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Abstract

Technological change in agriculture plays a decisive roterfeeting future demands for agricul-
tural goods. However, up to now, agricultural sector modatsmodels on land use change have
used technological change as an exogenous input due tasanformation and data deficien-
cies. This paper provides a first attempt towards an endaganplementation based on a mea-
sure of agricultural land use intensity. We relate this raem$o empirical data on investments
in technological change. Our estimated yield elasticitthwespect to research investments is
0.29 and production costs per area increase linearly with@pasing yield level. Implemented
in the global land use model MAgPIE ("Model of Agriculturald@uction and its Impact on the
Environment”) this approach provides estimates of futueddygrowth. Highest future yield in-
creases are required in Sub-Saharan Africa, the MiddleddasSouth Asia. Our validation with
FAO data for the period 1995-2005 indicates that the modehbier is in line with observations.
By comparing two scenarios on forest conservation we shanpifotecting sensitive forest areas
in the future is possible but requires substantial investmimto technological change.

Key words: technological change, land use, agricultural produgtilénd use intensity,
research and development

1. Introduction

More than 200 years ago Thomas Malthus published his ratesimistic population essay,
in which he stated that population growth would be restddbg a slow growth rate in food
production [1]. Now the world is inhabited by almost sevelidni people, which marks an
increase by about00% since Malthus’ times. One of the main shortcomings of hisgsgas
the underestimation of technological change (TC) in adfxicel [2].
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However, during Malthus’ times technological change wagligible and higher food pro-
duction was almost exclusively due to an increase in pradiudactors [3]. Important innova-
tions in agriculture from the 19th century onwards chandgsl pathway [4]. Since then land-
saving technological change has been the main driver foxtgron agricultural output [5, 6].
Figure 1 shows the strong correlation between agricultaurgdut and population during the last
200 years. Agricultural output has increased consideraiaying the way for strong popula-
tion growth. Most of such increases in agricultural outpadbeen the result of technological
change induced by investments in Research & DevelopmenDjR&ne example is the so called
"Green Revolution” in Asia and Latin America, initiated hytérnational agricultural research
institutes [7§.
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Figure 1: Historic development of agricultural productiardgopulation [own illustration based on Federico [3] and
United Nations [8]]

The importance of TC for the agricultural sector is widelkrawledged in the scientific
literature. For instance, some recent studies documemehd of agricultural innovation and
progress for satisfying global food demand and keeping foacks at tolerable levels [9, 10].
Thirtle et al. [11] point out that growth in the agricultursgctor has a much higher impact on
poverty reduction in Africa and Asia than growth in othertees. Sub-Saharan Africa particu-
larly profits from R&D investments mostly in terms of increasn agricultural productivity and
poverty alleviation [12].

Notwithstanding, in agricultural sector models or modditaad use change, TC is imple-
mented as an exogenous driver [13—-17]. In these modelsqgtiajs primarily depend on a
fixed technology path rather than on internal model dynandibgs may lead to serious biases in

3During the 1960s and 70s the International Maize and Wheatdvepnent Center (CIMMYT) and the International
Rice Research Institute (IRRI) developed high-yieldingeathand rice seeds.
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model results due to an underestimation of the adaptaiilitiie agricultural sector, especially
in the longer run.

The main reason for using an exogenous TC path in most masléhat although the rela-
tionship between R&D investments in agriculture and teddgioal change is well documented
[9, 11, 12, 18, 19], the exact influence of R&D on technolobatwmnge is still unknown. Sev-
eral reasons exist for this knowledge gap. First, availtible series of R&D investments are
still relatively short (less than 30 years) and often inctetep[20]. Second, as Evenson [21]
showed, spillover effects are of major importance in adtical research and hamper the cor-
rect attribution of R&D investments to their impact. Thigljccess in R&D is hard to predict.
High investment may fade away without producing any outpinereas in other instances low
investment may create marvelous results. Finally, no ddeaindary exists between R&D in-
vestments in different sectors. In many cases inventiomm@sector are based on inventions
in other sectors. In a sectoral analysis of a specific R&Daseetg. agricultural R&D, these
cross-connections cannot be considered.

Due to improved data on agricultural R&D investment [22] antheasure for agricultural
land use intensity, we are able to present a new attempt demmgmting endogenous techno-
logical change in a land use model, which uses a deternnistestment-improvement ratio
and ignores possible spillovers from other sectors. Wishgectoral model and with the current
data availability to analyse the relationship of R&D invashts and agricultural productivity
this is the only option to endogenise technological charyéh the new approach presented
here, the model can freely decide on the optimal rate of t@olgical change, which is of central
importance for long-term projections over several decadelsdynamics under increasingly lim-
ited production resources. For this purpose, we relatestnvents in technological change and
corresponding yield growth to agricultural land use inté@es. As a second step, we estimate em-
pirically how the level of agricultural production costs aeea evolves with the yield level. The
methods are implemented in the global land use optimisatiodel MAgPIE ("Model of Agri-
cultural Production and its Impact on the Environment”423] and the resulting technological
change rates are validated with independent data. Fimalyder to illustrate the importance of
the dynamic behaviour of TC, we compare two extreme scemaridorest conservation which
reflect the trade-off between agricultural land expansimhtachnological change.

2. Methodological framework

The endogenous implementation of agricultural TC is basegroduction costs and the
effectiveness of R&D investments on yield changes (investryield ratio, 1Y) (see Table 1 for
definitions). The IY ratio, describing TC investments reqdiper unit of yield growth, evolves
with the agricultural land use intensity. Accordingly, duztion costs (i.e. for use of inputs) are
based on yield levels. For the purpose of measuring agui@lltand use intensity we use the
7-factor developed by Dietrich et al. [26]. Thefactor is an output-related measure of land use
intensity and captures the full spectrum of yield incregsechnology and management options.
Itis the ratio of actual yields and reference yields undeyaially and temporally fixed land use
intensity.

