BE measures the ratio of beneficial
water depletion (crop evapotranspiration and sadtctiing) to the total irrigation water
depletion at the river basin scale.

The projection of irrigation water demand dependstloe changes of irrigated area and
cropping patterns, water use efficiency, and rdlihf@vest technology.

The model also assesses livestock water demandd bas livestock numbers and water
consumptive use per unit of livestock, includingthanilk, pork, poultry, eggs, sheep and
goats, and aquaculture fish production. It is assltimat the projection of livestock water
demand in each geographical area follows the saowetly rate of livestock production. What
is more it takes into account the levels of indak@nd domestic water uses, and committed
flow for environmental, ecological, and navigatibnaes. A Cobb-Douglas function is used
to specify the relationship between water demanbveater price, based on price elasticity.

(c) The Water Simulation Module: supply side

As for water supply, WSM focuses on the determaratof off-stream water supply for
domestic, industrial, livestock and irrigation sest This is done in two steps: the first is to
determine the total water supply in a basin reprieskas depletion or consumption in each
month of a year; and the second is to allocatéatad to different sectors.

The first step is accomplished by taking into actohydrologic processes, such as
precipitation, evapotranspiration, and runoff, ssess total renewable water. Anthropogenic
impacts — such as water demands, flow regulatisoutih storage, flow diversion, and
groundwater pumping, water pollution and other wéisses, and water allocation policies —
are combined to define the fraction of total renelavater that can be used.

The model is formulated as an optimization modehe Tobjective is to maximize the
reliability of water supply. Then, the next stegasdetermine the water supply available for
different sectors. Assuming domestic water is 8atdirst, priority is then given to industrial
and livestock water demand, whereas irrigation watepply is the residual claimant.
Irrigation water is allocated based on profitapilif the crop, sensitivity to water stress, and
irrigation water demand.

Once the water availability for crops is computddC(W) and AYC(W ) are calculated, and
crop area Q) and yield {Y) are updated. Thus, crop area and yield are datedm
endogenously based on water availability, price@heér agricultural inputs.

The WSM module of the IMPACT model was found toveey similar to the WATERSIM
(de Fraiture 2005) model developed by the IWMI dinational Water Management
Institute), in that they both try to account fargation water needs in a quantitative fashion.

6.5.2.2. A spatio-temporal approach of the assessmentighiion water needs



Water can be taken into account by modeling theispemporal distribution of irrigated
areas, like it was done by the PIK team (Heisterm@&006). This methodology is
implemented in the global land-use change modeld8&iFT (Land Simulation to
Harmonize and Integrate Freshwater and the TeiakBinvironment), which is a PIK project.
The water module stems from the fact that no madeatethodology was found satisfactory
enough to account for the evolution of the allamaif irrigated areas as a response to various
drivers.

Before focusing on the irrigation model of LandSH]Het's have a quick look at the
complete model.

(a) LandSHIFT model

The guiding principle of this model is to integrabevers of land use change at the national
level in order to simulate changes in the spatisfridution of land use on a global grid.
Drivers of land use change are of economic, teehniechnological, social, climatic types.
Land use types comprise a set of major crop typastures, urban land and forests, shrub
lands and deserts. It is assumed that each giicsaatcupied by one dominant land use type.
Irrigated and settlement areas are representeldduyftaction per grid cell. Each commodity
is linked to a particular land use type, i.e. ih ¢@ produced only on a cell with this land use
type. Each cell thus has a vector of productiorctions for any commodity. Production is
allocated to the most suitable cells by changirggldimd use type of as many cells as needed
to meet the country demand. Competition betweetosee.g. settlement, crop production,
grazing etc.) is modeled by attributing a priorglue to each sector that reflects assumptions
on its economic importance.

(b) The irrigation model within LandSHIFT

The goal of this model of irrigated areas is todate the spatial distribution of irrigated

areas as a result of various rivers. More spedtljicat intends to allocate a specified

expansion of irrigated land within a country tontsst suitable location within that country. It

is not meant to predict future irrigation patternst rather to identify general spatial trends in
a consistent and transparent modeling and dateefxantk.

The expansion of irrigated land is specified exagesty. The simulation of irrigated areas is
integrated in the crop production module and céssi$ the following steps: preference
ranking; allocation; update of river basin consumpto-availability ratios. In every time
step, the preference ranking first quantifies tmefggence value of each grid cell for a
particular irrigated crop and then ranks the gradlscof each country according to their
preference values. The highest ranking grid ceflsadlocated to the particular crops until the
demand for each crop commodity in each countryuislléd: first, irrigated crops are
allocated until either the commodity demand or #weogenously specified irrigation
expansion is met. The remaining demand is allocetedin-fed crops. Finally, the irrigation
water consumption is updated for each river baasetl on the changes in irrigated areas. The
production function of a grid cell for a specificop at a given time is determined by the
potential irrigated and rain-fed crop yield, calteld by the DayCent model (a plant model),
the cell area, the fraction of settlement, the tioac of irrigated area, and a technological
improvement factor.

A Multi-Criteria-Analysis is used to calculate tlpeeference value of each grid cell for a
particular irrigated crop, based on a set of l@edll properties (factors). The preference value



is defined as the product of two terms: (1) a sdmveighted factors (landscape properties)
reflecting the “suitability” for a particular landse type, and (2) land-use constraints (e.g.
water or nature policies) connected by multiplicati

The suitability factors that were chosen are thieong:

- terrain slope

- river network density: used as a proxy for distatecever and thus for the
accessibility of surface water and costs of watangport

- settlement density

- potential irrigated crop yield: computed with theyi@ent model, which simulates
water-, temperature- and nitrogen- limited yielfisn@jor crops on the global scale

- combined soil properties: different attributestod FAO soil map of the world that
assign suitability values between 0 and 1

The land-use constraints that were taken into denation are the following:

- relative yield gain attained by irrigation: potettincrease in crop yield that could be
achieved if cropland is irrigated

- water consumption-to-availability ratio: this commiadicator of water scarcity
reflects the availability of water for irrigatioma@ basin level, which takes into
account the annually renewable freshwater avaitgiper basin before any
withdrawal (based on precipitation and evapotraasipn), and the consumption of
freshwater by three different sectors

- nature conservation: the protected/unprotectedstatthe grid cell

(c) Limits and caveats

The main caveat for validating this irrigation mbiethe lack of appropriate data.

By assuming a maximum allowable irrigated areaqmemtry, this model excludes much of
the complexity in the decision-making process (palarly from the economics and policy
perspective). But even from the strictly spatiatspective, potentially important processes
remain either unconsidered or their formulation aera uncertain.

The approach integrates a variety of hydrologicéimatic, socio-economic and societal
factors. Further analyses should consider basial Iemne series of irrigation, run-off and
consumption as well as significant socio-economdtidators.

The crop yield model used in this modeling framdwamly considers one cropping cycle per
year. Consequently, it cannot reflect the potenird gains that can be achieved by applying
irrigation which would allow for multiple croppingrhere is a need to explicitly take into

account multiple cropping in the formulation of flw®duction functions of each crop.

There is a need to quantify rain-fed yield insetguiin order to assess the need for additional
irrigation, to account for the intra-annual redtsition of annual water discharge, and how
well it coincides with the demand for irrigation &g which varies seasonally, to consider
spatial topology within river basins, and espegialbstream-downstream linkages in terms of
consumption and availability. Maybe the last stequld be to take into account inter basin
water transfers.

However in most cases, the limiting factor is by doubt the lack of adequate data.

6.5.2.3. Implications for Nexus Land Use



Taking water into consideration seems to be a wapprtant problem to consider, especially
with respect to climate change, and the associgtadges in rainfall patterns and irrigation
potentials. In the two models reviewed, there saebe two major problems to tackle: lack of
data, and precision of considered geographicaksda adopt only a quantitative method
based on the calculation of crop requirements withre or less complex tools, one is very
likely to miss some important problems of local &ashortages, local lack of irrigation
equipment etc. Crop simulation models are too cemgb be able to cope with these
problems. That is why the model developed by thK Rl so interesting: it allows for
considering water issues at a very precise scalgp@nt) but in a simple way.

Nexus Land Use will definitely be able obtain dabtout simulated crop water requirements
from STICS, and information about water supply &lity from ORCHIDEE. The idea
developed by the PIK has to be kept in mind, butlie moment, in the absence of necessary
data about irrigation geospatialization, it canm@implemented.



6.6. Modeling animal production in NEXUS

6.6.1. Importance of livestock in agriculture andt  he environment

The FAO document “Livestock’s long shadow, enviremtal issues and options”, as well as
Bouwman’s article (2005), review the different adpeof the importance of livestock
production. By doing so, they stress the importaoten accurate representation of the
livestock sector so as to anticipate future demaindnimal products and future impacts of
livestock production on the environment.

The global importance of the livestock sector iatcaously rising, especially in social and
political terms. And indeed, growing populationsdancomes, along with changing food
preferences, are rapidly increasing demand forstoek products, while globalization is
boosting trade in livestock inputs and productssTé due in fact to a high income elasticity
of demand for meat and other livestock producthat s, as incomes grow, expenditure on
livestock products grows rapidly. Global productiohmeat is thus projected to more than
double from 229 million tons in 1999-2001 to 463limm tons in 2050, and that of milk to
grow from 580 to 1043 million tons. However, theelstock sector is not of major importance
for the global economy. It accounts for only 40qeeit of agricultural gross domestic product.

Nevertheless, the livestock sector emerges as brieectop two or three most significant
contributors to the most serious environmental |@mols, at every scale from local to global.

First of all, the livestock sector is undergoingracess of technical and geographical change.
Extensive grazing still occupies and degrades ar&sts of land, though there is an increasing
trend towards intensification and industrializatidforeover, livestock production is shifting
geographically, closer to consumers and towardsoleces of feedstuff. There is also a shift
of species, with increasing production of mono-gastpecies. These changes contribute to
concentrating sources of pollution that create mimeal damage but are more easily
regulated.

What is more, the livestock sector is by far thegke largest anthropogenic user of land. In
all, livestock production accounts for 70 perceinalbagricultural land and 30 percent of the

land surface of the planet. Expansion of livestpokduction is to a large extent responsible
for deforestation. In addition, about 20 percenth& world’s pastures and rangelands have
been degraded, mostly through overgrazing, compaaind erosion created by livestock

action.

The livestock sector is also a major player in elienchange, as it is responsible for 18
percent of greenhouse gas emissions, measuredJe@@alent. This is a higher share than
transport. More precisely, the livestock sectoracts for:

- 9 percent of anthropogenic G@&missions (from land use changes caused by
expansion of livestock production),

- 37 percent of anthropogenic methane (from enteriméntation by ruminants),

- 65 percent of anthropogenic nitrous oxide (from orah

On the other hand, the livestock sector has a gesabnsibility in the increase of water use,
accounting for over 8 percent of global human wasar, mostly for irrigation of feedcrops. It
is also a very important source of water polluticontributing to eutrophication, “dead”
zones in coastal areas, degradation of coral réefsyan health problems, emergence of



antibiotic resistance and many others. The majorcgs of pollution are from animal wastes,
antibiotics and hormones, chemicals from tannerfestilizers and pesticides used for
feedcrops, and sediments from eroded pastures.

As the major driver of deforestation, and one o thading drivers of land degradation,
pollution, climate change, over fishing, sedimeptatof coastal areas and facilitation of
invasions by alien species, the livestock sectsrdiso a great responsibility in the reduction
of biodiversity.

Therefore it is very important for our model to qumse a module describing livestock, the
way it draws on natural resources, the way quastitf meat and milk produced can be
derived, its impacts on the local and global envinent.

6.6.2. Theory about animal behavior and alimentatio n

Domestic ruminants are essentially fed with foddeps. The energy that a ruminant gets
from unlimited fodder depends on 2 major charasties of the fodder crop:

- Its ingestibility, which is the quantity of foddergested. It is expressed in kg of dry
matter.

- Its digestibility, that is, the proportion of foddehich disappears in the digestive
tube. It determines the energetic value.

In the ration of highly productive animals, fodd®ops are completed with more digestible
feedstuffs: fruits, grains, roots and divers subdpicts. These concentrated feedstuffs have a
higher concentration of proteins and starch, atahar content of fibrous components. They
are often crushed and turned into granules.

Fodder is all the more digestible as it contairss legneous tissue, less lignine, and fewer cell
walls.

Concentrated feedstuffs are ingested rapidly. Timgestion requires less rumination since
they have been crushed beforehand. They are dejradee rapidly than forages. Thus, the
microbian population of the rumen receives fewdt w@lls and much more intracellular
components with the concentrated feedstuffs thathm iorages. As a consequence, the
microbian population is more abundant, proliferaetvely and produces a larger quantity of
proteins. Hence, the pH diminishes, especiallyr dfte meal, all the more as the concentrated
feedstuffs are ingested in higher quantities ana smaller time space, and as they are richer
in starch and other rapidly fermentescible comptsien

The pH decrease leads to (1) a decrease of thetithidjey of the cell walls and (2) digestive
and metabolic perturbations.

These perturbations can be avoided by adoptingtedapeans of preparation and distribution
of the feedstuffs, and by making sure that thenahias an acceptable hygienic value. This is
an important aspect that has to be taken into atdauthe modeling of livestock, by adding
specific constraints which limit the ingestion obncentrated feedstuff, or establish a
relationship between the quantity of concentragsdi$tuff ingested and that of fodder crops.

The animal consumes all the concentrated feedstiifids, and adapts is forage consumption
to that of the concentrated feedstuff. The quamtitiorage the animal ingests diminishes in a
non linear fashion according to the quantity ofcantrated feedstuff ingested, and compared
to a ration composed uniquely of forage. The intakeconcentrated feedstuff thus first



increases the ingestion ability of the animal, andsequently a mixed ration provides more
energy than a ration composed uniquely of forageddrtion is thus increased at the same
time. This phenomenon is valid until a certain ¢#hi@d, from which the quantity of
supplementary dry matter brought into the rationaldgition of concentrated feedstuff will
stagnated and even decrease, because the consurmpfarage diminishes more than the
consumption of concentrated feedstuff increaseacelethe supplementary energy intake will
stagnate and then diminish. From that point onisino more economically sensible to
increase the quantity of concentrated feedstuffs T9 due to the decrease of the marginal
ingestion of feedstuff (concentrated and forage) af the digestive efficiency, associated to
the marginal consumption of concentrated feed$teyond the threshold.

Thus, the animal characteristics which are imparitathe definition of alimentation needs:

- Species (bovine, sheep, goat)

- Production type (milk, meat),

- Breed, gender, age, weight, weight increase, boddgition

- If need be, indicators of lactation (lactation stagnilk potential, quantity and
composition of produced milk, i.e. butyrous andteiorate).

The characteristics of the feedstuffs (concentratedodder) that constitutes the animal’s
ration, and that are important to account for,taesfollowing:

- Digestibility value
- Energetic value
- Proteic value

6.6.3. A broadly used representation of livestock: Bouwman’s model

Many representations of livestock in land use mael based on Bouwman’s model of
livestock, as described in his arti®@a&ploring changes in world ruminant production gyss
(Bouwman et al. 2005).

