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Abstract—Fertile land and fresh water constitute two of cropland may decline because of soil degradati@h an
the most fundamental resources for food production. expansion of other sectors on fertile agricultural
These resources are affected by environmental, pptial,  |and®”, Third, environmental and human health
econotm'c’ af?td ttecrhn'cal dle(;’etlﬁpmeﬂtsf Regmn;ltmga regulations may constrain agricultural management
may-transmit 1o the world mrough increased tade. —ang put limits to intensificatiéi'®. Fourth, continued
With a global forest and agricultural sector model,we . ; . .

growth in domestic and industrial sector water

quantify the impacts of increased demand for food de . . .
to population growth and economic development on consumption will decrease the available water v@lum

potential land and water use. In particular, we for agricultur€ ™. Fifth, if climate change
investigate producer adaptation regarding crop and intensifies, the productivity of agricultural syste
irrigation choice, agricultural market adjustments, and ~ will be impacted. However, these impacts will diffe
changes in the values of land and water. across locations and involve both improvements and
deterioration$***  While the above mentioned
Keywords— Irrigation, ~ Food supply, Integrated  challenges may differ locally, their net impactikely
assessment, ~Water use intensity, Agricultural 5 gaffect all countries as agricultural commoditige
adaptation, Land scarcity, Partial equilibrium model heavily traded.
The global dimension of agricultural water use is
evident from the fact that agriculture accounts for
[. INTRODUCTION more than 70% of anthropogenic water withdrawals.
Furthermore, about 20% of total arable cropland is
Global population is projected to grow by aboutunder irrigation, producing 40% of the global
65% within the next 50 years. At the same timeharvest®. With continuing population growth and
average per capita income is also expected t8'riselimited potential to increase suitable cropland,
Together, these two developments imply a substantiarigation becomes an increasingly important toml t
increase in demand for water and food — not onlgnsure sufficient global supply of food in the faft?.
because of more people, but also because of trendswever, increasing levels of irrigation will inerge
towards more water-intense lifestyles and dietsteWa the cost of water and, in some regions, this magea
resources are an important economic driver becausevere problems of water scarcity.
they constrain food production, energy generation, As water scarcity increases, inefficient allocatasn
activities in other economic sectors. The complewater causes increasing costs to society. Missing
interdependencies between water resources and fopibperty rights and inadequate water pricing arppma
production have been referred to in recent studges causes of such inefficiencies. The magnitude of
an evolving global food crisfs’. water-related externalities may further increase as
The future supply of food and water faces severahternational agreements to mitigate global chamge
challenges. First, technical progress in agriceltmay more restrictions on agriculture or land use inegah
be subject to decreasing rates because of bio@hysi®reventing these externalities from growing out of
limits*. Second, future land expansion may beroportion is therefore in societies’ best interest
restricted because of physical limits and confligti However, national and international policymakers
demands. Furthermore, the productivity of existinqieed scientific guidance to adequately regulate
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agricultural water use. In particular, appropriate [I. MATERIALS AND METHODS
assessments of agricultural water use need todmmsi
a) the heterogeneity of natural and farming coons; Our paper is structured as follows. We briefly