2.1. Investment-Yield Ratio
Based on ther factor it is possible to link investment costs for genemtiachnological
change directly to the level of land use intensity. We défdiate between two types of invest-
ment costs which influence the rate of technological chafiggt; public and private investments
3



concept description

agricultural land use intensity degree of yield amplification caused by hactavities
(26]

T-factor measure proportional to agricultural land use intensity
[26]

technological change (TC) more efficient usage of the input factads labour or
capital [27]

TC investments composite of annual investments in R&D and|in-
frastructure (e.g. transport and telecommunicatipn)
[US$lyear]

investment-yield ratio (IY ratio) TC investments required per human-iedumit yield
growth and area [US$/ha]

Table 1: Concepts and terms used in this paper

in agricultural R&D, and second, investments in infrastuoe (e.g. transport and telecommuni-
cation). Data for public and private R&D investments is takem IFPRI for the year 1981 [22]
and data for infrastructure investments is from the GTARdase, version 7 [28] (discounted
from 2004 to 1995). Unfortunately, the GTAP database does not distinguisiéet one-time
investments in infrastructure and maintenance costs. Tamgestimate for annual investments
in infrastructure the total GTAP infrastructure costs asgected with a factor of 0.65, which is
the average fraction of one-time investments on total #tftecture costs based on OECD [29].
The remaining 35% of the total infrastructure costs are teagnce costs and are treated as
additional production costs.

Both investment costs, R&D investments and infrastrucilovestments, are divided by the
average Yield growth rate observed in the years 1990-19&ht&dom FAO [30] to achieve
investment costs per unit of yield growth. The reason fomiglkhe R&D investment data of
the year 1981 is the typical time lag between investment ilDR¥fad its impact. The literature
offers quite a wide range of various delays and lag-strestproposed for agriculture, ranging
from a few years to several decades [19, 31-33]. Chavas [Bdirarizes results from empirical
studies suggesting a time lag of 8-15 years for private invests and 15-25 years for public
investments. Based on that, the chosen delay of 15 yeardhesathe average delay used in
literature. Furthermore, according to Alston et al. [18], 36agrees with the time which is
needed to reach the maximum value of gross annual benefits.

The absolute amount of investment still depends on the $iaeagion: the bigger the region,
the higher the variation in physical conditions. As a consege, more research is needed
to produce the same average growth rate compared to a smadien with less variation in
biophysical crop conditions. Consequently, we normalisedstment relative to the agricultural
area of a region. Specific R&D investment per unit of yieldvgitoare computed as the ratio
of R&D expenditures per area and the yield growth 15 yeaes.|dthe same concept is applied
for infrastructure investment, except that no time delagsisumed. Both components add up to
the investment-yield ratidY” describing the TC investment per area required per unitetlyi
growth.

The relationship between 1Y ratio andis described by the elasticief/Y’, i.e. the propor-

4Infrastructure investments are composed of investmentsrisgiat, water and energy distribution, telecommunica-
tion and financial services, all related specifically to theaultural sector according to GTAP 7.
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tional relationship between an increase-iand an increase in the 1Y ratio.

dry(r) dr
Y(r) T @)

The elasticitye!Y is estimated via a regression analysis. Since agricul®R&D data is
generally aggregated over all agricultural sectors anitbspr effects are expected [21, 36], we
used an aggregated versionrofovering all crops for the regression.

The results of the regression analysis is shown in equati&iigire 2 illustrates the relation-
ship in a graph for the 10 world regions of the MAgPIE model.
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Figure 2: investment-yield ratio in relation tefactor

P-values of the t-tests for prefactarand exponent/elasticity arep, = 0.002 (**) and
p. = 0.04 (*). The elasticity between 1Y ratio and thefactor ¥ has a value of 2.4 with
a standard error of 0.9. As previously explained, changesane proportional to changes in
yield, and therefore we can transform this elasticity intoedasticity of yield with respect to
accumulated TC investments (I), which is a more common sgprtation (Equation 3). The
result is close to the value ef'’ = 0.296, as reported by [37].

1
yld
= =0.29 £0.08 3
‘1 elY +1 3)




2.2. Correlation with Production Costs

With improving agricultural technology and rising crop lgie, production costs per hectare
for fertilizer, machinery, and other input factors als@ri§ince we endogenise the relationship
between TC investment and land use intensity (Eq. 1), welsdse to describe the relationship
between yield levels and production costs. Data for pradoctosts is taken from the GTAP 7
Data Base [28] and yield data is taken from FAOSTAT [30]. Thador small producing coun-
tries is expected to be insufficiently accurate [38]. Tharefonly the top producing countries
for each crop are taken into account, representing at |€86t& total crop production and at
minimum 1/3 of all available countries (31 countries) in #ralysis (an exception is oil palm,
which is only produced in 20 countries worldwide).