6.6.3.1. Model overview

Bouwman is a reference in livestock modeling. Tinisdel was developed to describe two
aggregated production systems for different woddions, each having typical production
characteristics:

(1) the pastoral systems, which depend almost exclysbregrazing,
(2) the mixed and landless systems, that rely on aainconcentrates (food crops) and
roughage (grass, fodder crops, crop residues, dued sources of feedstuffs)

This is an improvement of an earlier version, whilpart of the Integrated Model to Assess
the Global Environment (IMAGE).

This model is based on the combination of infororatbn animal populations and production
characteristics, feed conversion and the compositb animal feed, and geographical
information on the distribution of grassland foe gheriod 1970-2030.

Changes in the regional and global grassland ar@ats use in ruminant production systems
for the period until 2030 were assessed by usiegIMAGE model with historical data for



the period 1970-1995 and data from the study “Waéudiculture Towards 2015/2030” of the
FAO (Bruinsma, 2003).

The IMAGE model considers sheep and goats as ocoapgof animals, while meat from
buffaloes is included in the beef cattle categand milk from buffaloes is included in dairy
cattle. Poultry production includes meat and eggs.

Bouwman describes two aggregated livestock prodmcsystems, pastoral systems and
mixed + landless systems. Landless ruminant pramlucystems are included in mixed+
landless systems, because they have the samelatems (food crops, fodder, manure, etc.)
with crop and grass production systems as livesfrckluction in mixed systems do. By
taking into account different feed efficiencies ttegal feed requirement, as well as its
composition, is calculated for both systems.

Figure 22. Livestock model structure (Bouwman et aJ 2005)
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In a FAO publication by Seré and Steinfeld (199®) total animal population and production
are provided for different production systems fog early 1990s. The data were aggregated to
two broad groups, i.e., pastoral and mixed + l|as®llproduction systems. The data are
provided for seven broad world regions and weragtisegated to the level of 17 world
regions of the IMAGE model.

Seré and Steinfeld (1996) also provide data forghmvth of animal populations and the
production in each production system in the pefi880-1990. These growth rates were used
to calculate the population numbers and the praoluictvithin the different production
systems for the years 1970, 1980, and 1990, asgutimath the growth rates apply to the full
period 1970-1995.



6.6.3.2. Calculation of animal production and feed requirerse

The milk production per animal for dairy cattle (MPin kg head year") in each production
system (s) was calculated from the total milk paiiin (PROD, in kg yed) and population
(POP, head) as follows:

MPH = PROL/POR gairy

Concerning meat production, the carcass weight (DWg head-1) for each animal category
(@) (beef cattle and sheep and goats) within eaoldugtion system (s) is calculated as
follows:

CWa,s = PRORJ(OR, sx POR,9

where OR is the offtake rate (i.e., the fractiorthed animal population that is taken out in a
given year for slaughter).

Bruinsma’s data (2003) for the period 1995-2030vjgled a projection of the population
growth, of the growth of the per capita gross ddammgwoduct, and of the per capita meat
consumption. Bruinsma (2003) also provided countigta on livestock production,
comprising total production of meat for beef catttel buffaloes, and milk for dairy cattle and
buffaloes, and meat production for sheep and ggqags and poultry, as well as milk
production per animal and off-take rates for meatipction. It was assumed that in most of
the 17 world regions, the fraction of the animabplation and production of meat and milk in
pastoral systems will decrease by half of the %ngbkan per capita GDP over the period
1995-2030.

The calculation of total feed required in dairy dmeef production is modified from EPA
(1994). In this approach, the net energy requirésnén MJ head day’) for dairy cattle are
divided into maintenance (Nfg, feeding (NE), lactation (NE), and pregnancy (Nf

The feed requirements for 1995 for sheep and geats based on estimates used by de Haan
et al. (1999) for different production systems aguo-ecosystems. It was assumed that their
feed requirement in pastoral and mixed + landlgstems for 1970 and 2030 is proportional
to that of non-dairy cattle in the correspondingtegns.

6.6.3.3. Feed composition

Five feed categories have been distinguished:

(1) grass, including hay and silage grass

(i) food crops and by-products (such as cakes)
(i) crop residues and fodder crops

(iv)  animal products

v) scavenging

For the period 1970-1995, the FAOSTAT data on fasd of crops, crop by-products and
animal products were used. A number of assumptia@re made concerning the feed used for
the different animal types in the different prodoctsystems.

For the period 1995-2030, the same feed compositwneach animal category and
production system was used, so that changes ih potaluction, feed efficiency of the



different animal categories and the gradual treomatds more production in mixed +
landless systems will lead to changes in the tigadand for the five feed categories.

6.6.3.4. Limits of this approach

The limit we found most striking was the way meaiduction is taken into account. Half of
the bovine meat produced comes from reformed daityye, but Bouwman considers it comes
from the non dairy cattle only.

Ruminants appear to need only to fulfill energeéiguirements, although all nutrition tables
stress that proteic needs are very important.

What is more, the way biological constraints, afdstion and digestion for example, has been
taken into account, is not explained precisely, g its reliability can be questioned.

Finally, small ruminants are considered separdteiy bovines. Isn’t it possible to represent
all ruminants together with the same set of comgsand production function?

6.6.4. Our approach: towards more precision and mor e flexibility in
describing the ruminants

6.6.4.1. Model overview

We aim at designing a simple and flexible modelt [daa is to group all ruminants (bovines,

sheep and goats) in one unique animal categonhaesizing all the features of a ruminant.

This model starts from the observation that natnitiparameters are the same for any
ruminant, dairy and non dairy. Indeed we found tinattition relationships are more or less

the same for all ruminants by making regressiondaia obtained from INRA.

Our model follows a few basic principles:

0] In the short run, the livestock is fixed. This gvee maximum production capacity
for milk and meat. It is assumed that it is prdfieato produce at the maximum
level of this capacity. Prices are fixed.

(i)  Requirements in terms of energy (forage unit milkneat — UFE® or UF\?® in
the French accounting system) and proteins (prewigestible in the intestine —
PDI?" in the French accounting system), and digesthilinstraint, are derived
from a given production or demand of milk and meabjections of milk and
meat production will be given by exogenous scemsario

(i)  The stock breeder chooses how much he gives tanimsals, depending on the
prices, and so as to meet the projected produletigal.

%5 UFL: Unité Fourrage Lait : one forage unit is t@nventional unit which allows for the estimatiohtbe
energetic value of a fodder crop with referencéh energetic value of a kilogramme of barley hsie@ at a
mature state equivalent to 1,65 kCal.

%6 UFV: Unité Fourrage Viande

2" PDI: Protéines Digestibles dans I'Intestin : qitgraf proteins that actually gets to the intestiyedigestion



(iv)  Inthe long run, the stock breeder can choosedhgosition of his livestock.

6.6.4.2. Model structure

Just like in Nexus, supply is defined at the naldevel, and composed of vegetal products
(8 categories). Livestock is initially composedf@dir categories in Nexus Land Use: bovines,
sheep and goats, pigs, poultry. In our work we Haeeised on ruminants, because as they
yield two major types of productions (meat and iitkeir modeling is the hardest to deal
with. Modeling pigs and poultry should be easilyigded from the ruminant model or from
simple coefficients taken from the INRA database.

Figure 23. Ruminant model structure (representatiorof the energy part only)
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Our typical ruminant is represented by a uniquealpetion function describing meat and milk
production at the same time. We thus representvanage ruminant, who can produce a
whole set of milk and meat production couples, ragdrom an “only meat” production point
to an “only milk” production point, with all posdéintermediaries. The couple “quantity of
milk + quantity of meat” produced by the averageninant of a country depends on the
national quantity of energy and proteins fed tortlmainants as a whole. It is also constrained
by the total digestibility of the feed products.eT@nergy, proteins and digestibility data are
derived from the composition of the total natiorfeed products and transformation
coefficients. The shape and level of the producfiorction depends on the composition of
the national livestock and the production systehie production systems also influence the
composition of the diet. The position of a countrythe production function depends on its
level of meat and milk production.

Livestock can be fed either directly on the pastureby agricultural productions chosen
among the 8 Nexus crop categories, that have baarested, sometimes transformed, and
packaged. Initially, all combinations of feeding@ucts are possible. We will have to add a
set of constraints to limit the possibility of irgg@n of concentrated feedstuff, or to establish



a relationship between the quantity of concentrdestistuff ingested and that of fodder
crops. Each feed product provides a certain levehergy and protein to the animal, which is
disposable for maintenance, growth, gestationataxt, and production.

Most importantly, the typical ruminant is not omdgie but many animals at the same time, as
it represents a mature female, its youngs andgmductive males gravitating around it.

Assumptions:

- Gestation: 1 gestation per year

- Lactation: the coefficients are the same for athinants and equal to that of the cow,
which isn’t true, but we suppose the error is rgghle

- Growth: We assume that the average mature femaleri@young per year

From Eurostat it is possible to get the followingtal for European countries: total carcass
weight in a year, number of adult females, weightwerage adult female, age of death, age
of maturity, average weight of young.

(a) Energy requirements

During the lifecycle of one adult female rumingnihe energy consumed is:
UF =

i,meatlifetime

(— 55.6 +15.5><erma|e°'75)x (Aneam - Anaturity) maintenance of the female during its adulthood
+ QLO7.5+ 02 ><V\/deaml'5) growth of the female until its death
+ (107_5+ 02 xwyoungl'5)x — Anamrity) growth of 1 young/year until their death

+ (14+ 7'GXerma\IeOS)>< (Aﬂeath - Anaturity) 1 geStation/year

Where:
- Wi IS the average weight of the adult female rumirdiat country.
- W, IS the average weight of other ruminants but fenaalults.

- W, IS the weight of an adult female ruminant at gsth.
- Ay 1S the average age of death of an adult femalenamh
- Ay IS the average age of an adult female ruminant.

Then we derive the UF requirements per year per kg:

UI:i,mea ifetime
|: " (A:Ieath - Anaturity):|

UF catyear = W where W, ... is the average weight of all

average

ruminants.

Then we can derive the total UF requirements per YT which satisfy the meat

eat year

demand given by a yearly carcass weigei\,

ear "



UFT, = (TCV‘@ear

meatyear —

UFmeaLyearj
To satisfy milk demand, the energy required is $yngoven by:

UF ik year = (A:Ieath_ Anaturity)x 045xQ,,  where Q, is the demand for milk

(b) Protein requirements

It follows exactly the same scheme, but with ottwefficients:
PDI =

i,meatlifetime

(— 6664+ 1241><erma|e°'75)x — Aﬂatumy) maintenance of the female during its adulthoo

+ tl8443+ O.696><Wdeath2) growth of the female until its death

2

+ (18443+ 0.696xW,;,,g )x (Aneam‘ Aﬂatumy) growth of 1 young/year until their death
+ (~15031+12048% 10gW,e1100) ) (Aveatn = Avaiy) 1 gEStation/year
I:)Dlmilk,year = (Aheath - Anaturity)x 053)( Qmilk

From which is derived the total PDI requirementsymar which satisfy the meat demand.

(c) Limitation of ingestion capacity

U EI ,meatlifetime =

(_ 336+ 25 foemaIe + 0'OOZXermale2 + 476)( IOngfemaIe))x (A:ieath - A‘naturity)

maintenance of the female during its adulthood
+ (—1655+ 954doeath) growth of the female until its death

+ (—1655+ 954><Wdeath)>< (Ajeath— Anatumy) growth of 1 young/year until their death

+ (725 + 0'43foemale) X (Aheath - Anaturity) 1 geStation/year

We don’t have enough data about the ingestion dgpadded by milk production, but we
suppose it doesn’t add much to the total. We ddrima this the total ingestion capacity (IC)
corresponding to a total carcass weight.

According to Jarrige (1988) the ratio ingested URgestion capacity (in UE) shouldn’t be
inferior to 70%. To calculate this ratio, we needtdke the UE value of the forage crops
(FUE) and to attribute to the concentrated feeflstwilue of 0,5 UE.



Then we have to add to our model the constraint:HEIE + C x 0,5= 0,7 x IC, where F is
the quantity of forage, and C the quantity of coriated feedstuff in the ration.

The following figures are some of the linear regr@s we made with SAS to find the
equations cited above.

Figure 24. Linear regression of maintenance needylweight 0,75
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Figure 25. Linear regression of growth needs by weht'*
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Figure 26. Linear regression of gestation needs tsg root of weight
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(d) Crop conversion coefficients

Finally, transformation coefficients for many crop$ different varieties were found on
Jarrige (1998). We averaged them by big categopydduce the following table:

Table 3. Crop transformation coefficients

average UFV | average PDI in | average UE in

in UFV/kg a/kg UE/kg
WHEAT 0,59 53,0 1,010
UlnlSAU 1,04 93,2 0,500
concentrated
GRASS 0,75 73,4 1,076
GRAIN 0,70 57,3 1,142
CIREALY 1,09 73,4 0,5
concentrated
VEG 0,84 97,4 0,963
VIEE 0,86 94,9 0.5
concentrated
OILSEEDS 0,85 93,5 1,135
OILSEEDS 1,09 26.0 05
concentrated
PRAIRIES 0,81 79,8 1,097
SOYBEAN 0,82 98,0 0,980
S0 EEAN 1,20 156,0 0,5
concentrated
SUGAR CROPS 1,07 58,3 0,875




Thus, the model will be able to choose betweenetipesduction types so that the total UFV
and PDI values are equal to the total UFV and Palies derived from the meat and milk
demand.

(e) Improvement paths

Although it tries to address some limitations of Bouwman model, our model has still a
wide scope for improvement. For instance, the matiégn of production systems in the
equations should be thoroughly examined. It cowdnise to add also some constraints on
the rations given to the animals. And indeed inrdadity we can observe that there are about
10 major typical rations given to ruminants. We ldoadd these rations as a constraint in the
model. But most importantly, the model has to beecband tested.



7. MATISSE: Methods and Tools for Integrated
Sustainability Assessment

MATISSE is a European project which goals are teaade in the science and application of
Integrated Sustainability Assessment (ISA) of EUigies. Basically, the idea is to develop
new or better tools in order to deliver case-spesifistainability assessments, useful to policy
makers and other stakeholders.

The CIRAD? is one of MATISSE’'s member research laboratorldEXUS Land Use is
supposed to be used in MATISSE project to assessettvironmental consequences of
different agricultural policies.

As a first step, it was asked to use Nexus to etalthe cost of a 1% decrease of pollutant
emissions in the European agriculture.

As NEXUS doesn't run yet, we were asked to develyery simplified model which would
be able to produce the required quantitative restlefore developing this model, the first
task was to find present information on the emiss@f pollutants by the European
agriculture, in other words, we spent quite a longg in researching environmental indicators
for agriculture.

7.1. Environmental indicators for agriculture

7.1.1. About pollutant emmissions

Nexus is a prospective tool that aims at evaluatiteg sustainability of agricultural policy
choices. Human land uses, especially agricultuas,ahstrong impact on the environment (see
1.4, p.14). It is therefore essential to find a w@geal with the environmental consequences
of the agricultural production techniques.

A pollutant is anything that could be harmful t@ tenvironment. The environmental damage
capacity depends on the quantity, the concentratima scale, the timing of the pollutant
emissions as well as on the environment quality.cBssifying an emission in safe or
pollutant needs to evaluate the interaction betwhenemission and the environment at the
scientifically right scale.