b) international commodity markets especially forportray the model and basic components of the
agricultural products, c) agricultural and land usérrigation module, followed by a more detailed
related environmental policies, and d) synergied ardescription of the determinants of irrigation cheic
tradeoffs between different land use relatedcrop profitability, resource endowments, water
externalitie§”*® demand, energy demand, labour demand). For each of
Many existing studies, which endogenouslythese elements we describe the methods used t@deri
consider the adoption of irrigation practises, sédy parameter values, and the assumptions made on how
farm or basin scales. A few global assessments ¢ie depicted elements are constituted and intextink
irrigation distribution and impacts exist but mainl Then we describe the computation of total irrigatio
within disciplinary boundaries, i.e. physical gemgny costs, depending on the particular biophysical and
or economics. These studies, however, do not atcowtonomic environment.
for site-specific differences between alternative In the next sections we introduce the baseline
irrigation systems and usually reduce and simplifgcenarios and discuss first model results.
decisions to a choice between rainfed and irrigated
agriculture. Global integrated land use model®\ Global Forest and Agricultural Sector Model
accounting for multi-sectoral competition and
limitations of land and water resources areltdre We apply a mathematical programming-based,
In this study we analyse quantitatively howprice-endogenous sector model of the agricultundl a
irrigation decisions in land use systems respond forestry sectors. The model depicts production,
different development scenarios. Possible irrigatioconsumption, and international trade in 11 world
options include four major systems in addition taegions. The agricultural sector is representechbye
rainfed agriculture. The suitability of these sys$e than 40 crops and an aggregated livestock seator. F
depends on environmental, technological, androp management, the model can choose between
economic factors, which influence crop suitability,different irrigation systems as described in detathe
water use efficiency, energy demand, labour intgnsi following sections. Livestock production and
and overall cost of irrigated agriculture, and taffect consumption is represented by an aggregate of &nima
motivation-based decision making that aims atalories and is connected to crop production thinoug
individual or societal welfare maximisatioh fixed feed ratios. Except for the irrigation-reidhte
We present a first attempt to integrate crop angarameters the agricultural part of the model setie
location-specific irrigation methods into a globalFAO statistics accessible alttp:/faostat.fao.org
partial equilibrium model of land use. This modelForestry sector focuses on biomass production for
estimates economically motivated decision makingawnwood and wood pulp and represents also tte firs
subject to site-specific environmental constraiatsi  transformation level. It is an adapted version hof t
heterogeneous, system-specific ¢68tsThe model 4DSM modéf?. The model contains also several
optimises explicitly water and energy use effickenc  bioenergy processing technologies and a complete
This model can be used to assess the impacts geenhouse gas accounting, but those are not ¢hs fo
political, technical, environmental, and marketof the present analysis.
developments on agricultural management decisions The model simulates the market and trade
and their aggregated impacts on scarcity of landl arequilibrium in global agricultural markets. The rgir
water, agricultural commodity supply and pricesd anequilibrium reveals commodity and factor prices,
impacts on environmental externalities includindevels of domestic production, export and import
deforestation, greenhouse gas emissions, soilagrosi quantities, resource usage, and environmental itepac
and nutrient leaching.
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B. Irrigation Module operating times per evéfit The schedules assume
uniform application depths during complete vegetati
Four irrigation methods are portrayed: surfacegeriod. Guide values on soil infiltration rate, table
irrigation systems including basin and furrowslope, the allowable range of flow rate by soileyat
irrigation, localised drip irrigation, and sprinkle optimal slope, and corresponding size of irrigeesh
irrigation (represented by center-pivot sprinklers)were taken from literatuf&. In a first step we
Current cost trends of water delivery infrastruetur calculated maximum number of events with respect to
made us assume ‘piped water supply’ for all of théength of growing peridd® and common application
system&. For each method we evaluate biophysicallrequencie%o'zg]. Using total irrigation water demand,
and technical compatibility to exclude inapprogiat we accordingly determined application depth peneve
irrigation decisions. by country, crop, and method. Second, we calculated
The choice of crop and management type imaximum application depth by soil type on optimal
motivated by profit maximisation subject to resaurc slope with respect to flow rate and soil infiltatirate.
constraints. Profitability is defined as revenussle To account for slope effects on surface irrigation
production costs. Crop revenue is calculated as theerformance we modified the application depths for
expected yield per spatial unit times the respectivbasin irrigation using ratios between recommended
market price per unit of yield. Production costatecn  and minimum flow rate as multipliers, while assugin
all expenses for management and inputs required pooportionality of irrigation depth and flow rat€hen
reach the respective management-related yield. Croye derived ‘slope-related basin size factors’, \Whic
yields and corresponding irrigation demands aredasdepict the maximum basin area by slope class in
on exogenous databa%&€’. Yearly water availability percent of the optimum-slope basin area when flow
for irrigation considers internal renewable waterate is the same. For this we assumed quadratiocsbas
resources less water requirements of other s&&ors and a linear relationship between slope and basin s
Land resources are further classified by slopesamid These slope coefficients were applied to previails s
type?®), indexed optimal-slope application depths. Regarding
We also considered system application efficiencieurrow irrigation, we considered soil and slope
to project gross water demaritfs Actual water use is influences on maximal furrow length and their
finally computed considering irrigation cost peasgl  implications for allowable flow rat&. We
unit for all appropriate combinations of geographidransformed furrow lengths to ‘area per furrow’ and

background, crop type, and irrigation system. determined application depth per furrow (by country
crop, soil type, and slope) for maximal area under
C. Parameterisation: Energy Requirement consideration of operating time. After modifyingeth