A standard linear regression analysis of this data showghkeaesiduals are not normally
distributed and would give biased results. Therefore, we lagplied a correlation analysis be-
tween () yield and costs per area and (b) yield and costoparding the Pearson correlation
coefficient [39] as well as the Kendall rank correlation ¢ioefnt [40]. We use two different cor-
relation coefficients, in order to reveal potential measetated biases in the analysis. Whereas
the Pearson correlation coefficient measures the magnitittee linear dependence between
two variables, the Kendall rank correlation coefficient sweas just any correlation based on a
rank test [41]. Since residuals in our data set are non-nbrtiatributed, the significance of the
Pearson test may be biased, if samples sizes are too smjall [42

With regard to the relationship between production costsyaeld level, Table 2 shows the
Pearson correlation coefficients and the Kendall rank taifom coefficients. All correlations are
positive and in most cases at least significant at the 95%. lavehe Kendall rank correlation
test all crops except tropical cereals, oil palm and sugae show significant correlations at the
99.9% significance level. In the Pearson correlation téstsdsults are less significant, but still
10 out of 16 crops show significant correlations at the 95%llev

crop types Pearson Kendall
correlation  p-value correlation p-value
cereals temperate| 0.81 ** 0.000 0.63 ** 0.000

tropical 049 * 0.019 | 0.23 0.140
maize 0.70 ** 0.000 0.61 ** 0.000
rice 042 * 0.019 | 0.57 ** 0.000
oilcrops groundnut| 0.17 0.410 | 0.47 *=* 0.001
oil palm 0.07 0.803 | 0.23 0.228
rapeseed | 0.56 ** 0.002 | 0.55 ** (0.000
soybean | 0.08 0.689 | 0.47 ** 0.000
sunflower | 0.68 *** 0.000 0.45 ** 0.000
sugar beet 065 * 0.002 | 053 *=* 0.001
cane 0.37 0.107 | 0.14 0.422
others cassava | 0.35 0.084 | 0.47 ** 0.001

potato 0.37 * 0.046 | 0.58 ** 0.000
pulses 0.75 ** 0.000 0.52 ** 0.000
cotton 0.26 0.171 | 0.49 *** (0.000
others 0.62 *** 0.000 0.43 ** 0.001

Table 2: Correlation between yield and production costsapea(* p>95%, ** p>99%, *** p >99.9%)
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Table 3 shows the same information for the relationship betwyields and production costs
per ton. However, almost none of the tested crop types shasignéicant correlation. Com-
paring the results in both tables suggests the existenceositive correlation between yields
and area-related production costs, but no correlationdmtwyields and output-related produc-
tion costs. A linear relation with a positive gradient betweields and area-related production
costs is the simplest solution which replicates this patt&ince area-related production costs
can be also calculated as a product of yield and outputetlatoduction costs the linearity in
area-related costs leads to constant output-related &esed on this result production costs per
ton have been implemented as a constant input for the moaetienived these costs as mean of
measured costs per ton.

crop types Pearson Kendall

correlation p-value| correlation p-value

cereals temperate| -0.06 0.771 0.15 0.250
tropical 0.02 0.941 | -0.07 0.676

maize 0.27 0.151 0.25 0.058

rice 0.28 0.126 | 0.29 * 0.022

oilcrops groundnut| -0.10 0.628 0.23 0.118
oil palm -0.03 0.912 0.15 0.450

rapeseed | 0.29 0.136 0.26 0.055
soybean | -0.06 0.753 | 0.25 0.066
sunflower | 0.12 0.531 | 0.22 0.103

sugar beet 0.42 0.068 0.30 0.074
cane -0.22 0.352 | -0.13 0.461

others  cassava 0.32 0.118 0.25 0.088
potato 0.22 0.246 | 0.33 ** 0.010

pulses 0.43 * 0.040 0.38 ** 0.010

cotton 0.00 1.000 | 0.28 * 0.029

others 042 * 0.025 0.24 0.072

Table 3: Correlation between yield and production costd@gf* p>95%, ** p>99%, *** p >99.9%)

Table 4 shows the calculated costs per ton together withuheber of countries included in
this calculation and the share of total production coverethbse countries. These costs per ton
are used in MAgPIE for the calculation of production cosee(8ppendix Appendix C).

2.3. Model Implementation

The global land use model MAgPIE ("Model of Agricultural likection and its Impact on
the Environment”) has been developed to generate futugk dae and agricultural production
patterns, addressing a wide range of scenarios on popukatid income growth throughout the
21st century. It is a recursive dynamic model working on all@gspatial grid with a cell size of
about0.5° x 0.5° (approximatelys0 x 50km? at the equator). The model works on ten-year time
steps. On the biophysical side, it uses spatially expliattcbn potential crop yields, land and
water availability taken from the dynamic global vegetatinodel LPJmL [43]. Economic data
is used at the aggregate level of 10 economic world regiorfor future demand trajectories

SAFR = Sub-Sahara Africa, CPA = Centrally Planned Asia (inchina), EUR = Europe (incl. Turkey), FSU =
Former Soviet Union, LAM = Latin America, MEA = Middle East anaith Africa, NAM = North America, PAO =
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crop types costs[US$/t] countries  prod. share
cereals temperate 130 31 0.95
tropical 70 31 0.97
maize 90 31 0.96
rice 110 31 0.99
oilcrops  groundnut 180 31 1.00
oil palm 30 20 1.00
rapeseed 210 31 0.99
soybean 150 31 1.00
sunflower 130 31 0.99
sugar beet 220 31 0.98
cane 50 31 0.99
others cassava 350 31 0.99
potato 1230 31 0.91
pulses 160 31 0.94
cotton 620 31 0.99
others 1130 31 0.92

Table 4: Crop-specific, average costs per ton, number of deantsed for averaging and the total production share of
these countries

the model derives specific land use patterns and costs afudtgrial production for each grid

cell. These patterns are initially based for the year 1998xt@rnal data for population [44] and
gross domestic product (GDP) [45] (see Appendix A). Futumggations are internally derived

based on future scenarios defined in the ADAM profeand eplained in van Vuuren et al. [46].
The food energy demand for the year 1995 is taken from FAOJ#X]. The share of traded

goods is kept constant over time and is based on self-sufffigieatios for the year 1995 [47].