Unfortunately, agricultural impacts on the envir@mhare somewhat complex and difficult to
define. Their complexity is two-fold.

- Scientific uncertainties: the present environmeotalsequences of farming are not
well known scientifically. For instance, nobodyaisle to define a precise relation
between pesticides emissions and bee loss or ddneda/ersity destruction or
human health.

8 CIRAD : Centre de coopération internationale eeeche agronomique pour le développement



- Lack of financial evaluation: Secondly, and veryiolsly, environmental impacts are
often economics externalities. Not only, they avetaken into account by polluters,
but also they are not routinely financially estisthtMoreover agricultural emissions
are classically diffuse with a long resilience @ed¢ome pollutant by accumulation.
Then data is difficult to collect. And nobody camkl pollutant presences to a damage
costs: how much will cost bee loss?

Agriculture
Indicator types
: . Impact on Impact on
Input —— % emission * environmental * environmental
parameiers state
Example
Mitrogen Post- ’ _— Potent:al
fertilizer harvasted soil utrophisation disappeared
applied to nitrate Patential in kg fraction of
fields Mitrate lost to PO4- equivalent species due to
groundwater eutrophisation
and surface
water
Feasibality
{—
————— | 3

Environmental relevance

Environmental damage appears to be a broad andusmmhfterm. It congregates many
different phenomenons which differ by their phyijgeocess cycle, their time scale and their
geographical scale.

Well awarded of the terrific complexity of consigey pollutant emissions (both because of
scientific uncertainties and data lack), it wasidied to consider input uses.

The question that will be answered becomes: Thestoue How much would cost a 1%
decrease of agricultural inputs in the EU15?



Inputs designate any products famous for beingrenmental harmful. We will consider
here:

- Pesticide use
- Insecticide use
- Fungicide use
- Herbicide use
- Fertilizer use
- K20 use
- P,O use
- N use
- Energy use
- Electricity
- Gas

7.1.1.1. Geographical scale

Some environmental damages can be very local aadeca feedback loop in the exact same
area they were made. For example, a bad-managedirogation destroyed soils by
salinization in the Dead Sea. As a consequencealsyiglere severely diminished and
agriculture was seriously impacted. Since a farodpces on a defined area, it should be
possible to integrate easily local impacts in ecoigocalculation... at least when the farmers
is well advertised of the feedback between managemeehniques, environmental damage,
and agricultural potential destruction.

But some feedbacks are more regional and theréfieseare harder to integrate in economic
calculations. Indeed, some locally non-importantmdges can become critical by
accumulation (biodiversity loss has consequences ragional level by amplifying parasite
attacks). What is more, some local changes cantecmemional changes when they are
repeated (important deforestation can modify dea#li regional climate).

As the global warming reminds us, others pollutioas be neglected locally (GHG emission)
but become a world trouble when they accumulate.

This study is done in the EU15.
The following countries are considered:

Austria, Belgium, Denmark, Finland, France, Germadnited-Kingdom, Greece,
Ireland, Italy, Luxembourg, Netherlands, Portu@dain, Sweden.

Two kind of geographical unit were used:
- country
- country & agro-ecological zone (AEZ)

AEZ is the division of an area of land (here theairdoy) into smaller units, which have

similar characteristics related to land suitabjlipotential production and environmental
impact. The AEZ division used here is the one oABTLand cover/use. There are 18 AEZs
covering six different lengths of growing periodead over three different climatic zones



7.1.1.2. Time scale

Exactly in the same way there are very immediatedlbacks that should be easy to internalize
(soil destruction). But other impacts happen inoager time scale (climate change) and
therefore they are much more difficult to evaluated to internalize.

7.1.1.3. Physical process cycle
The feedback we are dealing with is pretty simple:
- Agricultural production uses inputs.
- Input uses create emissions.
- Emissions modify environmental parameters.
- Changes in environmental parameters have impacsg/ecultural potential in return.

The sequence of events described here form a caroptte. Into the cycle, only agricultural

inputs can be well known since they are submittednairket control, and they are purely
dependent on human choices. It should therefongolsible to know which quantity is used
and how much it costs.

Emissions are far less well known. As environmentaicern increases, research is making
progress on estimating them. Yet, they are not #iduinto any market law. So they still are
very difficult to quantify and impossible to evaled financially.

Modification of environmental parameters can’t bellvknown. The actual environmental
parameters as well as every fluxes and their ingpaetctions, resilience, interactions, etc.
are needed for this evaluation. Fluxes for agnicaltemissions are already difficult to assess.
A few models exist which try to assess those changéey often are very simplified
compared to reality but still they remain very cdexp conceptually and mathematically
speaking. They concern only a defined area andpa bf environmental parameter. For
instance, the LSCE works on a model evaluatingajlobanges of physical parameters due to
human GHG emissions.

Some environmental changes might be simply imptessibassess. For instance, nobody can
really assess the impact of a physical change auhi\@rsity.

Agricultural potential can be assessed by experiatiem or by modeling. Yet, for instance,
there is no consensus on how agricultural potentiall respond to an increase of €C50
our knowledge stays limited. It has to be improvadyrder to be able to understand how land
potentiality could respond to different scenariést, similarly to above, many feedbacks are
almost impossible to assess.

For instance, even if we were able to assess tbdiversity loss, the links between
biodiversity and agricultural production are notlweown or describable. But the links
certainly exist, they go through complex and laygehknown competition and mutual aid
phenomenon, positive and negative interactionschvichange parasites’ chances to spread,
land quality, water retention, etc.

As usual, the more immediate and local the feedhaitle best they can be described and
known. The other feedbacks, the larger-scale feddbalexus should deal with, are very
complex and not enough known.



7.1.1.4. Farmers’ behaviors

Farmers can take into account in their economiabielh the environmental feedbacks that
will impact their revenue. So only the immediatedl or definitive environment impacts are
internalized into their calculation.

Since those impacts are already addresses by iatbfarmers they are not very interesting.
In Nexus, it would be much more remarkable to a@ati environmental impacts that are not
yet internalized. They are the one which creatertitade, they are also the more difficult to
treat since, as externalities, they have no maakek thus no value. Furthermore, if they
haven't been internalized, it is also because thH#gcts are not perfectly known and the
scientific incertitude is still important.

As a conclusion, we may say that the less the imipas a direct and quick feedback on the
producer, the less the producer takes it into aticouhis economical calculation. But also,

the more they are important in the Nexus model, afdrtunately, the less there is technical
data and economical evaluation about them.

7.1.2. Our work on agri-environmental indicators

7.1.2.1. Data: a very limiting factor

As it was already said many times on other topicshis report, the true difficulty is data
availability.

What is submitted to a market is financially asabks and then data sets exist and may be
available. This is the case for agricultural inpansl could be the case for field potential.

For the two middle steps of the cycle, there isemonomic data and often there is no
scientific consensus, or, at least, not enoughnieahdescription of the physical or biological
process.

For example, solil surface nitrogen balance has pegposed as an indicator of nitrogen (N)
leaching risk. The N balance is composed of N issiurry/manure, fertilizers, N fixation, N
deposition, and N content of the seeds) minus Npuwst (harvest, atmospheric losses).
However, the calculation of N balance, which colédan indicator of acceptable relevance,
is still not completely reliable. It is indeed dffilt to obtain N fixation, ammonia
volatilization and losses via denitrification. Whs more, N leaching is affected by climatic
factors (precipitation, frost, temperature) andl swoperties (infiltration, capacity, water
holding capacity).

Of course, this is softened by the fact that sam@ortant physico-ecological models exist.

- Models like STICS use agricultural input data, techl parameterization and defined
physico-geochemical conditions to assess emissions.

- By using ORCHIDEE it is possible to obtain the fieack of land use on land
potential (at least from a physical point of viewce it is mainly through GHG
emission and climate change).

Eventually, if a full spatialization is done, OR@ME could be used to assess the impacts of
climate change on field potential, and Nexus cooédused to evaluate the surface and
agricultural techniques, to assess the quantityerofssions in C@equivalent. Regional



climate modifications due to important land usenges could also be taken into account.
Similarly, if irrigation is taken into account, sakation could be taken into account. Other
techniques impacting physico-geochimical environmeould be taken into account.
Yet, biological and purely ecological interactiaare almost impossible to code here since the
science is not advanced enough. For instancentpertance of biodiversity is difficult to
assess, as well as the consequences of eutrophicatiglobal economy etc.

Data sets origins:

 Crop surfaces: ha : per crop type : per country oper country and per AEZ

The GTAP Land cover/use data dataset was used

 Crop yields: kg : per ha : per crop type : per caintry or per country and per AEZ
The GTAP Land cover/use data dataset was used

Land added value : 2001 US $ : per ha : per crop pe: per country

The GTAP data version 6 was used.

The land added value evolution (in percentage) @625 is furnished by a French laboratory
of economy: Equipe de Recherche en Analyse dei@gst et Modélisation Economiques
(ERASME).

* Fertilizer input : N, P,Os and K,O kg : per ha : per crop type : per country

Data collected by EFMA (the European Fertilizer Miatturers Association), published by
Eurostat. An aggregation was done to have it in 8 TAop sectors.

* Pesticides uses : kg active ingredient: per haper crop type : per country

Data collected by ECPA (the European Crop Protectissociation), published by Eurostat.
An aggregation was done to have it in GTAP cropaec

7.1.2.2. A new set of agri-environmental indicators adapteGTAP

Starting from the observation that the existing sétenvironmental indicators are incomplete
and imprecise (see al§010, p.60), and in the absence of data from STAGEORCHIDEE,

we developed a set of environmental indicatorstfier European Countries. To build our
database, our main sources were: Eurostat, FAOS$Rdata, IPCC. All this data required a
long reaggregation phase, in order to make it cailpawith the GTAP crop categories. In
the end, some manipulations had to be done to thakguantities x unitary prices correspond
to the GTAP cost database. The results are strangkjmputable to our sources of data,
many of them resulting from countries’ self repagti or being data reported by producers.

Our indicators comprise:



Pesticide use, Fungicide use, Insecticide us®, #se, PO use, N use, Electricity, Gas, Oll,
Coal, CH, emissions, BD emissions, C®emissions.

They were used in MATISSE simulation (see further).

7.2. The choice of a world representation

Questions about world representation were descrgyestiously. Knowing those different
choice possibilities, we have been constrainedats dvailability.

We don’t have data from ORCHIDEE so spatializati@s out of the question.

Initializing the model is still a problem, so usidgcreasing margin added value was not
possible. Furthermore, it is not a solution sinaedpctions are not independent: they may use
the same piece of land.

So we were constrained to use the fixed crop yéeld added value per ha method. Using
GTAP model data, it is possible to have those gatacrop per country and per AEZ. Two
models were done: one using data per crop and q@enty, the other adding the AEZ
precision. So there are two geographical unitsiptesghe country and the AEZ in a country.

The model is very simple. GTAP-SAGE provides dabeuh the cultivated surface per
geographical unit in 2001. This surface is suppdsdak the largest cultivable surface in the
geographical unit. Surfaces are also known per.crop

In any geographical unit, we have average cropdy{pkr crop), average added value (per
crop), with or without taxes and subsidies. We kawat was the total production in Europe
in 2001.

Furthermore, the input level uses per ha, per itypéas and per crop is known per country (cf
1/). So we know the total input uses in Europeipgut types.

The models consist in maximizing the added valudeugonstraints. Constraints are:

- a maximum cultivable surface by geographical unit
- a minimum production at the European level either
o A: for each crop types,

o B: for each crop types except the first three (@emre gather, summed
weighted by average kJ/kg),

o C: for each types except the first four (gather doynming weighted by
averogis kJ/kg).

We also put different constraints on input usesien@ame quantity as the present European
level per ha, reduction of 1%.

The model was written in GAMS programming code.



7.3. Results

More results are available in the annexes.

As expected, the first results of our model areawotect. When maximizing the added value
with no constraints on input uses, we could expeéind the actual added value. But we find
a European added value that is 4.976 (per countr{).428 (per AEZ & country) times the

actual European added values. If our assumption® wee, it would mean the actual

situation is far from the economic optimal. It iuch more realistic to think it means the
model should be rejected.

Table 4. Effect of environmental policies on addedalues calculated by MATISSE model

added constraint Country Country & AEZ
A: Crop B : Cereal C: Food A: Crop B :Cereal C :Food

none 1 1 1 1 1 1
each input < 99% of original level 0,99242834 | 0,992163009 | 0,992868059 | 0,992996498 | 0,992160706 | 0,992781521
insecticides < 99% of original level | 0,998918334 | 0,998432602 | 0,999490576 | 0,9989995 | 0,998530132 | 0,999037536

fungicides < 99% of original level 1 1 1 1 1 1

- herbicides < 99% of original level 1 1 1 1 1 1
3| al pesticides < 99% of original level | 0,998918334 | 0,998432602 | 0,999490576 | 0,9989995 | 0,998530132 | 0,999037536
% N < 99% of original level 0,999459167 1 1 0,9989995 | 0,999020088 | 0,999518768
S P205 < 99% of original level 1 0,998955068 | 0,999490576 1 0,999020088 | 0,999037536

é K20 < 99% of original level 0,999459167 | 0,998955068 | 0,999490576 1 0,999510044 1
-E- all fert < 99% of original level 0,999459167 | 0,997910136 | 0,998981151 | 0,9989995 | 0,998040176 | 0,998556304

§ electricity < 99% of original level 1 1 1 1 1 1
oil < 99% of original level 0,994050838 | 0,99477534 | 0,995415181 | 0,995497749 | 0,995100441 | 0,995668912

gas < 99% of original level 1 1 1 1 1 1

coal < 99% of original level 1 1 1 1 1 1
each energy < 99% of original level | 0,994050838 | 0,99477534 | 0,995415181 | 0,995497749 | 0,995100441 | 0,995668912

sum E < 99% sum of original E level 1 1 1 1 1 1

The “per AEZ & country” model is worse than the fpsountry” model. Thus, the more
precise we are, the worse the global result is. Seeialization effect, due to uniform added
values, can provide explanation to this phenomeNeany productive areas ensure quantity
production and large added value. Yet, it is a bes when we plan to go on to even more
precision with a grid-point spatialization. Maybey doing this, we will lose time and
accuracy.

When adding the input use constraints (limitatibalbEuropean input uses per input types at
the level of our data), the maximized European ddddue is 1,849 (per country) and 1,999
(per AEZ & country) times the present one.

In the table above, level 1 is fixed at the init@dndition of the model (constraint of
maximum surface by country, and of maximum pollotoy country).

The initial condition of the model differs from tlodbserved data, as mentioned previously.
The sum of initial added values is known. By askitimg it to the initial conditions, we can
derive costs of different environmental policies.