surface application depths we re-calculated yearly
Four energy sources can be used optionallynumbers of irrigation events based on total water
Electricity, diesel, gasoline, and natural gas.rgGyne requirements, and determined the ‘final’ applicatio
use is a function of irrigated area, water demandepth per event.
pressure requirement, and total irrigation fifhe Energy use for irrigation is determined by
Pressure for pumping is determined by estimated piunderlying pressure requirements. Total pressure
length and lifting height. requirement is the sum of sprayer pressure (for non
On-farm irrigation scheduling is affected by vasou surface systems) and static head pressure to bridge
functional relationships among geographic anelevation differences. Information on sprayer puess
technical parameters. We used a simple but consisteand static head pressure calculation were obtained
approach to represent these interdependencies togm literatur&®>"
means of ‘generalised irrigation scheduling’. Insth
context ‘application depth per irrigation event'aa D. Parameterisation: Labour Requirement
important parameter to calculate cost-effectivergye
demand. We used a stepwise approach to determineLabour requirement is the number of irrigation
application depth based on the assumption of fixeelvents times estimated labour hours per &fent

12th Congress of the European Association of A¢ical Economists — EAAE 2008



To depict variations by crop type we introduced a Table 1 Model World Regions
‘crop labour factor’ as a multiplier, based on sgsér
spatial unit®*® and used the value of maize a$ World regions
benchmark. [+ no. of contained individual countries/subregions]
North America (NAM) [6]

E. Irrigation Cost Western Europe (WEU) [29]
Pacific OECD (PAQ) [3]

Irrigation costs include capital costs and costs fgCentral and East Europe w/o former SU (EEU) [12]
operation and maintenance (O&M). Operation cos{gormer Soviet Union (FSU) [15]
are composed of pressure-related energy costsms te | Planned Asia with China (CPA) [6]
of energy prices by sou®®®®, and labour costs in | South Asia (SAS) [g]
terms of average agricultural wages per RBEF. For | Other Pacific Asia (PAS) [18]
unavailable items we inter- or extrapolated meaMiddle East and North Africa (MEA) [19]
trends. Latin America and Caribbean (LAM) [38]

At present stage, capital and maintenance costs |Bub-Saharan Africa (AFR) [49]
method were assumed to be globally identical, thoug
in fact they may substantially differ between
region§?.We took capital costs per spatial unit for
center-pivot sprinklers as referefifeto determine

The average daily calorie intake per head is
projected to increase in all regions. Highest raes
. ) assumed for regions that are also predicted to have
costs of drip and surface systems, using furthemgh population growth (Sub-Saharan Africa, most

technlcal information  on (}hese ;ystézr?ﬁs Asian countries). In regions with increasing ratés
Maintenance cost was .S?t tc_) 5% of capital CQSt foJconomic development, expected dietary shifts are
non-surface and furrow irrigation, and to 3% fosiba

irriaation?®% represented by a growing fraction of livestock
Irrigatio ' products among the daily calorie intake.
Supplementary pressure from population growth in
IIl. BASELINE SCENARIOS terms of increased residential water and land dédman
' causing reductions in water and land available for
agriculture, were calculated using domestic water
%onsumptioﬁn, and population density d&fA We
assumed that residential land growth takes the fufrm

Population growth affects agriculture through
increased demand for food. Higher demand for lan
and water from non-agricultural sectors increases t b .
scarcity of these two resources. Economi¢' 22N expansion.

y Baseline reference data on land and water
development may additionally affect food demand SO o
o o : . . endowment, and on irrigation distribution was
qualitatively and quantitatively via shifts in

consumption patterns and increasing demand f&ag'g‘aesdégg@,j{éf) STAT, AQUASTAT, and ICID

water-intense commodities.
We analyse these drivers independently and jointly

on a resolution of 11 world regions (Table 1). #azse
of population from 2000 to 2030, according to the V. RESULTS AND DISCUSSION

IASA GGl A2r baseline scenario calculations, We will describe simulated trends of irrigated area

portrays  the major driving force for scenarioand water use intensity to analyse these resultisein
simulatio®. We estimated future food demand by y y

L ) S ; : context of alternative irrigation options.
_multlplylng_reglona_l projections of per capita Gm Rising demands for food lead to increasing crop
intakd*” with the increment in regional population la ’

. ) nd, and water prices. We applied constant supply
according to the GG scenarios. functions for water. Technological progress affagti

productivity is not considered in the model runs.
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The effects of the constant water elasticity or

regional water prices is presented in Fig. 1.
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Fig. 1 Results — Water Index by Region

Total water use is going to increase at only slygh
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Fig. 3 Results — Global Irrigated Land