More information on model structure and features can bedénmletail in Lotze-Campen et al.

[23, 24], Popp et al. [25, 48]. A mathematical descriptiothaf model is presented in Appendix
C.

Figure 3 shows a schematic overview of the endogenous ingpitation of technological
change in MAgPIE. Investments in TC lead to increases in las@intensity which let yields
increase as well. At the same time the higher land use inyefmstes an increase in production
costs per area as well as a rise in the IY ratio which can alsimteepreted as an efficiency
drop for further TC investments: In order to achieve one ohifield increase in a subsequent
time step, a larger amount of TC investments has to be meldilizan in the previous period. In
Appendix B we explain some further implementation issuesidg with the recursive dynamic
structure of MAgPIE.

2.4. Validation and Scenarios

For the validation we compare long-term trends of simulateftvelopment from 1995 to
2060 with observed data from 1960 to 2005, with a specialdaguthe overlap in 1995-2005.

Pacific OECD (Australia, Japan and New Zealand), PAS = Pakfig, SAS = South Asia (incl. India)
6Adaptation and Mitigation Project, URL: http://www.adaroject.eu/
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Figure 3: Implementation of technological change in MAgPIéhématic)

We use historical data from FAO on yield growth, which waghmesi part of the model parame-
terization nor calibration. Based on this data the changesare calculated backwards starting
from 2005.

In order to show the interplay between rates of deforestatiad endogenous technological
change in agriculture we have compared two scenarios: @mago which is assuming full con-
servation of all intact and frontier forests (IFF) and a setscenario without any IFF conserva-
tion. IFF is defined as undisturbed natural forest (i.e. theaonian rainforest) which includes
intact forest landscapes and frontier forests [49]. IFFseovation in MAgPIE is modeled by
excluding the IFF areas from the land area available forcatjtiral land expansion. Expansion
involves additional costs for intraregional transport pahgisical conversion. Intraregional trans-
port costs reflect the distance to the next market and acdoutite accessibility and quality of
the infrastructure. The costs are based on GTAP transpsts 28] and a 30 arc-second res-
olution data set on travel time [50]. The second cost typad leonversion costs, involves the
preparation of the land and basic infrastructure and isdasecountry-level marginal access
costs [51].

We have chosen these two extreme scenarios to representi tsefctrum of possible policy
decisions. On the one hand, forest protection is a cleaatgdtobjective of many governments
and international organisations [52] but on the other haledorestation of IFF is happening
all over the world [53] and efficient protection mechanisra still lacking [54]. The scenarios
help to make the full trade-off between agricultural langhaxsion and technological change
transparent. Besides the differences in handling of theallegs, both scenarios apply the same
conditions as explained in section 2.3.

3. Simulation Results

Figure 4 shows the projecteddevelopment (2005-2060) for maize compared to past ob-
servations of the FAO (1960-2005) in the forest consermagicenario. Maize is chosen as an
example since this is one of the most important crops andasmgin all parts of the world.
Regions like Sub-Saharan Africa (AFR) and North America lNAshow very strong increases
in 7. However, the strongest increase is projected for the Mididist and North Africa region
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(MEA). This enormous increase is in line with FAO data foisthégion for the period since the
1980s. Overall three groups can be distinguished: Regidthsincreasing growth rates (MEA,
AFR), constant rates (NAM, LAM, SAS and PAS) and decreasattgs (CPA, EUR, FSU, PAO).
PAQO is a special case with small growth rates in the past miskiang growth rates in the pro-

jections until 2040.

NAM

30 4 observed i simulated
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Figure 4: Observed and simulateefactor for maize in the ten world regions under a forest @ scenario

Figure 5 shows the model results of both scenarios (fullsiocenservation and no forest
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conservation) compared with FAO observations in greattilder the aggregate of all crops. It
is important to note that the FAO data used for validation matstaken as model input, neither
as direct source, nor for calibration purposes. For a dagectparison between observations and
model results, we focus on the overlap from 1995 to 2005. W\are the model results can be
validated against the general trend in the observed data.

For some regions the scenario projections deliver quitdasimr even identical results while
the projections for other regions strongly depend on thesehacenario. Especially, the three
regions with huge rainforest areas (LAM, AFR, and PAS) shangé differences in projections.
Looking at these three regions also the agreement betwesarnaltion and validation is quite
diverse: In AFR historic growth rates are significantly leweempared to the rates of both pro-
jections. However, at the 10 year overlap (1995-2005) tfferdnces are smaller, especially in
the scenario without forest conservation. In contrast, LéiMws the exact opposite behavior.
In the scenario without forest conservation, growth ratesuaderestimated, while in the forest
conservation scenario projections are in good agreemeimhigitoric trends, although the model
still seems to underestimate the observed growth ratesiovbrlapping period. In PAS, his-
toric trends fit quite well to the forest conservation prtifgt, whereas in the overlapping period
observational data shows some stagnation. The projeciibout forest conservation illustrates
the same effect, even though in a more extreme manner (28 gtgnation instead of only 5
years).

In the remaining regions the differences between both simmnare small. For EUR, MEA,
and NAM the general trend as well as the overlap show a gocebaggnt between observation
and simulation. In CPA the trend fits well, but in the obserdath from 1995 on appears a
stagnation (similar to the situation in PAS) which is notragtuced by the simulations. The
results for FSU are hard to judge, because the historic slatedngly affected by fluctuations due
to the political transformation after 1990. PAO shows wesdagh rates in the historic trend, but
none in the simulations until 2040 and none in the observeallgtween 1995-2005. For SAS it
seems that both projections slightly overestimate thetreatl, even though the differences are
only marginal. Overall, we can state that none of the regghmsvs huge discrepancies between
observation and simulation, but for some regions the fezesservation scenario shows a better
agreement (LAM, PAS) while other regions agree more withnilvéorest-conservation scenario
(AFR, CPA, SAS).