Table 5. Cost of environmental policy calculated bMATISSE model (in $US of 2001)

| | Country | Country & AEZ |



Crop Cereal Food Crop Cereal Food

each input < 99% of original level | 3,35E+08 3,47E+08 3,15E+08 3,10E+08 3,47E+08 3,19E+08

g insecticides < 99% of original level | 4,78E+07 6,93E+07 2,25E+07 4,43E+07 6,50E+07 4,26E+07
E all pesticides < 99% of original level | 4,78E+07 6,93E+07 2,25E+07 4,43E+07 6,50E+07 4,26E+07
'§ N < 99% of original level 2,39E+07 0,00E+00 0,00E+00 4,43E+07 | 4,33E+07 2,13E+07
‘\é_ K20 < 99% of original level 2,39E+07 [ 4,62E+07 2,25E+07 0,00E+00 2,17E+07 0,00E+00
'_E all fert < 99% of original level 2,39E+07 9,24E+07 4,51E+07 4,43E+07 8,67E+07 6,39E+07
§ oil < 99% of original level 2,63E+08 2,31E+08 2,03E+08 1,99E+08 2,17E+08 1,92E+08

each energy < 99% of original level | 2,63E+08 2,31E+08 2,03E+08 1,99E+08 2,17E+08 1,92E+08

Remarks about the results:

- The method used is not correct, but for the moriesthe best we can do, given our
data

- The costs derived are very low, which puts impdrtirubt on the consistency of the
data we used

We could improve this very simple model in differerays:
- By getting better data on input uses

- By getting an idea of how the AEZ will evolve infBpe with climate change: this is
very difficult to do, it requires to work with tHe&SCE and their models, but the AEZ
disaggregation has been done by the project GTAR;ARd it is not obvious we can
do the same type of work

- By doing projections on the evolution of the ecommmpact of the constraints, as a
function of the evolution of the added values. H™imratory of economic research
ERASME, of the Ecole Centrale Paris, will give wesjpctions of the relative
evolution of added values in Europe.



Conclusion

Past and present human behaviors have been chahgiegvironment in a way which seems
irreversible. The consequences of these changet dre felt more and more intensely in
terms of environmental degradation, climate chardgpletion of resources etc. These
changes might affect agriculture potential paraciyl severely, because of the effects of
environmental changes on soil quality and proditgtiwater availability and quality, etc. At
the same time, the evolution of human populatioraggd all over the earth. New very big
centers of demand for food are emerging; some tygebod demand that used to be
somewhat small are going to increase with the asing wealth of the world population.
Some new types of demand for agricultural prodbetge been created, such as biofuels for
example.

In this context, agriculture has a very importamierto play, as it will have to be able to
respond to the future demand for food, energy,evsh landscape management. At the same
time, it will have to undergo dramatic changes, b® able to adapt to the changing
environment. As a consequence, in the future, nbt the centers of demand will be totally
different, but also the centers of agricultural qarction are very likely to shift in the long-
term, as climate patterns are certainly going nge under the effect of global warming, and
the evolution of soil quality might drive some aukts out of some territories.

These phenomenons highlight the need for somebleliols, allowing for some precise
prediction of the new patterns of agricultural proion. These tools are meant to give
information to policy deciders, to help them amate future production patterns and
adequately develop technological research, or lawwevelopment programs, in order to be
able to adapt quickly to the environmental changes.

Technical and economic models of land use perfeatlgress this rising concern. In this
context, it is interesting to try to develop newdals of land use, which try to take into
account increasingly more factors at an increagimgbre precise scale. Nexus Land Use
typically is one of these models, in that it ainh$aking into account more countries than has
ever been done before, with still a big varietyasfd uses represented, and a good number of
different crops. It also considers accounting fomplex phenomenon in the most accurate
way possible, such as crop water requirementsggrial pollution, and animal production,
in a spatialized way. But this ambition requiregraat degree of precision in data and
conceptualization. As we have seen for the MATIS@®Bject, which certainly is too
simplistic, adding precision doesn’t always adduaacy in the representation of reality. As a
consequence, Nexus is still embryonic, and it wetjuire a lot of time and work to be able to
make accurate projections some day.
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Annexes : Matisse simulation results

The tables of simulation results are classified:
- per geographic unit: country / country and AEZ
- per production constrain: on each GTAP crop typmas GTAP crop types, cereals
being gathered / on GTAP crop types, food prodbneisg gathered
- per data type: percentage of European added vadsedue to the constrain / in 2001
US $ due to the constrain.



Per country, Cat A, % of European added value loss

year each |insecticides fungicides| herbicide§ each sum | N <99%| P205 <| K20 < | each fert] sum fert| electricity| oil < gas< | coal< each | sumE<
input < | <99% of | <99% of | < 99% of | pesticideg pesticide§  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%
99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level | original | original
level level original level level level E level
level
2000 1,380 0,212 0,159 0,000 0,372 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,902 0,000 0,000 0,902 0,000
2001 1,380 0,212 0,106 0,000 0,318 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,902 0,000 0,000 0,902 0,000
2002 1,432 0,212 0,159 0,000 0,371 0,000 0,000 0,159 0,000 0,159 0,000 0,000 0,902 0,000 0,000 0,902 0,000
2003 1,379 0,212 0,159 0,000 0,371 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,902 0,000 0,000 0,902 0,000
2004 1,432 0,212 0,159 0,000 0,371 0,000 0,000 0,159 0,000 0,159 0,000 0,000 0,901 0,000 0,000 0,901 0,000
2005 1,431 0,265 0,159 0,000 0,371 0,000 0,053 0,159 0,000 0,159 0,000 0,000 0,901 0,000 0,000 0,901 0,000
2006 1,430 0,212 0,159 0,000 0,371 0,000 0,000 0,159 0,000 0,159 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2007 1,376 0,212 0,159 0,000 0,371 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2008 1,376 0,212 0,106 0,000 0,317 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,899 0,000 0,000 0,899 0,000
2009 1,427 0,211 0,159 0,000 0,370 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,899 0,000 0,000 0,899 0,000
2010 1,373 0,211 0,106 0,000 0,317 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,898 0,000 0,000 0,898 0,000
2011 1,425 0,211 0,158 0,000 0,369 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,950 0,000 0,000 0,950 0,000
2012 1,371 0,211 0,105 0,000 0,369 0,000 0,000 0,105 0,000 0,105 0,000 0,000 0,897 0,000 0,000 0,897 0,000
2013 1,371 0,211 0,105 0,000 0,369 0,000 0,000 0,105 0,000 0,105 0,000 0,000 0,896 0,000 0,000 0,896 0,000
2014 1,370 0,211 0,105 0,000 0,369 0,000 0,000 0,105 0,000 0,105 0,000 0,000 0,896 0,000 0,000 0,896 0,000
2015 1,422 0,211 0,105 0,000 0,369 0,000 0,000 0,105 0,000 0,105 0,000 0,000 0,948 0,000 0,000 0,948 0,000
2016 1,369 0,211 0,105 0,000 0,316 0,000 0,000 0,105 0,000 0,105 0,000 0,000 0,895 0,000 0,000 0,895 0,000
2017 1,421 0,263 0,158 0,000 0,368 0,000 0,000 0,158 0,000 0,158 0,000 0,000 0,947 0,000 0,000 0,947 0,000
2018 1,421 0,263 0,158 0,000 0,368 0,000 0,000 0,158 0,000 0,158 0,000 0,000 0,947 0,000 0,000 0,947 0,000
2019 1,422 0,211 0,105 0,000 0,316 0,000 0,000 0,105 0,000 0,105 0,000 0,000 0,948 0,000 0,000 0,948 0,000
2020 1,422 0,263 0,105 0,000 0,369 0,000 0,000 0,158 0,000 0,158 0,000 0,000 0,948 0,000 0,000 0,948 0,000
2021 1,423 0,263 0,105 0,000 0,369 0,000 0,000 0,105 0,000 0,158 0,000 0,000 0,948 0,000 0,000 0,948 0,000
2022 1,423 0,264 0,105 0,000 0,369 0,000 0,053 0,158 0,000 0,158 0,000 0,000 1,002 0,000 0,000 1,002 0,000
2023 1,425 0,211 0,106 0,000 0,317 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,950 0,000 0,000 0,950 0,000
2024 1,426 0,264 0,106 0,000 0,370 0,000 0,053 0,158 0,000 0,158 0,000 0,000 0,950 0,000 0,000 0,950 0,000
2025 1,427 0,264 0,106 0,000 0,370 0,000 0,000 0,106 0,000 0,106 0,000 0,000 0,951 0,000 0,000 0,951 0,000




Modeling land use

Per country, Cat A, cost of emission reductiorhatEuropean level in 2001 US $

year | each insecticideg fungicides| herbicideg each sum N <99%| P205 < K20 <|each ferf sum fert| electricity| oil <|gas </ coal <|each sum E <
input <|< 99% of|< 99% of| < 99% of| pesticideg pesticideg of 99% o0of| 99% off< 99%|< 99%|< 99% of| 99% of| 99% of| 99% of| energy < 99%
99% of| original original |original |< 99% ofl<  99%| original | original | original | of sum original | original | original | original |99% of| sum
original | level level level original | sum level level level original | original | level level level level original | original
level level original level level level E level
level
2000| 6,10E+08] 9,39E+07| 7,04E+07| 0,00E+00| 1,64E+08 0,00E+00| 0,00E+00| 4,70E+07| 0,00E+00| 4,70E+07| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00|
2001| 6,10E+08] 9,39E+07| 4,70E+07| 0,00E+00| 1,41E+08 0,00E+00| 0,00E+00| 4,70E+07| 0,00E+00| 4,70E+07| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00,
2002| 6,34E+08 9,39E+07| 7,04E+07| 0,00E+00| 1,64E+08| 0,00E+00| 0,00E+00| 7,04E+07| 0,00E+00| 7,04E+07| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00
2003| 6,10E+08 9,39E+07| 7,04E+07| 0,00E+00| 1,64E+08| 0,00E+00| 0,00E+00| 4,69E+07| 0,00E+00| 4,69E+07| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00
2004| 6,33E+08 9,38E+07| 7,04E+07| 0,00E+00| 1,64E+08| 0,00E+00| 0,00E+00| 7,04E+07| 0,00E+00| 7,04E+07| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00
2005| 6,33E+08 1,17E+08| 7,03E+07| 0,00E+00 1,64E+08| 0,00E+00| 2,34E+07| 7,03E+07| 0,00E+00| 7,03E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00|
2006| 6,33E+08 9,37E+07| 7,03E+07| 0,00E+00| 1,64E+08| 0,00E+00| 0,00E+00| 7,03E+07| 0,00E+00| 7,03E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2007| 6,09E+08 9,37E+07| 7,02E+07| 0,00E+00| 1,64E+08| 0,00E+00| 0,00E+00| 4,68E+07| 0,00E+00| 4,68E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2008| 6,08E+08| 9,36E+07| 4,68E+07| 0,00E+00| 1,40E+08| 0,00E+00| 0,00E+00| 4,68E+07| 0,00E+00| 4,68E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00|
2009| 6,31E+08] 9,35E+07| 7,01E+07| 0,00E+00| 1,64E+08| 0,00E+00| 0,00E+00| 4,68E+07| 0,00E+00| 4,68E+07| 0,00E+00| 0,00E+00| 3,97E+08| 0,00E+00| 0,00E+00| 3,97E+08| 0,00E+00|
2010| 6,08E+08] 9,35E+07| 4,67E+07| 0,00E+00| 1,40E+08 0,00E+00| 0,00E+00| 4,67E+07| 0,00E+00| 4,67E+07| 0,00E+00| 0,00E+00| 3,97E+08| 0,00E+00| 0,00E+00| 3,97E+08| 0,00E+00|
2011| 6,30E+08|  9,34E+07| 7,00E+07| 0,00E+00| 1,63E+08 0,00E+00| 0,00E+00| 4,67E+07| 0,00E+00| 4,67E+07| 0,00E+00| 0,00E+00| 4,20E+08| 0,00E+00| 0,00E+00| 4,20E+08| 0,00E+00|
2012| 6,07E+08| 9,33E+07| 4,67E+07| 0,00E+00| 1,63E+08| 0,00E+00| 0,00E+00| 4,67E+07| 0,00E+00| 4,67E+07| 0,00E+00| 0,00E+00| 3,97E+08| 0,00E+00| 0,00E+00| 3,97E+08| 0,00E+00|
2013| 6,06E+08] 9,33E+07| 4,66E+07| 0,00E+00| 1,63E+08| 0,00E+00| 0,00E+00| 4,66E+07| 0,00E+00| 4,66E+07| 0,00E+00| 0,00E+00| 3,96E+08| 0,00E+00| 0,00E+00| 3,96E+08| 0,00E+00,
2014| 6,06E+08 9,32E+07| 4,66E+07| 0,00E+00| 1,63E+08| 0,00E+00| 0,00E+00| 4,66E+07| 0,00E+00| 4,66E+07| 0,00E+00| 0,00E+00| 3,96E+08| 0,00E+00| 0,00E+00| 3,96E+08| 0,00E+00
2015| 6,29E+08 9,32E+07| 4,66E+07| 0,00E+00| 1,63E+08| 0,00E+00| 0,00E+00| 4,66E+07| 0,00E+00| 4,66E+07| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00
2016| 6,06E+08 9,32E+07| 4,66E+07| 0,00E+00| 1,40E+08| 0,00E+00| 0,00E+00| 4,66E+07| 0,00E+00| 4,66E+07| 0,00E+00| 0,00E+00| 3,96E+08| 0,00E+00| 0,00E+00| 3,96E+08| 0,00E+00
2017| 6,29E+08 1,16E+08| 6,98E+07| 0,00E+00 1,63E+08/ 0,00E+00| 0,00E+00| 6,98E+07| 0,00E+00| 6,98E+07| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00|
2018| 6,29E+08 1,16E+08| 6,98E+07| 0,00E+00 1,63E+08/ 0,00E+00| 0,00E+00| 6,98E+07| 0,00E+00| 6,98E+07| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00|
2019| 6,29E+08 9,32E+07| 4,66E+07| 0,00E+00| 1,40E+08| 0,00E+00| 0,00E+00| 4,66E+07| 0,00E+00| 4,66E+07| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00
2020| 6,29E+08| 1,16E+08| 4,66E+07| 0,00E+00| 1,63E+08 0,00E+00| 0,00E+00| 6,99E+07| 0,00E+00| 6,99E+07| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00|
2021| 6,29E+08| 1,17E+08| 4,66E+07| 0,00E+00| 1,63E+08 0,00E+00| 0,00E+00| 4,66E+07| 0,00E+00| 6,99E+07| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00| 0,00E+00| 4,19E+08| 0,00E+00|
2022| 6,30E+08| 1,17E+08| 4,66E+07| 0,00E+00| 1,63E+08 0,00E+00| 2,33E+07| 7,00E+07| 0,00E+00| 7,00E+07| 0,00E+00| 0,00E+00| 4,43E+08| 0,00E+00| 0,00E+00| 4,43E+08| 0,00E+00,
2023| 6,30E+08|  9,34E+07| 4,67E+07| 0,00E+00| 1,40E+08| 0,00E+00| 0,00E+00| 4,67E+07 0,00E+00| 4,67E+07| 0,00E+00| 0,00E+00| 4,20E+08| 0,00E+00| 0,00E+00| 4,20E+08| 0,00E+00|
2024| 6,31E+08] 1,17E+08| 4,67E+07| 0,00E+00| 1,63E+08| 0,00E+00| 2,34E+07| 7,01E+07| 0,00E+00| 7,01E+07| 0,00E+00| 0,00E+00| 4,20E+08| 0,00E+00| 0,00E+00| 4,20E+08| 0,00E+00|
2025 6,31E+08 1,17E+08| 4,68E+07| 0,00E+00 1,64E+08| 0,00E+00| 0,00E+00| 4,68E+07| 0,00E+00| 4,68E+07| 0,00E+00| 0,00E+00| 4,21E+08| 0,00E+00| 0,00E+00| 4,21E+08| 0,00E+00|
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Modeling land use

Per country, Cat B, % of European added value loss

year each |insecticides fungicides| herbicide§ each sum | N<99%| P205 <| K20 < | each fert| sum fert| electricity| oil < gas< | coal < each | sumE<
input< | <99% of | <99% of | < 99% of | pesticideg pesticide§  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%
99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level | original | original
level level original level level level E level
level
2000 1,313 0,101 0,152 0,000 0,303 0,000 0,000 0,152 0,000 0,152 0,000 0,000 0,859 0,000 0,000 0,859 0,000
2001 1,363 0,151 0,202 0,000 0,303 0,000 0,000 0,202 0,000 0,202 0,000 0,000 0,909 0,000 0,000 0,909 0,000
2002 1,363 0,101 0,202 0,000 0,303 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,858 0,000 0,000 0,858 0,000
2003 1,312 0,101 0,151 0,000 0,303 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,858 0,000 0,000 0,858 0,000
2004 1,362 0,101 0,202 0,000 0,303 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,858 0,000 0,000 0,858 0,000
2005 1,362 0,101 0,202 0,000 0,303 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,857 0,000 0,000 0,857 0,000
2006 1,310 0,101 0,151 0,000 0,302 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,857 0,000 0,000 0,857 0,000
2007 1,360 0,101 0,201 0,000 0,302 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,906 0,000 0,000 0,906 0,000
2008 1,358 0,151 0,201 0,000 0,302 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,905 0,000 0,000 0,905 0,000
2009 1,357 0,151 0,201 0,000 0,302 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,905 0,000 0,000 0,905 0,000
2010 1,355 0,151 0,201 0,000 0,301 0,000 0,000 0,151 0,000 0,151 0,000 0,000 0,904 0,000 0,000 0,904 0,000
2011 1,354 0,150 0,201 0,000 0,301 0,000 0,000 0,201 0,000 0,201 0,000 0,000 0,903 0,000 0,000 0,903 0,000
2012 1,353 0,100 0,150 0,000 0,301 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,902 0,000 0,000 0,902 0,000
2013 1,352 0,150 0,200 0,000 0,300 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,901 0,000 0,000 0,901 0,000
2014 1,351 0,100 0,150 0,000 0,300 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,901 0,000 0,000 0,901 0,000
2015 1,351 0,100 0,150 0,000 0,250 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2016 1,350 0,100 0,150 0,000 0,250 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2017 1,349 0,150 0,150 0,000 0,300 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2018 1,349 0,100 0,150 0,000 0,250 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2019 1,349 0,100 0,150 0,000 0,250 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2020 1,349 0,150 0,150 0,000 0,300 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,950 0,000 0,000 0,950 0,000
2021 1,350 0,100 0,150 0,000 0,250 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2022 1,351 0,100 0,150 0,000 0,250 0,000 0,000 0,100 0,000 0,100 0,000 0,000 0,900 0,000 0,000 0,900 0,000
2023 1,351 0,150 0,150 0,000 0,250 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,951 0,000 0,000 0,951 0,000
2024 1,402 0,150 0,150 0,000 0,300 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,951 0,000 0,000 0,951 0,000
2025 1,404 0,150 0,150 0,000 0,301 0,000 0,000 0,150 0,000 0,150 0,000 0,000 0,952 0,000 0,000 0,952 0,000
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Modeling land use

Per country, Cat B, cost of emission reductiorhatEuropean level in 2001 US $

year | each insecticideg fungicides| herbicideq each sum N <99%| P205 <| K20 <|each ferf sum fert| electricity| oil <|gas <|coal <|each sum E <
input <|< 99% off < 99% of| < 99% of| pesticides pesticideg of 99% of{ 99% of|< 99%|< 99%|< 99% of| 99% of| 99% of| 99% of| energy < 99%
99% of| original original | original | < 99% of| <  99%| original | original | original | of sum original | original | original | original |99% of| sum
original | level level level original | sum level level level original | original | level level level level original | original
level level original level level level E level
level
2000| 5,81E+08| 4,47E+07| 6,70E+07| 0,00E+00| 1,34E+08| 0,00E+00| 0,00E+00| 6,70E+07| 0,00E+00| 6,70E+07| 0,00E+00| 0,00E+00| 3,80E+08| 0,00E+00| 0,00E+00| 3,80E+08| 0,00E+00
2001| 6,03E+08| 6,70E+07| 8,93E+07| 0,00E+00| 1,34E+08| 0,00E+00| 0,00E+00| 8,93E+07| 0,00E+00| 8,93E+07| 0,00E+00| 0,00E+00| 4,02E+08| 0,00E+00| 0,00E+00| 4,02E+08| 0,00E+00
2002| 6,03E+08 4,47E+07| 8,93E+07| 0,00E+00| 1,34E+08| 0,00E+00| 0,00E+00| 6,70E+07| 0,00E+00| 6,70E+07| 0,00E+00| 0,00E+00| 3,80E+08| 0,00E+00| 0,00E+00| 3,80E+08| 0,00E+00
2003| 5,81E+08 4,47E+07| 6,70E+07| 0,00E+00| 1,34E+08| 0,00E+00| 0,00E+00| 6,70E+07| 0,00E+00| 6,70E+07| 0,00E+00| 0,00E+00| 3,80E+08| 0,00E+00| 0,00E+00| 3,80E+08| 0,00E+00
2004| 6,03E+08 4,46E+07| 8,93E+07| 0,00E+00| 1,34E+08| 0,00E+00| 0,00E+00| 6,70E+07| 0,00E+00| 6,70E+07| 0,00E+00| 0,00E+00| 3,79E+08| 0,00E+00| 0,00E+00| 3,79E+08| 0,00E+00
2005| 6,02E+08 4,46E+07| 8,92E+07| 0,00E+00| 1,34E+08| 0,00E+00| 0,00E+00| 6,69E+07| 0,00E+00| 6,69E+07| 0,00E+00| 0,00E+00| 3,79E+08| 0,00E+00| 0,00E+00| 3,79E+08| 0,00E+00
2006| 5,80E+08 4,46E+07| 6,69E+07| 0,00E+00| 1,34E+08| 0,00E+00| 0,00E+00| 6,69E+07| 0,00E+00| 6,69E+07| 0,00E+00| 0,00E+00| 3,79E+08| 0,00E+00| 0,00E+00| 3,79E+08| 0,00E+00
2007| 6,01E+08 4,45e+07| 8,91E+07| 0,00E+00| 1,34E+08| 0,00E+00| 0,00E+00| 6,68E+07| 0,00E+00| 6,68E+07| 0,00E+00| 0,00E+00| 4,01E+08| 0,00E+00| 0,00E+00| 4,01E+08| 0,00E+00
2008| 6,01E+08| 6,67E+07| 8,90E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,67E+07| 0,00E+00| 6,67E+07| 0,00E+00| 0,00E+00| 4,00E+08| 0,00E+00| 0,00E+00| 4,00E+08| 0,00E+00
2009| 6,00E+08| 6,67E+07| 8,89E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,67E+07| 0,00E+00| 6,67E+07| 0,00E+00| 0,00E+00| 4,00E+08| 0,00E+00| 0,00E+00| 4,00E+08| 0,00E+00
2010| 6,00E+08| 6,66E+07| 8,88E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,66E+07| 0,00E+00| 6,66E+07| 0,00E+00| 0,00E+00| 4,00E+08| 0,00E+00| 0,00E+00| 4,00E+08| 0,00E+00
2011| 5,99E+08| 6,65E+07| 8,87E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 8,87E+07| 0,00E+00| 8,87E+07| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00
2012| 5,99E+08| 4,43E+07| 6,65E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,65E+07| 0,00E+00| 6,65E+07| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00
2013| 5,98E+08| 6,64E+07| 8,86E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,64E+07| 0,00E+00| 6,64E+07| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00| 0,00E+00| 3,99E+08| 0,00E+00
2014| 5,98E+08 4,43E+07| 6,64E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,64E+07| 0,00E+00| 6,64E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2015| 5,97E+08 4,43E+07| 6,64E+07| 0,00E+00| 1,11E+08| 0,00E+00| 0,00E+00| 6,64E+07| 0,00E+00| 6,64E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2016| 5,97E+08 4,42E+07| 6,63E+07| 0,00E+00| 1,11E+08| 0,00E+00| 0,00E+00| 6,63E+07| 0,00E+00| 6,63E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2017| 5,97E+08 6,63E+07| 6,63E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,63E+07| 0,00E+00| 6,63E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2018| 5,97E+08 4,42E+07| 6,63E+07| 0,00E+00| 1,11E+08| 0,00E+00| 0,00E+00| 6,63E+07| 0,00E+00| 6,63E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2019| 5,97E+08 4,42E+07| 6,63E+07| 0,00E+00| 1,11E+08| 0,00E+00| 0,00E+00| 6,63E+07| 0,00E+00| 6,63E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2020| 5,97E+08| 6,63E+07| 6,63E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,63E+07| 0,00E+00| 6,63E+07| 0,00E+00| 0,00E+00| 4,20E+08| 0,00E+00| 0,00E+00| 4,20E+08| 0,00E+00
2021| 5,97E+08| 4,42E+07| 6,63E+07| 0,00E+00| 1,11E+08| 0,00E+00| 0,00E+00| 6,63E+07| 0,00E+00| 6,63E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2022| 597E+08| 4,43E+07| 6,64E+07| 0,00E+00| 1,11E+08| 0,00E+00| 0,00E+00| 4,43E+07| 0,00E+00| 4,43E+07| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00| 0,00E+00| 3,98E+08| 0,00E+00
2023| 5,98E+08| 6,64E+07| 6,64E+07| 0,00E+00| 1,11E+08| 0,00E+00| 0,00E+00| 6,64E+07| 0,00E+00| 6,64E+07| 0,00E+00| 0,00E+00| 4,21E+08| 0,00E+00| 0,00E+00| 4,21E+08| 0,00E+00
2024| 6,20E+08| 6,64E+07| 6,64E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,64E+07| 0,00E+00| 6,64E+07| 0,00E+00| 0,00E+00| 4,21E+08| 0,00E+00| 0,00E+00| 4,21E+08| 0,00E+00
2025| 6,21E+08 6,65E+07| 6,65E+07| 0,00E+00| 1,33E+08| 0,00E+00| 0,00E+00| 6,65E+07| 0,00E+00| 6,65E+07| 0,00E+00| 0,00E+00| 4,21E+08| 0,00E+00| 0,00E+00| 4,21E+08| 0,00E+00

119



Modeling land use

Per country, Cat C, % of European added value loss

year each |insecticides fungicides| herbicide§ each sum | N<99%| P205 <| K20 < | each fert| sum fert| electricity| oil < gas< | coal < each | sumE<
input< | <99% of | <99% of | < 99% of | pesticideg pesticide§  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%
99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level | original | original
level level original level level level E level
level
2000 0,839 0,099 0,148 0,000 0,296 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,493 0,000 0,000 0,493 0,000
2001 0,888 0,148 0,197 0,000 0,345 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,542 0,000 0,000 0,542 0,000
2002 0,888 0,148 0,197 0,000 0,296 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,493 0,000 0,000 0,493 0,000
2003 0,838 0,099 0,148 0,000 0,296 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,493 0,000 0,000 0,493 0,000
2004 0,887 0,148 0,197 0,000 0,296 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,493 0,000 0,000 0,493 0,000
2005 0,887 0,148 0,197 0,000 0,296 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,493 0,000 0,000 0,493 0,000
2006 0,837 0,098 0,148 0,000 0,295 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,492 0,000 0,000 0,492 0,000
2007 0,885 0,148 0,197 0,000 0,344 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,541 0,000 0,000 0,541 0,000
2008 0,885 0,147 0,197 0,000 0,344 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,541 0,000 0,000 0,541 0,000
2009 0,884 0,098 0,147 0,000 0,295 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,540 0,000 0,000 0,540 0,000
2010 0,883 0,147 0,196 0,000 0,294 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,540 0,000 0,000 0,540 0,000
2011 0,882 0,147 0,196 0,000 0,343 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,539 0,000 0,000 0,539 0,000
2012 0,882 0,147 0,196 0,000 0,294 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,539 0,000 0,000 0,539 0,000
2013 0,881 0,098 0,147 0,000 0,294 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,539 0,000 0,000 0,539 0,000
2014 0,881 0,147 0,147 0,000 0,294 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,538 0,000 0,000 0,538 0,000
2015 0,881 0,147 0,147 0,000 0,294 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,538 0,000 0,000 0,538 0,000
2016 0,881 0,098 0,147 0,000 0,294 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,538 0,000 0,000 0,538 0,000
2017 0,929 0,147 0,196 0,000 0,293 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,587 0,000 0,000 0,587 0,000
2018 0,929 0,147 0,196 0,000 0,293 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,587 0,000 0,000 0,587 0,000
2019 0,881 0,147 0,147 0,000 0,294 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,587 0,000 0,000 0,587 0,000
2020 0,881 0,098 0,147 0,000 0,245 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,538 0,000 0,000 0,538 0,000
2021 0,881 0,098 0,147 0,000 0,245 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,588 0,000 0,000 0,588 0,000
2022 0,931 0,147 0,147 0,000 0,294 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,588 0,000 0,000 0,588 0,000
2023 0,883 0,098 0,147 0,000 0,245 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,589 0,000 0,000 0,589 0,000
2024 0,884 0,098 0,147 0,000 0,245 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,589 0,000 0,000 0,589 0,000
2025 0,934 0,147 0,147 0,000 0,295 0,000 0,000 0,049 0,000 0,049 0,000 0,000 0,639 0,000 0,000 0,639 0,000
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Modeling land use

Per country, Cat C, cost of emission reductiomatEuropean level in 2001 US $

year | each insecticideg fungicides| herbicideq each sum N <99%| P205 <| K20 <|each ferf sum fert| electricity| oil <|gas <|coal <|each sum E <
input <|< 99% of| < 99% of| < 99% of| pesticides pesticideg of 99% of| 99% of/< 99%|< 99%|< 99% of| 99% of| 99% of| 99% of| energy <| 99%
99% of| original original |original |< 99% of|<  99%| original | original | original | of sum original | original | original |original | 99% of| sum
original | level level level original | sum level level level original | original | level level level level original | original
level level original level level level E level
level

2000] 3,71E+08 4,36E+07| 6,55E+07] 0,00E+00| 1,31E+08] 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00

2001| 3,93E+08 6,54E+07| 8,72E+07| 0,00E+00] 1,53E+08| 0,00E+00| 0,00E+00| 2,18E+07| 0,00E+00| 2,18E+07| 0,00E+00| 0,00E+00| 2,40E+08| 0,00E+00| 0,00E+00| 2,40E+08| 0,00E+00

2002| 3,93E+08]  6,54E+07| 8,72E+07| 0,00E+00| 1,31E+08| 0,00E+00| 0,00E+00| 2,18E+07| 0,00E+00| 2,18E+07| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00

2003| 3,71E+08]  4,36E+07| 6,54E+07| 0,00E+00| 1,31E+08| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00