Differences in TC rates between scenarios also directcafind use patterns. Figure 6
and 7 show the share of cropland in total land area in 2065htfdrest conservation scenario
(Figure 6) and the scenario without forest conservatiogyfé 7). The largest differences are
obtained in the regions LAM, AFR and PAS, which are also messiive in ther-factor com-
parison. In these three regions Brazil, the Democratic Bépof the Congo and Indonesia are
most strongly affected from deforestation. Smaller chargre simulated in Canada, Russia,
Mexico and Australia. Due to the absence of relevant IFFsairethe rest of the world, no other
significant changes do occur.

4. Discussion

Technological change is the crucial driver for increasiggaultural yields. However, in
land use models technological change is usually implendeintan exogenous way leading to
static pathways without any dynamic interaction (i.e. [1B]). Reasons for this are manifold as
described in section 1. The endogenous implementation aisT@=scribed here now allows for
better modeling of long-term land-use dynamics, even thaame aspects, such as spillovers
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global crop land shares under forest conservation (2065)

Figure 6: Global total cropland shares in a intact and fesrforest protection scenario in 2065
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global crop land shares without forest conservation (2065)

Figure 7: Global total cropland shares in absence of angtiatad frontier forest protection in 2065

from R&D in other sectors, had to be taken as non-existenatdrof suitable data. The problems
of high uncertainty and unpredictable rates of return daseat with investments and the problem
of spillovers are partially compensated for by using a higgragation level of only ten world
regions. On the other hand, this means that our approximéationly valid at coarse scales and
becomes invalid when applied to finer scales. In additioragdress the problem of missing time
series data by using the land use intensity indicator agjana assuming the same development
path for all world regions. Our approach estimates the lamdlevolution of the investment-yield
ratio relative to ther factor, an output-related measure for agricultural lanel ingensity. The
main advantage in this context over other measures, likgitié gap analysis [55], is that any
yield increase due to improved technology will be reflectgdab increase in-, but may be

at least partially undetected by the yield gap, as the paieyield rises as well and the gap
remains constant. A more detailed comparison to other giscghich analyse agricultural
potentials is provided in Dietrich et al. [26]. In addition that, ther approach conceptually
does not contain any upper limit. What might be rather wogyom the perspective of current
technologies and knowledge is an essential feature of #mepted implementation necessary for
long-term projections: While it is reasonable to assume upigdd limits in short- to medium-
term analyses with relatively stable price structures antrologies, such an assumption is less
appropriate for longer time scales or strong increases ikehgrices. Yield gap assessments
are typically based on the current perception of the agticall sector and evaluate potentials
based on technologies which seem to be realistic assumingntumarket pressures. However,
for long-term projections, investments in new technolsdheat are capable of achieving yields
far beyond current levels should not be categorically raled as they would if we define yield
plateaus based on current knowledge and technologies. fgarhsuch technologies include
the transfer of C4 photosynthesis into C3 plants (e.g. [&Bjough some assess the potential
of such technologies to be small [57]. This could also be dostbwith fully artificial growing
conditions that are not even limited by incoming radiatib8][ Producing crops on more than
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one level (or layer) will - from a technological perspectiveasily allow to double or triple
yield potentials per unit of land. Moreover, there are farencealistic technologies such as
greenhouses which have the ability to push yields aboveets teported by yield potential
assessments. They are optimizing parameters such as sarpesolar radiation, water supply
or CO, concentration which are often assumed non-manageablelpsas of potential yields
(following the yield potential definition from [59]). Thefare, the presented approach does only
limit the economic feasibility of TC, it does not introducg@neral upper limit.

The regression analysis reveals that a higher level of algmi@l land use intensity coincides
with a higher IY ratio. Furthermore, the estimated yieldsétaty with respect to accumulated
TC investments?ld = 0.29 is in line with an expert assessment [37]. Correlation tesuggest
that the yield level is correlated with production costsgrea whereas marginal production costs
are independent. That leads to an implementation in whietyeadditional production unit faces
the same amount of additional costs. Consequently, farindrgs setting will adopt the new
technology since they expect higher yields at constansqmestton.

Due to limited data availability the results of this anatybave to be treated with caution.
In the absence of time series data on R&D investments the stligs on a single time slice.
Therefore, the impact of time varying disturbances sucthasging oil prices could neither be
incorporated nor are they detectable in the given framewtkthermore, the limited quality
of data constrains the validity of the applied statisticalleation. Better data availability in the
future can help to check and improve the robustness of theepted results and the shape of the
production cost-yield relationship. For the availableagl#tis is best described by a linear form,
even though a non-linear form would also be possible frormearttical point of view.

Our 7 projections for maize provide rich insights with regard tdufe yield trends. The
strong increase in Africa indicates what kind of yield grbwdtes are required to meet the soaring
demand under a forest conservation scenario. North Ameaicshe leading region for maize
production, continues with high yield growth rates. The & East and North Africa region
(MEA) require even higher growth rates. This region facefaworable cropping conditions
and at the same time a higher demand increase. Under thedii@mms) huge investments in
technological change are required. In contrast, Européirags along its trend over the past
two decades when maize yields have not improved much. ThenAggions, starting from a
lower vyield level and facing a higher demand pressure in tiheré, have higher growth rates
compared to Europe. Lastly, Latin America follows its stygneld growth path since the early
1990s, with high investments in the agricultural sector.