2004| 3,92E+08)  6,54E+07| 8,72E+07| 0,00E+00| 1,31E+08| 0,00E+00| 0,00E+00| 2,18E+07| 0,00E+00| 2,18E+07| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00

2005| 3,92E+08]  6,54E+07| 8,72E+07| 0,00E+00| 1,31E+08| 0,00E+00| 0,00E+00| 2,18E+07| 0,00E+00| 2,18E+07| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00

2006| 3,70E+08]  4,36E+07| 6,53E+07| 0,00E+00| 1,31E+08| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+00

2007| 3,92E+08)  6,53E+07| 8,70E+07| 0,00E+00| 1,52E+08| 0,00E+00| 0,00E+00| 2,18E+07| 0,00E+00| 2,18E+07| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00

2008| 3,91E+08 6,52E+07| 8,69E+07| 0,00E+00] 1,52E+08| 0,00E+00] 0,00E+00| 2,17E+07| 0,00E+00| 2,17E+07| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00

2009]| 3,91E+08 4,35E+07| 6,52E+07] 0,00E+00| 1,30E+08] 0,00E+00| 0,00E+00| 2,17E+07| 0,00E+00| 2,17E+07| 0,00E+00] 0,00E+00| 2,39E+08| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00

2010]| 3,91E+08 6,51E+07| 8,68E+07| 0,00E+00] 1,30E+08| 0,00E+00] 0,00E+00| 2,17E+07| 0,00E+00| 2,17E+07| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00

2011| 3,90E+08 6,50E+07| 8,67E+07| 0,00E+00] 1,52E+08| 0,00E+00] 0,00E+00| 2,17E+07| 0,00E+00| 2,17E+07| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00| 0,00E+00| 2,39E+08| 0,00E+00

2012| 3,90E+08 6,50E+07| 8,67E+07| 0,00E+00] 1,30E+08| 0,00E+00] 0,00E+00| 2,17E+07| 0,00E+00| 2,17E+07| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00

2013]| 3,90E+08 4,33E+07| 6,50E+07] 0,00E+00| 1,30E+08| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00

2014| 3,90E+08)  6,50E+07| 6,50E+07| 0,00E+00| 1,30E+08| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00

2015| 3,90E+08]  6,49E+07| 6,49E+07| 0,00E+00| 1,30E+08| 0,00E+00| 0,00E+00| 2,16E+07| 0,00E+00| 2,16E+07| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00

2016| 3,90E+08]  4,33E+07| 6,49E+07| 0,00E+00| 1,30E+08| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00

2017| 4,11E+08]  6,49E+07| 8,65E+07| 0,00E+00| 1,30E+08| 0,00E+00| 0,00E+00| 2,16E+07| 0,00E+00| 2,16E+07| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00

2018| 4,11E+08)  6,49E+07| 8,65E+07| 0,00E+00| 1,30E+08| 0,00E+00| 0,00E+00| 2,16E+07| 0,00E+00| 2,16E+07| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00

2019| 3,90E+08)  6,49E+07| 6,49E+07| 0,00E+00| 1,30E+08| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00

2020]| 3,90E+08 4,33E+07| 6,50E+07] 0,00E+00| 1,08E+08] 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00] 0,00E+00] 0,00E+00| 2,38E+08| 0,00E+00| 0,00E+00| 2,38E+08| 0,00E+00

2021| 3,90E+08 4,33E+07| 6,50E+07] 0,00E+00| 1,08E+08] 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00] 0,00E+00] 0,00E+00| 2,60E+08| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00

2022| 4,12E+08 6,50E+07| 6,50E+07| 0,00E+00] 1,30E+08| 0,00E+00] 0,00E+00| 2,17E+07| 0,00E+00| 2,17E+07| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00

2023]| 3,90E+08 4,34E+07| 6,51E+07] 0,00E+00| 1,08E+08] 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00] 0,00E+00] 0,00E+00| 2,60E+08| 0,00E+00| 0,00E+00| 2,60E+08| 0,00E+00

2024| 3,91E+08 4,34E+07| 6,51E+07] 0,00E+00| 1,09E+08] 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00| 0,00E+00] 0,00E+00] 0,00E+00| 2,61E+08| 0,00E+00| 0,00E+00| 2,61E+08| 0,00E+00

2025| 4,13E+08|  6,52E+07| 6,52E+07| 0,00E+00| 1,30E+08 0,00E+00| 0,00E+00| 2,17E+07| 0,00E+00| 2,17E+07| 0,00E+00| 0,00E+00| 2,83E+08| 0,00E+00| 0,00E+00| 2,83E+08| 0,00E+00
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Modeling land use

Per country & AEZ, Cat A, % of European added vahss

year each |insecticides fungicides| herbicided each sum [N <99%| P205 <| K20 < | each fert] sum fert| electricity| oil < gas< | coal< each | sumE<

input < | <99% of | <99% of | <99% of | pesticides pesticides  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%

99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level | original | original

level level original level level level E level

level

2000 1,122 0,187 0,140 0,000 0,327 0,000 4,09 0,000 0,000 0,094 0,00¢ 0,000 0,608 0,0000,000 0,608 0,000
2001 | 1,168 0,234 0,140 0,000 0,374 0,000 @,14 0,047 0,000 0,140 0,00( 0,000 0,6%4 0,0000,000 0,654 0,000
2002 | 1,168 0,234 0,140 0,000 0,374 0,0(*10 3,09 0,000 0,000 0,140 0,00( 0,000 0,6%4 0,0000,000 0,654 0,000
2003 1,168 0,234 0,140 0,000 0,374 0,000 0,14 0,000 0,000 0,140 0,000 0,000 0,654 0,0000,000 0,654 0,000
2004 1,167 0,233 0,187 0,000 0,378 0,000 0,14 0,047 0,000 0,140 0,000 0,000 0,654 0,0000,000 0,654 0,000
2005 | 1,167 0,233 0,140 0,000 0,378 0,000 @,14 0,000 0,000 0,140 0,00( 0,000 0,6%3 0,0000,000 0,653 0,000
2006 | 1,119 0,187 0,140 0,000 0,326 0,0(*10 3,09 0,000 0,000 0,093 0,00( 0,000 0,606 0,0000,000 0,606 0,000
2007 1,164 0,233 0,186 0,000 0,378 0,000 0,14 0,047 0,000 0,140 0,000 0,000 0,652 0,0000,000 0,652 0,000
2008 1,163 0,233 0,140 0,000 0,37 0,000 0,14 0,000 0,000 0,140 0,00¢ 0,000 0,651 0,0000,000 0,651 0,000
2009 | 1,116 0,232 0,139 0,000 0,37 0,000 3,09 0,000 0,000 0,093 0,00( 0,000 0,6%1 0,0000,000 0,651 0,000
2010 | 1,161 0,232 0,139 0,000 0,371 0,0(*10 90,13 0,000 0,000 0,139 0,00( 0,000 0,6%0 0,0000,000 0,650 0,000
2011 1,113 0,232 0,139 0,000 0,371L 0,000 3,09 0,000 0,000 0,093 0,00¢ 0,000 0,649 0,0000,000 0,649 0,000
2012 1,158 0,232 0,139 0,000 0,371L 0,000 D,13 0,046 0,000 0,139 0,00¢ 0,000 0,648 0,0000,000 0,648 0,000
2013 | 1,157 0,231 0,139 0,000 0,370 0,000 3,09 0,000 0,000 0,139 0,00( 0,000 0,648 0,0000,000 0,648 0,000
2014 | 1,156 0,231 0,139 0,000 0,370 0,0(*10 2,09 0,000 0,000 0,139 0,00( 0,000 0,647 0,0000,000 0,647 0,000
2015 1,155 0,231 0,139 0,000 0,370 0,000 20,09 0,000 0,000 0,139 0,00¢ 0,000 0,647 0,0000,000 0,647 0,000
2016 1,108 0,231 0,139 0,000 0,360 0,000 20,09 0,000 0,000 0,092 0,00¢ 0,000 0,600 0,0000,000 0,600 0,000
2017 | 1,153 0,277 0,138 0,000 0,369 0,000 8,13 0,046 0,000 0,138 0,00( 0,000 0,646 0,0000,000 0,646 0,000
2018 | 1,153 0,277 0,138 0,000 0,416 0,0(*10 8,13 0,046 0,000 0,138 0,00( 0,000 0,645 0,0000,000 0,645 0,000
2019 1,107 0,231 0,138 0,000 0,36D 0,000 20,09 0,000 0,000 0,092 0,000 0,000 0,645 0,0000,000 0,645 0,000
2020 1,107 0,231 0,092 0,000 0,36P 0,000 20,09 0,000 0,000 0,092 0,00¢ 0,000 0,599 0,0000,000 0,599 0,000
2021 | 1,107 0,231 0,092 0,000 0,369 0,000 2,09 0,000 0,000 0,092 0,00( 0,000 0,599 0,0000,000 0,599 0,000
2022 | 1,107 0,231 0,092 0,000 0,369 0,0(*10 2,09 0,000 0,000 0,092 0,00( 0,000 0,645 0,0000,000 0,645 0,000
2023 1,153 0,277 0,138 0,000 0,36D 0,000 8,13 0,046 0,000 0,138 0,00¢ 0,000 0,645 0,0000,000 0,645 0,000
2024 1,153 0,277 0,138 0,000 0,36D 0,000 8,13 0,046 0,000 0,138 0,00¢ 0,000 0,646 0,0000,000 0,646 0,000
2025 | 1,108 0,231 0,092 0,000 0,328 0,000 2,09 0,000 0,000 0,092 0,00( 0,000 0,646 0,0000,000 0,646 0,000
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Modeling land use

Per country & AEZ, Cat A, cost of emission reductad the European level in 2001 US $

year each |insecticides fungicides| herbicide§ each sum | N<99%| P205 <| K20 < | each fert| sum fert| electricity| oil < gas< | coal < each | sumE<

input < | <99% of | <99% of | < 99% of | pesticideg pesticide§  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%

99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level | original | original

level level original level level level E level

level

2000 | 4,54E+08| 7,57E+07 | 5,68E+07| 0,00E+00 1,33E+0p8 0,00E4+00 3,09H+0,00E+00 0,00E+0p 3,79E+)D,00E+00| 0,00E+00| 2,46E+0% 0,00E+00| 0,00E+00| 2,46E+08 0,00E+Q
2001 | 4,73E+08| 9,46E+07 5,68E+07] 0,00E+0Dp 1,51E+08 0,00E4+00 5,68E+1,89E+07| 0,00E+0p 5,68E+()D,00E+00| 0,00E+00| 2,65E+08 0,00E+00| 0,00E+00| 2,65E+08 0,00E+Q
2002 | 4,73E+08| 9,46E+07 5,68E+07] 0,00E+0Dp 1,51E+08 0,00E4+00 3,09E+0,00E+00 0,00E+0p 5,68E+(0)D,00E+00| 0,00E+00| 2,65E+08 0,00E+00| 0,00E+00| 2,65E+08 0,00E+Q
2003 | 4,73E+08| 9,46E+07 | 5,68E+07| 0,00E+00 151E+p8 0,00E400 5,68H+0,00E+00 0,00E+0p 5,68E+)D,00E+00| 0,00E+00| 2,65E+08% 0,00E+00| 0,00E+00| 2,65E+08 0,00E+(Q
2004 | 4,73E+08| 9,45E+07 | 7,56E+07| 0,00E+00 151E+Dp8 0,00E400 5,67H+1,89E+07] 0,00E+00 5,67E+)D,00E+00| 0,00E+00| 2,65E+0% 0,00E+00| 0,00E+00| 2,65E+08 0,00E+Q
2005 | 4,73E+08| 9,45E+07 5,67E+07] 0,00E+0Dp 1,51E+08 0,00E4+00 5,67E+0,00E+00 0,00E+0p 5,67E+(0D,00E+00| 0,00E+00| 2,65E+08 0,00E+00| 0,00E+00| 2,65E+08 0,00E+Q
2006 | 4,53E+08| 7,56E+07 5,67E+07] 0,00E+0Dp 1,32E+08 0,00E+00 3,08E+0,00E+00 0,00E+0p 3,78E+(0D,00E+00| 0,00E+00| 2,46E+08 0,00E+00| 0,00E+00| 2,46E+08 0,00E+Q
2007 | 4,72E+08| 9,43E+07 | 7,55E+07| 0,00E+00 151E+p8 0,00E400 5,68H+1,89E+07] 0,00E+00 5,66E+)D,00E+00| 0,00E+00| 2,64E+08% 0,00E+00| 0,00E+00| 2,64E+08 0,00E+(Q
2008 | 4,71E+08| 9,42E+07 | 5,65E+07| 0,00E+0p 1,51E+Dp8 0,00E400 5,63H+0,00E+00 0,00E+0p 5,65E+)D,00E+00| 0,00E+00| 2,64E+0% 0,00E+00| 0,00E+00| 2,64E+08 0,00E+Q
2009 | 4,52E+08| 9,41E+07 5,65E+07] 0,00E+0Dp 1,51E+08 0,00E4+00 3,07E+0,00E+00 0,00E+0p 3,77E+(0D,00E+00| 0,00E+00| 2,64E+08 0,00E+00| 0,00E+00| 2,64E+08 0,00E+Q
2010 | 4,70E+08| 9,40E+07 5,64E+07] 0,00E+0Dp 1,50E+08 0,00E4+00 5,64E+0,00E+00 0,00E+0p 5,64E+(0D,00E+00| 0,00E+00| 2,63E+08 0,00E+00| 0,00E+00| 2,63E+08 0,00E+Q
2011 | 451E+08| 9,39E+07 | 5,64E+07| 0,00E+00 1,50E+0p8 0,00E400 3,08H+0,00E+00 0,00E+0p 3,76E+)D,00E+00| 0,00E+00| 2,63E+08% 0,00E+00| 0,00E+00| 2,63E+08$ 0,00E+(Q
2012 | 4,69E+08| 9,38E+07 | 5,63E+07| 0,00E+0p 1,50E+Dp8 0,00E400 5,63H+1,88E+07] 0,00E+0p 5,63E+)D,00E+00| 0,00E+00| 2,63E+0% 0,00E+00| 0,00E+00| 2,63E+08 0,00E+Q
2013 | 4,69E+08| 9,37E+07 5,62E+07] 0,00E+0Dp 1,50E+08 0,00E+00 3,03E+0,00E+00 0,00E+0p 5,62E+()D,00E+00| 0,00E+00| 2,62E+08 0,00E+00| 0,00E+00| 2,62E+08 0,00E+Q
2014 | 4,68E+08| 9,36E+07 5,62E+07] 0,00E+0Dp 1,50E+08 0,00E4+00 3,03E+0,00E+00 0,00E+0p 5,62E+(0)D,00E+00| 0,00E+00| 2,62E+08 0,00E+00| 0,00E+00| 2,62E+08 0,00E+Q
2015 | 4,68E+08| 9,35E+07 | 5,61E+07| 0,00E+00 1,50E+0p8 0,00E400 3,04H+0,00E+00 0,00E+0p 5,61E+)D,00E+00| 0,00E+00| 2,62E+08% 0,00E+00| 0,00E+00| 2,62E+08 0,00E+(Q
2016 | 4,49E+08| 9,35E+07 | 5,61E+07| 0,00E+00 1,50E+Dp8 0,00E4+00 3,04H+0,00E+00 0,00E+00 3,74E+)D,00E+00| 0,00E+00| 2,43E+0% 0,00E+00| 0,00E+00| 2,43E+08 0,00E+(Q
2017 | 4,67E+08| 1,12E+08 5,60E+07] 0,00E+0Dp 1,49E+08 0,00E4+00 5,60E+1,87E+07| 0,00E+0p 5,60E+()D,00E+00| 0,00E+00| 2,62E+08 0,00E+00| 0,00E+00| 2,62E+08 0,00E+Q
2018 | 4,67E+08| 1,12E+08 5,60E+07] 0,00E+0Dp 1,68E+08 0,00E4+00 5,60E+1,87E+07| 0,00E+0p 5,60E+()D,00E+00| 0,00E+00| 2,61E+08 0,00E+00| 0,00E+00| 2,61E+08 0,00E+Q
2019 | 4,48E+08| 9,34E+07 | 5,60E+07| 0,00E+00 1,49E+0p8 0,00E400 3,03H+0,00E+00 0,00E+0p 3,73E+)D,00E+00| 0,00E+00| 2,61E+08% 0,00E+00| 0,00E+00| 2,61E+08 0,00E+(Q
2020 | 4,48E+08| 9,34E+07 | 3,73E+07| 0,00E+00 1,49E+Dp8 0,00E4+00 3,03H+0,00E+00 0,00E+0p 3,73E+)D,00E+00| 0,00E+00| 2,43E+0% 0,00E+00| 0,00E+00| 2,43E+08 0,00E+(Q
2021 | 4,48E+08| 9,34E+07 3,73E+07| 0,00E+0Dp 1,49E+08 0,00E+00 3,03E+0,00E+00 0,00E+0p 3,73E+(0D,00E+00| 0,00E+00| 2,43E+08 0,00E+00| 0,00E+00| 2,43E+08 0,00E+Q
2022 | 4,48E+08| 9,34E+07 3,73E+07| 0,00E+0Dp 1,49E+08 0,00E4+00 3,03E+0,00E+00 0,00E+0p 3,73E+(0D,00E+00| 0,00E+00| 2,61E+08 0,00E+00| 0,00E+00| 2,61E+08 0,00E+Q
2023 | 4,67E+08| 1,12E+08 | 5,60E+07| 0,00E+00 1,49E+Dp8 0,00E400 5,60H+1,87E+07] 0,00E+0p 5,60E+)D,00E+00| 0,00E+00| 2,61E+08% 0,00E+00| 0,00E+00| 2,61E+08$ 0,00E+(Q
2024 | 4,67E+08| 1,12E+08 | 5,60E+07| 0,00E+00 1,49E+Dp8 0,00E400 5,60H+1,87E+07] 0,00E+0p 5,60E+)D,00E+00| 0,00E+00| 2,62E+0% 0,00E+00| 0,00E+00| 2,62E+08 0,00E+Q
2025 | 4,49E+08| 9,35E+07 3,74E+07| 0,00E+0Dp 1,31E+08 O0,00E+00 3,04E+0,00E+00 0,00E+0p 3,74E+(0D,00E+00| 0,00E+00| 2,62E+08 0,00E+00| 0,00E+00| 2,62E+08 0,00E+Q
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Modeling land use