Judging the validation results it should be consideredtti@asimulated data is not an inter-
polation of observed data. Both data sets are independexgiobf other. Notwithstanding, the
validation indicates that our model results are in line \vhistorical data. The long-term trend is
reproduced well for most regions, while the observed datheroverlapping period 1995-2005
often shows some unexpected changes in dynamics, suchgasithté in some cases. A hint
for an interpretation of these changes in dynamics can baedfguthe simulation results of the
scenario without forest conservation: The projectionsLfaM as well as for PAS show also a
temporary stagnation in growth rates similar to the obskstagnations in CPA and PAS. In the
model, additional production is achieved exclusively bydaxpansion into IFF. However, in
both regions the model switches again to yield increasesaligeshnological change.

AFR is represented best by the scenario without forest ceaten, LAM by the forest con-
servation scenario, and PAS by a mixture of both. This isria ivith the political situation in
these regions. While LAM is able to trigger investments in R&Da level which is sufficient to
remove the land expansion pressure based on agriculturedrt#s (there are still other reasons
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for deforestation), AFR fails to do so. PAS seems to have adituation with partial success.
The results illustrate that, especially in AFR, R&D investits have to be increased tremen-
dously to meet the demand without cutting down the raintoire€entral Africa. A possible
reason for relatively weak validation results in a few regids that demand and trade are rather
inflexible in the current version of the MAgPIE model. In regs, like LAM or CPA, this might
have strong impacts on future productivity levels.

5. Conclusion

During the lifetime of Thomas Malthus and before, growthgnmieultural output was almost
exclusively a result of growth in the use of input factors.isTthanged by the end of the 19th
century and since then agricultural output has been maniNgm by increases in productivity.
However, agricultural sector and land use models do notra@ehnological change as an en-
dogenous driver. In order to fill this gap, we have presentadadel approach for an endogenous
implementation of technological change.

Our statistical analysis indicates that the investmeaeldyiatio increases in a disproportion-
ate way to land use intensity (measured by thiactor) and that production costs are linearly
correlated with yield levels. Our simulation model ressl®w that regions with high demand
projections, like Sub-Saharan Africa, or with low potelstifmr land expansion, like Middle East
and South Asia, have to make huge investments in future tdohical change. While the Mid-
dle East region and South Asia show this trend already inltserved data, Sub-Saharan Africa
shows this trend only since 1995. Hence, to meet the prajestiallenges in economic devel-
opment and growing agricultural demand, it seems indisggdagor countries in Sub-Saharan
Africa to increase investments in R&D and infrastructureoider to meet the demand. The
scenario on forest conservation exemplifies that investsnignagricultural R&D have to be
increased considerable in order to be able to protect senfitrest areas under otherwise un-
changed conditions.
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Appendix A. Population and GDP

year 1995 2005 2015 2025 2035 2045 2055 2065
AFR 553 743 926 1,125 1,313 1,481 1,629 1,753
CPA | 1281 1480 1,582 1,651 1,673 1,677 1,659 1,632
EUR 554 589 586 575 559 532 505 480
FSU 276 293 295 295 285 275 262 246
LAM 452 550 623 687 739 780 810 830
MEA 278 357 423 486 541 590 633 671
NAM 292 332 355 375 391 400 404 403
PAO 134 145 148 147 146 144 140 132
PAS 383 462 517 565 614 652 674 684
SAS | 1,270 1,572 1,797 1,998 2,149 2,265 2,347 2,398

Table A.5: Population in million from 1995 to 2065 aggregateten world regions [44]

year 1995 2005 2015 2025 2035 2045 2055 2065

AFR 1513 1,627 1,826 2,080 2,448 3,221 4,242 5,430

CPA 3,299 5855 8,908 12,311 16,270 20,512 24,720 28,579
EUR | 16,128 20,123 25,189 30,654 36,115 41,080 45,851 50672
FSU 3,521 4,081 6,094 8,496 11,143 15,264 20,235 25,698
LAM 6,527 7,840 9,769 11,853 14,131 17,144 20,809 24,989
MEA 4940 5,855 7,352 9,215 11,408 14,142 17,346 21,002
NAM | 26,765 33,920 39,349 44,489 49,842 55,597 61,383 67,106
PAO | 21,469 24,240 28,672 34,841 41,224 45,297 49,037 52{935
PAS 3,649 4614 6,692 9,324 12,371 16,211 20,322 2,669
SAS 1461 2,139 3,181 4,406 5805 7,769 9,827 11,923

Table A.6: GDP per capita (US$ per number of people in purdggsower parities (PPP)) [45]

Appendix B. Specific implementation characteristics of MAgRE

For the implementation of technological change in MAgPIEneocharacteristics of the
model and the agricultural sector have to be consideredic@iy for endogenous technol-
ogy implementations in economic models an intertemportiragation approach is used due to
the need of some kind of planning foresight [60]. In contr®$AgPIE is a recursive dynamic
optimisation model which solves each time step separafidybe able to reproduce planning
foresight in MAgPIE we use the annuity approach to transferd-sum TC investment to pe-
riodic payments including interest [61]. Investment dieeis are taken by the model under the
assumption of a 20-year lifetime of TC yield gains.

Another issue is the implementation of a 15-year lag betwR&D investment and yield
impact. The model decides, based on the expectations foreats yater, how much should
be invested. However, since there is no other cross-coionelgétween these time steps, it is
possible to shift the investments to the time step when ifmithtakes place. This means: if the
model needs yield growth in the year 2025 due to higher deragpeélctations, these 2025 model
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investments must have been made in 2010. However, the coR&D in 2010 in the model will
be compounded and paid in 2025. This implementation all@vefdogenising technological
change in a land use model without using intertemporal dgpéition.

A non-intertemporal implementation has the advantage mfoducing the observed effect
of continuous underinvestment in agricultural R&D [62, 63his market failure is caused by
the limited foresight of decision makers concerning invesits in R&D [64]. An intertemporal
optimisation model, however, would anticipate all the fatbenefits of R&D investments, which
would lead to an optimal R&D investment path in R&D and an egtéimation of yield increases,
compared with observed trends.

Appendix C. MAgPIE mathematical description (TC Branch Rev 2987)

MAGgPIE (Model of Agricultural Production and its Impact dmetEnvironment) is a nonlin-
ear recursive dynamic optimization model that links reglagconomic information with grid-
based biophysical constraints simulated by the dynamiete¢ign model LPJmL. A simulation
run with the simulation period’ can be described as a set

X={x|[teT}CQ (C.1)

of solutions of a time depending minimization problem, ifer every timesteg € T the
following constraint is fulfilled

Yy € Q1 gi(we) < giy), (C.2)

where the goal function fare T'

gt(zt) :g(taxtvx(t—l)a"'vxlvpt) (C3)

depends on the solutions of the previous time steps), ..., z; and a set of time depending
parameters’;.. We may interprete a MAgPIE simulation ri§i = {x; |t € T} C Q as an
element of the vector spa¢er = Q x T.

Appendix C.1. Sets

The dimension of the domaif?, on which for each timestep the minimization problem is
defined, and of2; depends on the following sets:

e T = {time stepg}: Simulation time steps, wheralenotes the current time step; 1 the
previous time step and so on. The first simulated time step-ig.

e [ = {world regionsi}: Economic world regions in MAgPIE.
e J = {spatial cellsj} : Highest disaggregation level in MAgPIE.

e K = {simulated products} : Union of vegetal product¥ and livestock productd
(K =V UL).

17



e L = {simulated livestock product$: Products simulated within the livestock sector of
MAgPIE.

V = {vegetal products}: Products simulated within the crop sector of MAgPIE.

e W = {water supply types}: Currently two types are implemented: rainfed 'rf’ and
irrigation ’ir’

C = {crop rotation groups}: Groups of crops, which produce similar effects in terms of
crop rotation.

To highlight the substance of our model equations with dgarthe agricultural and eco-
nomic contents, we split our variahbig into

T = (x?rea c Qarea’xjfTOd c Qprod7 Z‘;C c th) c Q, (C4)

where the respective domains can be identified as the foltpwéctor spaces

Qarea _ R\J\ x R|V| % R‘W| (CS)
Qprod _ R‘J‘ X R|L| (C6)
Qte — plI (C.7)

As a result, we may specify the dimension of the solution sfpaceach timestep asm) =
[J] - |V]-|W|+|J]|-|L| + |I| and the dimension dly = Q x T asdimQr = |T| - dim) =
7] (] V] W]+ 1] - L]+ 1),

In the following, variables and parameters are providedh sitbscripts to indicate the di-
mension of the respective subdomains. Subscripts writtejuotes are single elements of a set.
The order of subscripts in the variable, parameter and immctefinitions does not change. The
names of variables and parameters are written as superscrip

Appendix C.2. Variables

Since MAQPIE is a recursive dynamic optimization model,valtiables refer to a certain
time stept € T'. In each optimization step, only the variables belonginthéocurrent time step
are free variables. For all previous time steps, values ¥izxard in earlier optimization steps. As
we have seen above, we currently distinguish three vasafjle® € Qares, /74 ¢ Qprod gnd
xt¢ € Q' that can be described as follows:

e 2775, ¢ The total area of each vegetal production activitfor each water supply type

w, each cellj and each time step[ha]

. xfrj?ld: The total production of each livestock produgcfor each cellj at each time step

[ton dry matter]

e % The amount of yield growth triggered by investments in R&D [
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Appendix C.3. Parameters

Besides variables, the model is fed with a set of paraméter§hese parameters are com-
puted exogenously and are in contrast to variables of pusviine steps fully independent of
any simulation output. Although most parameters are tindependent, there exist also some
parameters which are time dependent.

%”ffjlw Yield potentials for each time step, each cell, each crapeach water supply

type taking only natural variations into account and exiclg¢hanges due to technological
change [ton/ha]

. pfez”,g Regional food and material demand in each time step for pamduct [L0° ton]

fé’” : Feed share describing the share of each prokloétotal feed production for live-

stock product and corresponding transformation from GJ feed in ton drytengtion/GJ]

° pf“d Feed requirements for each livestock produateach region [GJ/ton]

° pfykpl"’d Feed energy delivered by the byproductscdhat are avaiable as feedstock for
the livestock product [GJ/ton]

. f . Area related factor requirements for each crop and eaéhrre@he parameter is the
product of observed yields in 1995 [65] and the productisgtEshown in table 4 [US$/ha]

. f "!: Production related factor requirements for livestockdoiais for each livestock type
and each region [US$/ton]

e plcc: Area related land conversion costs for each region [U§$/ha

e ptcc: Technological change costs factor containing an int@@section, an expected life-
time factor and a general cost factor [US$/ha]

. p;},: 7-Factor representing the agricultural land use intensitthée first simulation time
step for each crop in each region [-]

e p°®P: Correlation Exponent betweenFactor and technological change costs [-]

. pfﬁfd: Share of production that is used as seed for the next pesicdlated for each crop
in each region [-]

* p;; ' Regional excess supply for each product and each time stapitling the amount
produced for export1® ton]

° pff;: Regional self sufficiencies for each product [-]

e p'’: Trade balance reduction factor. This factor is always tessqual 1 and is used to
relax the trade balance constraints depending on the plartitade scenario.