Per country & AEZ, Cat B, % of European added vébss

year each |insecticides fungicides| herbicide§ each sum [N <99%| P205 <| K20 < | each fert] sum fert| electricity| oil < gas< | coal< each | sumE<

input < | <99% of | <99% of | <99% of | pesticides pesticides  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%

99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level | original | original

level level original level level level E level

level

2000 0,985 0,994 0,993 0,995 0,99p 0,995 9,99 0,994 0,995 0,994 0,995 0,995 0,990 0,9950,995 0,990 0,995
2001 | 0,985 0,994 0,993 0,995 0,99 0,995 9,99 0,994 0,995 0,994 0,995 0,99% 0,990 0,9950,995 0,990 0,995
2002 | 0,985 0,994 0,994 0,995 0,99 0,995 9,99 0,994 0,995 0,994 0,995 0,99% 0,990 0,9950,995 0,990 0,995
2003 0,985 0,994 0,993 0,995 0,99p 0,995 9,99 0,994 0,995 0,994 0,995 0,995 0,990 0,9950,995 0,990 0,995
2004 0,985 0,994 0,993 0,995 0,99p 0,995 9,99 0,994 0,995 0,994 0,995 0,995 0,990 0,9950,995 0,990 0,995
2005 | 0,985 0,994 0,994 0,995 0,99 0,995 9,99 0,994 0,995 0,994 0,995 0,99% 0,990 0,9950,995 0,990 0,995
2006 | 0,985 0,994 0,994 0,996 0,99 0,996 0,99 0,994 0,996 0,994 0,996 0,99% 0,990 0,9960,996 0,990 0,996
2007 0,986 0,994 0,994 0,996 0,99p 0,996 0,99 0,995 0,996 0,995 0,996 0,996 0,990 0,9960,996 0,990 0,996
2008 0,985 0,994 0,994 0,995 0,99p 0,995 9,99 0,994 0,995 0,994 0,991 0,995 0,990 0,9950,995 0,990 0,995
2009 | 0,986 0,995 0,994 0,996 0,99 0,996 0,99 0,995 0,996 0,995 0,996 0,996 0,991 0,9960,996 0,991 0,996
2010 | 0,986 0,995 0,994 0,996 0,998 0,996 0,99 0,995 0,996 0,995 0,996 0,996 0,991 0,9960,996 0,991 0,996
2011 0,986 0,995 0,994 0,996 0,99p 0,996 0,99 0,995 0,996 0,995 0,996 0,996 0,991 0,9960,996 0,991 0,996
2012 0,926 0,995 0,995 0,996 0,993 0,996 0,99 0,995 0,996 0,995 0,996 0,996 0,991 0,9960,996 0,991 0,996
2013 | 0,986 0,995 0,995 0,997 0,998 0,997 70,99 0,995 0,997 0,995 0,997 0,996 0,991 0,9970,997 0,991 0,997
2014 1,008 1,017 1,017 1,018 1,01p 1,018 8,01 1,017 1,018 1,017 1,018 1,018 1,013 1,0181,018 1,013 1,018
2015 0,926 0,701 0,958 0,997 0,993 0,997 70,99 0,996 0,997 0,996 0,997 0,997 0,992 0,9970,997 0,992 0,997
2016 0,907 0,996 0,996 0,997 0,994 0,997 70,99 0,996 0,997 0,996 0,997 0,997 0,992 0,9970,997 0,992 0,997
2017 | 0,987 0,996 0,996 0,998 0,994 0,998 8,99 0,996 0,998 0,996 0,994 0,997 0,992 0,9980,998 0,992 0,998
2018 | 0,987 0,996 0,996 0,998 0,994 0,998 8,99 0,996 0,998 0,996 0,994 0,997 0,993 0,9980,998 0,992 0,998
2019 0,804 0,996 0,996 0,999 0,994 0,998 8,99 0,996 0,998 0,996 0,998 0,997 0,992 0,9980,998 0,992 0,998
2020 0,643 0,621 0,800 0,998 0,994 0,998 8,99 0,996 0,998 0,996 0,998 0,998 0,993 0,9980,998 0,993 0,998
2021 | 0,988 0,997 0,996 0,999 0,995 0,999 0,99 0,997 0,999 0,997 0,99¢ 0,998 0,993 0,9990,999 0,993 0,999
2022 | 0,727 0,758 0,996 0,998 0,995 0,998 8,99 0,997 0,998 0,997 0,998 0,998 0,993 0,9980,998 0,993 0,998
2023 0,645 0,622 0,996 0,999 0,996 0,999 0,99 0,997 0,999 0,997 0,994 0,998 0,994 0,9990,999 0,993 0,999
2024 0,632 0,997 0,996 0,999 0,996 0,999 0,99 0,997 0,999 0,997 0,994 0,998 0,994 0,9990,999 0,993 0,999
2025 | 0,867 0,997 0,997 0,999 0,996 0,999 90,99 0,998 0,999 0,998 0,99¢ 0,999 0,994 0,9990,999 0,994 0,999
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Modeling land use

Per country & AEZ, Cat B, cost of emission reductéd the European level in 2001 US $
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year each | insecticides fungicides| herbicide§ each sum | N<99%| P205<| K20 < | each fert| sum fert| electricity| oil < gas< | coal< each | sumE<
input< | <99% of | <99% of | < 99% of | pesticides pesticideg  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%
99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level | original | original
level level original level level level E level
level
2000 | 1,50E+00| 6,36E-01 6,81E-01| 4,54E-01 8,17E-01 4,54E{01 4B8E-6,36E-01| 454E-01 6,36E-Q1 4,54E-D1 4,54E{01 9B@1| 4,54E-01 4,54E-01 9,99E-01 4,54E
2001 | 1,50E+00| 6,36E-01 6,81E-01 4,54E-01 8,17E-01  454E{01 4068E-5090E-01| 4,54E-01 590E-Q1 454E-P1 454E{01 9B01 | 454E-01] 4,54E-01 9,99E-01 4,54E
2002 | 1,50E+00| 5,90E-01 6,36E-01 4,54E-01 8,17E-01 454E{01 4B8E-5090E-01| 454E-01 5090E-Q1 454E-P1 454E{01 9B01 | 454E-01] 454E-01 9,99E-01 4,54E-
2003 | 1,50E+00| 6,35E-01 6,81E-01| 4,54E-01 8,17E-Q1 4,54E{01 4B8E-5090E-01| 454E-01 590E-Q1 4,54E-D1 4,54E{01 9B@1 | 454E-01 4,54E-01 9,99E-01 4,54E4
2004 | 1,50E+00| 6,35E-01 6,81E-01| 4,54E-01 8,17E-01 4,54E{01 4B8E-6,35E-01| 4,54E-01 6,35E-Q1 4,54E-D1 4,54E{01 8B@1| 4,54E-01 4,54E-01 9,98E-01 4,54E
2005 | 1,50E+00| 6,35E-01 6,35E-01 4,54E-01 8,16E-01  454E{01 468E-5090E-01| 4,54E-01 590E-Q1 454E-P1 454Ei01 8B@1 | 454E-01] 4,54E-01 9,98E-01 4,54E-
2006 | 1,45E+00| 5,89E-01 6,35E-01 4,08E-01 7,71E-01 4,08E{01 4,08E-589E-01| 4,08E-01 589E-Q1 4,08Ep1 453Ei01 2BB1| 4,08E-01] 4,08E-01L 9,52E-01 4,08E4
2007 | 1,45E+00| 5,89E-01 6,34E-01| 4,08E-01 7,70E-Q1  4,08E{01 408BE-543E-01| 4,08E-01 543E-Q1 4,08E-p1 4,08E{01 1BH1| 4,08E-01 4,08E-01 9,51E-01 4,08E4
2008 | 1,49E+00| 5,88E-01 6,33E-01| 4,52E-01 8,14E-01 4,52E{01 48PE-588E-01| 452E-01 5,88E-Q1 4,52E-p1 4,52E{01 5081 | 4,52E-01 4,52E-01 9,95E-01 4,52E
2009 | 1,45E+00| 5,42E-01 5,87E-01 4,07E-01 7,68E-01 4,07E{01 40YE-542E-01| 4,07E-01 542E-Q1 4,07EP1 4,07E401 9®@1| 4,07E-01] 4,07E-0L 9,49E-01 4,07E4
2010 1,40E+00| 5,42E-01 5,87E-01 3,61E-01] 7,22E-01  3,61E{01 361K-4,97E-01| 3,61E-01 4,97E-Q1 3,61EP1 3,61E;01 3B01| 3,61E-01] 3,61E-01 9,03E-01 3,61E4
2011 1,40E+00| 5,41E-01 586E-01| 3,61E-01 7,66E-01 3,61E{01 3@1E-541E-01| 3,61E-01 541E-Q1 3,61E-D1 4,06E{01 2B01| 3,61E-01 3,61E-01 9,02E-01 3,61E4
2012 | 7,39E+00| 4,95E-01 541E-01| 3,60E-01 7,21E-01 3,60E{01 3@DE-4095E-01| 3,60E-01 4,95E-Q1 3,60E-pD1 3,60E{01 1M01| 3,60E-01 3,60E-01 9,01E-01 3,60E4
2013 | 1,35E+00| 4,95E-01 5,40E-01 3,15E-01] 6,75E-01  3,15E{01 3,0bE-4,50E-01| 3,15E-01 4,50E-Q1 3,15E-p1 3,60E{01 5861 | 3,15E-01] 3,15E-01 8,55E-01 3,15E4
2014 -7,81E-01] -1,70E+00 | -1,65E+0Q -1,84E+00 -1,47E+00 -1,84E#Q0B4E+00| 1,70E+00| 1,84E+00| 1,70E+00| 1,84E+00| -1,84E+00| 1,29E+00| 1,84E+00| 1,84E+00| 1,29E+00| 1,84E+00
2015| 7,37E+00| 2,99E+01 4,18E+00, 2,70E-01 6,74E-01  2,70E{01 2(0DE-4,49E-01] 2,70E-01 4,49E-Q1 2,70E-p1 3,14E;01 9801 | 2,70E-01 2,70E-01 8,09E-01 2,70E-
2016 | 9,25E+00| 4,04E-01 4,49E-01 2,69E-01] 6,29E-01 2,69E{01 2@69E-4,04E-01| 2,69E-01 4,04E-Q1 2,69E-P1 2,69E;01 3@l | 2,69E-01] 2,69E-01L 8,08E-01 2,69E4
2017 1,26E+00| 3,59E-01 4,49E-01| 2,24E-01 5,83E-Q01 2,24E{01 20#E-3,59E-01| 2,24E-01 359E-Q1 2,24E-p1 2,69E{01 3E-®1| 2,24E-01] 2,24E-0L 7,63E-Q1 2,24E-
2018 | 1,26E+00| 3,59E-01 4,49E-01| 2,24E-01 5,83E-01 2,24E{01 208E-3,59E-01| 2,24E-01 359E-Q1 2,24E-p1 2,69E{01 8E-Q1| 2,24E-01] 2,24E-0L 7,63E-Q1 2,24E-
2019| 1,96E+01| 3,59E-01 4,48E-01 2,24E-01] 5,83E-01 2,24E{01 2Q#E-3,59E-01| 2,24E-01 3,59E-Q1 2,24E-P1 2,69E{01 2E-Bl | 2,24E-01] 2,24E-01 7,62E-01 2,24E-
2020 3,57E+01| 3,79E+01 2,00E+01] 1,79e-01 5,83E-01 1,79E{01 10BE-3,59E-01| 1,79E-01 3,59E-Q1 1,79E-P1 2,24E:01 7H01| 1,79E-01] 1,79E-01 7,A7E-01 1,79E4
2021| 1,17E+00| 3,14E-01 3,59E-01] 1,35E-01 5,38E-01 1,35E{01 10BE-2,69E-01| 1,35E-01 2,69E-Q1 1,35E-p1 1,79E{01 3HB01| 1,35E-01) 1,35E-01 6,73E-Q1 1,35E-
2022| 2,73E+01| 2,42E+01 | 3,59E-01| 1,79E-01 538E-01 1,79E{01 10@BE-3,14E-01| 1,79E-01 3,14E-Q1 1,79E-D1 1,79E;01 3BTl | 1,79E-01] 1,79E-0L 6,73E-01  1,79E;
2023 | 3,55E+01| 3,78E+01 3,59E-01 1,35E-01 4,94E-01 135E{01 1@3bE-2,69E-01] 1,35E-01 2,69E-Q1 1,35E-p1 1,80E;01 8HB@1 | 1,35E-01] 1,35E-01 6,73E-01 1,35E
2024 | 3,68E+01| 2,69E-01 3,59E-01 1,35E-0] 4,94E-01 135E{01 10@BE-2,69E-01| 1,35E-01 2,69E-Q1 1,35E-01 1,80E{01 9W@1 | 1,35E-01] 1,35E-0L 6,74E-01 1,35E/
2025| 1,33E+01| 2,70E-01 3,15E-01| 8,99E-02 4,49E-Q01 8,99E{02 8@OPE-2,25E-01| 8,99E-02 225E-Q1 8,99E-p2 1,35E{01 45@1 | 8,99E-02 8,99E-02 6,29E-Q1 8,99E-
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Modeling land use