° pé“”d: Total amount of land available for crop production in eaeh [d0° ha]
° p;l’“l“”d: Total amount of land equipped for irrigation in each c&ll] ha]

e p}1'"°%: Cellular water requirements ffg; each produef/ton/a]



. p;““te’“: Amount of water available for production in each cetlY/a]
e p™e%: Maximum share of crop groups in relation to total agrictdtiarea [-]

e p.™: Minimum share of crop groups in relation to total agrictétiarea [-]

[all ton units in dry matter]

Appendix C.4. Sub-functions

To lighten the general model structure, some model comgsnghich appear more than
once in the model description and depend on the variabldgedfurrent time stepare arranged
as functions:

t
growth H 1 + CL’ (C8)
T=1
prod kel
f“;cd Z ’7’ ield th ' (C.9
% ie rowth
7\ kP [ (@) ckEV

dem dem fshr feed prod byprod prod
tzk( ptzk+§ pzlk (11 il xt E pml tik xt) . (ClO)

. t-‘{;"wth: Growth function describing the aggregated yield amplifacadue to technolog-

ical change compared to the level in the starting year foh gaart and regiory.

. ff;"‘;d Function representing the total regional production ofedpctk in region: at
timestept. In the case of vegetal products, it is derived by multiplythe current yield
level with the total area used to produce this product. Inceee of livestock products, it

is represented by the related production variable.

° ftdj’};' Function defining the demand for producin regioni at timestep. It consists of

an exogenous demand for food and matemnﬁi@1 and an endogenous demand for feed,
which is calculated as the feed demand generated by thedoleproduction minus the
feed supply gained through byproducts.

Appendix C.5. Goal function

gi(w¢) = g(t, 2, T(4—1), -y T1, Pr) (C.11)

The goal function describes the value that is minimized irreaursive dynamic optimization
model structure in each timestep. Itis time dependent;, digfers for each time step, depending
on the solutions of the previous time steps. We define thefgaation as follows (with®(z) as
Heaviside step function):
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The function describes the total costs of agricultural potidn. The total costs can be split-
ted in four terms: 1. The area depending factor costs of egeoduction, which increase
with the yield gain due to technological development. 2. Tdmtor costs of livestock pro-
duction depending on the production output. 3. The land emion costs which arise, when
non-agricultural land is cleared and prepared for agticaltproduction. 4. The costs, which
arise by investing in technological development to inceegiglds by new inventions and im-
provements in management strategies. The technologiealgehcosts are proportional to the
total cropland area of a region and increase dispropotonih the yield growth bought in the
current timestep and the agricultural land-use intensity.

Appendix C.6. Constraints

Constraints are used to describe the boundary conditioreruvhich the goal function is
minimized.

Appendix C.6.1. Global demand constraints (for each activity k)

pr od

Z 1‘*;’; d > Z flem (x (C.13)

These constraints describe the global demand for agrialilt@mmodities: The total pro-
duction of a commodity: adjusted by the seed share required for the next produdgeeation
has to meet the demand for this product.

Appendix C.6.2. Tradebalance (for each region i and product k)

prod em
i (71) “’{ )+ P pzf>1 (C.14)

>p
L+pict SR@ap Pk <1

The trade balance constraints are similar to the global ddroanstraints, except that it acts
on a regional level. In the case of an exporting region (s#ffcsency for the produck is greater
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than 1), the production has to meet the domestic demandesuppted by the demand caused
due to export. In the case of importing regions (self sufficieless than 1), the domestic demand
is multiplied with the self sufficiency to describe the ampbwhich has to be produced by the

region itself. In both cases the demand is multiplied wittoaalled "trade balance reduction

factor”. This factor is always less or equal 1 and is used laxrthe trade balance constraints
depending on the particular trade scenario, that is run.

Appendix C.6.3. Land constraint (for each cell j)

area lan,d
E T < (C.15)
v,w
2 area zr land
Ly, g0, ir! = (Cl6)

The land constraints guarantee, that no more land is usgmdduction than available. The
first set of land constraints ensures the land availabibtyafgricultural production in general.
The second one secures, that irrigated crop productiosisated to areas that are equipped for
irrigation.

Appendix C.6.4. Water constraints (for each cell j)

2 parea yzeld fg7owth t wat7€q+§ : pTod wat7eq <py;ater (Cl?)

t,j,v, ir' D t,g,v,/ir’ S t,i(5) t]l =V

In MAgPIE, the production of animal commodities as well agetal goods produced with ir-
rigation requires water. The required amount of water ipproonal to the production volumne.
The whole cellular water demand must be less or equal to theragailable for production in
this cell.

Appendix C.6.5. Rotational constraints (for each crop rotation group c, cell j and irrigation type
w)

§ area 7ma1 § area
Ly, 7,0, w — Ty ,J,U,w (C18)
Ve
area rmzn area
Z xt,j,v,w Z xt,],v,w (Clg)
Ve

The rotational constraints are used to describe crop oositibut also other aspects such as
cultural preferences or efforts of autonome food producsigstems. This is achieved by defining
for each vegetal product a maximum and minimum share rel&tivotal area under production
in a cell. While crop rotation structures are exclusivelyald®ed with the maximum share
constraints, cultural preferences and autonomy effoedasically described with the minimum
constraints.
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