Per country & AEZ, Cat C, % of European added vébge

year each |insecticideg fungicides| herbicide§ each sum [N <99%| P205 <| K20 < | each fert| sum fert| electricity| oil < gas< | coal < each | sumE<
input < | <99% of | <99% of | <99% of | pesticideg pesticideg  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%
99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level original | original
level level original level level level E level
level
2000 0,954 1,272 1,090 0,000 0,31B 0,000 ®,00 0,136 0,000 0,636 0,045 0,000 0,545 0,0000,000 0,545 0,000
2001 0,954 0,136 0,500 0,000 0,318 0,000 @,00 0,136 0,000 0,136 0,004 0,000 0,545 0,0000,000 0,545 0,000
2002 4,314 0,136 0,182 0,000 0,318 0,000 @,00 0,091 0,000 0,091 0,004 0,000 0,500 0,0000,000 0,500 0,772
2003 4,312 0,136 0,182 0,000 0,31B 0,000 ®,00 0,136 0,045 0,136 0,000 0,000 0,545 0,0000,000 0,545 0,000
2004 0,953 1,270 0,181 0,000 0,31B 0,000 ®,00 0,136 0,000 0,136 0,000 0,000 0,544 0,0000,000 0,544 0,000
2005 0,952 0,136 0,499 0,000 0,317 0,000 @,00 0,136 0,000 0,136 0,004 0,000 0,544 0,0000,000 0,544 0,000
2006 0,952 0,136 0,408 0,000 0,317 0,000 @,00 0,091 0,000 0,635 0,004 0,000 0,499 0,0000,000 0,499 0,000
2007 0,951 1,268 1,087 0,000 0,317 0,000 @,00 0,091 0,000 0,091 0,000 2,264 0,498 0,0000,000 0,498 0,000
2008 0,950 0,136 0,181 0,000 0,317 0,000 ®,00 0,136 0,000 0,136 0,00¢ 0,000 0,543 0,0000,000 0,543 0,000
2009 4,293 0,136 0,723 0,000 0,316 0,000 @,00 0,090 0,000 0,090 0,134 0,000 0,542 0,0000,000 0,542 0,000
2010 0,948 0,135 0,135 0,000 0,271 0,000 @,00 0,090 0,000 0,632 0,00( 0,000 0,497 0,0000,000 0,497 0,000
2011 0,947 0,135 0,180 0,000 0,31pb 0,000 ®,00 0,135 0,000 0,135 0,000 0,000 0,541 0,0000,000 0,541 0,000
2012 0,946 0,135 0,180 0,000 0,31p 0,000 ®,00 0,090 0,000 0,090 0,045 2,297 0,541 0,0000,000 3,694 0,000
2013 0,945 1,260 2,160 0,000 0,315 0,000 @,00 0,090 0,000 0,090 0,004 0,000 0,495 0,0000,000 0,495 0,000
2014 | -1,194 -2,021 -1,975 -2,15 -1,654 -2,159-2,159 -1,516 -2,159  -2,06] -2,0§7 -2,189 1,608 -1,286 -1,286 -1,608 -2,15
2015 0,943 0,135 0,449 0,000 0,314 0,000 ®,00 0,629 0,090 0,180 0,449 0,000 0,539 0,0000,000 0,539 0,000
2016 0,943 0,135 0,135 0,000 0,314 0,000 @,00 0,090 0,000 0,135 0,718 0,000 0,494 0,0000,000 0,494 0,853
2017 0,943 0,135 0,269 0,000 0,494 0,000 @,00 0,090 0,000 0,135 0,718 0,000 0,494 0,0000,000 0,494 0,853
2018 0,942 0,135 0,135 0,000 0,314 0,000 @,00 0,090 0,000 0,090 0,09¢ 0,000 0,493 0,0000,000 0,493 0,000
2019 0,987 1,121 1,525 0,000 0,314 0,000 ®,00 0,628 0,987 0,987 0,000 0,000 0,538 0,0000,000 0,538 0,000
2020 0,987 0,179 0,179 0,000 0,314 0,000 ®,00 0,628 0,090 0,224 0,00¢ 0,000 0,942 1,1661,166 0,538 0,762
2021 0,942 0,135 0,135 0,000 0,260 0,000 @,00 0,449 0,000 0,135 0,004 0,000 0,493 0,0000,000 0,493 0,359
2022 0,987 0,179 0,179 0,000 0,314 0,000 @,00 0,135 0,000 0,135 0,00( 0,000 0,538 0,3590,359 0,538 0,359
2023 0,987 0,135 0,359 0,000 0,314 0,000 ®,00 0,449 0,000 0,449 0,000 0,000 0,539 0,0000,000 0,853 0,000
2024 0,988 0,180 0,180 0,000 0,314 0,000 ®,00 0,180 0,000 0,180 0,00¢ 0,045 0,539 0,4040,404 0,539 0,404
2025 0,989 0,135 0,135 0,000 0,270 0,000 ®,00 0,135 0,000 0,135 0,00¢ 0,000 0,539 0,0000,000 0,539 0,000
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Modeling land use

Per country & AEZ, Cat C, cost of emission redutii the European level in 2001 US $

]

]

]

B

year each |insecticides fungicides| herbicide§ each sum | N<99%| P205 <| K20 < | each fert| sum fert| electricity| oil < gas< | coal< each | sumE<
input< | <99% of | <99% of | < 99% of | pesticideg pesticide§  of 99% of | 99% of | <99% | <99% | <99% of| 99% of | 99% of | 99% of | energy <| 99%
99% of | original original | original | <99% of| <99% | original | original | original of sum original | original | original | original | 99% of sum
original level level level original sum level level level | original | original level level level level | original | original
level level original level level level E level
level
2000 | 3,86E+08| 5,15E+08 | 4,41E+08 0,00E+00 1,29E+08 0,00E400 0,00E-5,52E+07| 0,00E+00| 2,58E+08| 1,84E+07| 0,00E+00| 2,21E+08 0,00E+00| 0,00E+00| 2,21E+08| 0,00E+0
2001 | 3,86E+08| 5,52E+07 2,02E+08| 0,00E+0Dp 1,29E+08 0,00E4+00 0,00E+5,52E+07| 0,00E+00| 5,52E+07| 0,00E+00| 0,00E+00 2,21E+0i*5 0,00E+00| 0,00E+00| 2,21E+08| 0,00E+0
2002 | 1,75E+09| 5,52E+07 7,36E+07| 0,00E+0Dp 1,29E+08 0,00E4+00 0,00E8,68E+07| 0,00E+00| 3,68E+07| 0,00E+00| 0,00E+00 2,02E+0$ 0,00E+00| 0,00E+00| 2,02E+08| 3,13E+0
2003 | 1,75E+09| 5,52E+07 | 7,35E+07] 0,00E+00 1,29E+08 0,00E400 0,00E-5,52E+07| 1,84E+07| 5,52E+07| 0,00E+00| 0,00E+00 2,21E+02*3 0,00E+00| 0,00E+00| 2,21E+08| 0,00E+0
2004 | 3,86E+08| 5,15E+08 | 7,35E+07] 0,00E+00 1,29E+08 0,00E400 0,00E-5,51E+07| 0,00E+00| 5,51E+07| 0,00E+00| 0,00E+00 2,21E+02*3 0,00E+00| 0,00E+00| 2,21E+08| 0,00E+0
2005 | 3,86E+08| 5,51E+07 2,02E+08| 0,00E+0Dp 1,29E+08 0,00E4+00 0,00E+5,51E+07| 0,00E+00| 5,51E+07| 0,00E+00| 0,00E+00 2,20E+0$ 0,00E+00| 0,00E+00| 2,20E+08| 0,00E+0
2006 | 3,86E+08| 5,51E+07 1,65E+08 0,00E+0p 1,29E+D8 0,00E+00 0,00H8,67E+07| 0,00E+00| 2,57E+08| 0,00E+00| 0,00E+00 2,02E+0$ 0,00E+00| 0,00E+00| 2,02E+08| 0,00E+0
2007 | 3,85E+08| 5,14E+08 | 4,40E+08 0,00E+00 1,28E+08 0,00E400 0,00E-8,67E+07| 0,00E+00| 3,67E+07| 0,00E+00| 9,17E+08 2,02E+02{3 0,00E+00| 0,00E+00| 2,02E+08| 0,00E+0
2008 | 3,85E+08| 5,50E+07 | 7,33E+07] 0,00E+00 1,28E+08 0,00E400 0,00E-5,50E+07| 0,00E+00| 5,50E+07| 0,00E+00| 0,00E+00 2,20E+02{3 0,00E+00| 0,00E+00| 2,20E+08| 0,00E+0
2009 | 1,74E+09| 5,49E+07 2,93E+08| 0,00E+0Dp 1,28E+08 0,00E4+00 0,00E8,66E+07| 0,00E+00| 3,66E+07| 5,49E+07| 0,00E+00 2,20E+0$ 0,00E+00| 0,00E+00| 2,20E+08| 0,00E+0
2010 | 3,84E+08| 5,49E+07 549E+07| 0,00E+0Dp 1,10E+08 0,00E4+00 0,00E8,66E+07| 0,00E+00| 2,56E+08| 0,00E+00| 0,00E+00 2,01E+0$ 0,00E+00| 0,00E+00| 2,01E+08| 0,00E+0
2011 | 3,83E+08| 5,48E+07 | 7,30E+07] 0,00E+00 1,28E+08 0,00E400 0,00E-5,48E+07| 0,00E+00| 5,48E+07| 0,00E+00| 0,00E+00 2,19E+02{3 0,00E+00| 0,00E+00| 2,19E+08| 0,00E+0
2012 | 3,83E+08| 5,47E+07 | 7,30E+07] 0,00E+00 1,28E+08 0,00E400 0,00E-8,65E+07| 0,00E+00| 3,65E+07| 1,82E+07| 9,30E+08 2,19E+02{3 0,00E+00| 0,00E+00| 1,50E+09| 0,00E+0
2013 | 3,83E+08| 5,10E+08 8,75E+08 0,00E+0p 1,28E+08 0,00E4+00 0,00E8,65E+07| 0,00E+00| 3,65E+07| 0,00E+00| 0,00E+00 2,01E+0€*§ 0,00E+00| 0,00E+00| 2,01E+08| 0,00E+0
2014 | 4,84E+08| -8,19E+08 | -8,00E+08§ -8,74E+08 -6,70E+08 -8,74E+8374E+08| 6,14E+08| 8,74E+08| 8,37E+08| 8,37E+08| -8,74E+08| 6,51E+08| 5,21E+08| 5,21E+08| 6,51E+08| 8,74E+08
2015 | 3,82E+08| 5,46E+07 1,82E+08 0,00E+0p 1,27E+D8 0,00E+00 0,00H+®,55E+08| 3,64E+07| 7,28E+07| 1,82E+08| 0,00E+00| 2,18E+08 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+0
2016 | 3,82E+08| 5,46E+07 546E+07] 0,00E+0Dp 1,27E+08 0,00E4+00 0,00E8,64E+07| 0,00E+00| 5,46E+07| 2,91E+08| 0,00E+00 2,00E+0$ 0,00E+00| 0,00E+00| 2,00E+08| 3,46E+0
2017 | 3,82E+08| 5,45E+07 | 1,09E+08 0,00E+00 2,00E+08 0,00E400 0,00E-8,64E+07| 0,00E+00| 5,45E+07| 2,91E+08| 0,00E+00 2,00E+02{3 0,00E+00| 0,00E+00| 2,00E+08| 3,45E+0
2018 | 3,82E+08| 5,45E+07 | 5,45E+07] 0,00E+00 1,27E+08 0,00E400 0,00E-8,63E+07| 0,00E+00| 3,63E+07| 3,63E+07| 0,00E+00 2,00E+02{3 0,00E+00| 0,00E+00| 2,00E+08| 0,00E+0
2019 | 4,00E+08| 4,54E+08 6,18E+08| 0,00E+0Dp 1,27E+08 0,00E4+00 0,00E®2,54E+08| 4,00E+08| 4,00E+08| 0,00E+00| 0,00E+00 2,18E+0i*5 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+0
2020 | 4,00E+08| 7,27E+07 7,27E+07| 0,00E+0D 1,27E+08 0,00E4+00 0,00E®2,54E+08| 3,63E+07| 9,08E+07| 0,00E+00| 0,00E+00 3,81E+0454,72E+08 4,72E+08| 2,18E+08| 3,09E+0
2021 | 3,82E+08| 5,45E+07 | 5,45E+07] 0,00E+00 1,09E+08 0,00E400 0,00E+#,82E+08| 0,00E+00| 5,45E+07| 0,00E+00| 0,00E+00 2,00E+02{3 0,00E+00| 0,00E+00| 2,00E+08| 1,45E+0
2022 | 4,00E+08| 7,27E+07 | 7,27E+07] 0,00E+00 1,27E+08 0,00E400 0,00E-5,45E+07| 0,00E+00| 5,45E+07| 0,00E+00| 0,00E+00 2,18E+02{3 1,45E+08| 1,45E+08| 2,18E+08| 1,45E+0
2023 | 4,00E+08| 5,45E+07 1,45E+08 0,00E+0p 1,27E+D8 0,00E+00 0,00H+,82E+08| 0,00E+00| 1,82E+08| 0,00E+00| 0,00E+00 2,18E+0i*5 0,00E+00| 0,00E+00| 3,45E+08| 0,00E+0
2024 | 4,00E+08| 7,27E+07 7,27E+07| 0,00E+0D 1,27E+08 0,00E4+00 0,00E+,27E+07| 0,00E+00| 7,27E+07| 0,00E+00| 1,82E+07 2,18E+045 1,64E+08| 1,64E+08| 2,18E+08| 1,64E+0
2025 | 4,00E+08| 5,46E+07 | 5,46E+07] 0,00E+00 1,09E+08 0,00E400 0,00E-5,46E+07| 0,00E+00| 5,46E+07| 0,00E+00| 0,00E+00 2,18E+02{3 0,00E+00| 0,00E+00| 2,18E+08| 0,00E+0
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