Global water use intensity more or less
continuously decreases over time. Whereas water
intensity remains relative constant in CPA and LAM,

varying rates until about 80% of the total increasé Substantially decreases in Africa and — to ades
projected until 2030 has proceeded. From this poifxtent — in SAS, despite high rates of population

increase rates decline accompanied by correspondi
prices increases for water (Fig. 2).
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Fig. 2 Results — Global Irrigation Water Use

Simulations indicate highest increase and totals «
irrigated area in South Asia (SAS). Increasinggate
irrigated area expansion are also predicted fomLat
America and the Caribbean (LAM), Former Soviet
Union (FSU), Planned Asia with China (CPA), anc
Other Pacific Asian states (PAS). After a relatvel
long period of population growth a stronger expansi
of irrigated area is finally also simulated for Sub
Saharan Africa (AFR).

gepwth and high increases of per-capita caloriakiat
Globally, a general trend of combined expansion and
extensification of irrigated agriculture can be
identified.

Critical thresholds to trigger explicit shifts in
regional irrigation management towards improved
water use efficiency seem to appear when about 60-
80% of predicted global population growth until 203
has taken place. In between 20-60%, water use
efficiency improvement is progressing at comparably
low rates.
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Fig. 4 Results — Global Agricultural Water Integsit
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We will face a general trend of irrigated area The timing of the occurrence of ‘global irrigation
expansion to sufficiently meet changing foodshifts’ may be illustrated by simulated global sigd
demands. Additional water and land pressure due tmigation developments. A global dominance of
residential demands accelerate the increase gaieil surface methods (especially basin irrigation), Wwhie
area, but simultaneously trigger an extensificattbn predicted for the early stages of population
management practises in terms of decreasing water Wevelopment, is likely related to the specific
intensity. characteristics of rice production, in conjunctiwith

Residential pressure on land resources seems regional population dynamics: As long as water supp
force shifts from rainfed to irrigated agricultute is not a limiting factor to irrigation decisionsadin
maintain food production, whereas residential pness irrigation can be maintained at high levels andhier
on water resources restricts water intensity whatew increased as the market price of rice is relatividy,
becomes scarce, and consequently approves watbasin irrigation is cheap, and food demand grows. B
efficient irrigation methods or, respectively criypes particularly regions most suitable for rice cultioa
with lower irrigation demands. also have high rates of population growth (e.g. SAS

Food demand-induced needs for irrigationCPA), and thus are particularly exposed to occgrrin
expansion may be met by more water-efficienproblems of water scarcity. A shift away from the
irrigation methods: Results show that after someeti combination of high water demands, large areas, and
current and additional agricultural production like water inefficient irrigation performance leads to
shifts to irrigation practises that are more watring. considerable water savings per hectare.

On long-term a broad application of relative expens

but most water-efficient methods is eventually

triggered. On global scale, a progressive substitut V. CONCLUSIONS

of sprinkler irrigation by drip systems appearstfir

before eventually also surface irrigation decreases  The model framework is applicable to evaluate
favour of water-efficient pressurized techniques. interdependencies between policies on one side, and

In higher developed regions such ‘shifting trendsland use related externalities, water availabildapd
appear earlier and more smoothly than in lestood supply on the other side.
developed regions. Besides technological standards, In this study, we use a global agricultural and
cost recovery for investment and O&M may play dorest sector model to evaluate interdependencies

major role. between development, food supply, and scarcity of
water and land. Our simulations show that agricaltu

450 ! responses to population and income growth include

400 considerable increases in irrigated area and

agricultural water use but reductions in the averag
water use per irrigated hectare.

Irrigation is a complex decision beyond the binary
decision of using irrigation or not. Different getion

350
300
250
)

200 |

150 systems are preferred under different exogenous
100 conditions including biophysical and socioeconomic
50y L factors. Negligence of these adaptations would bias
0 e o — the burden of development on land and water sgarcit
0 10 20 30 40 50 60 70 S0 90 100 . . . .
From 2005 to 2030 (in %) Without technical progress in agriculture, a
surface basin —t—  sprinkler cp —K— population and income level as predicted under GGl
surface furrow localized drip = . . . .
A2r scenario for 2030 would require substantiateri
Fig. 5 Results — Irrigation Methods (global) adjustments for land, water, and food to equilérat

supply and demand.
To accurately estimate land and water scarcity, the
likely adaptation of farmers to different irrigatio
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methods needs to be quantified. In particular, we.
excluded from this analysis institutional and other
barriers to adopt more advanced irrigation
technologies. Furthermore, our work needs to bg
complemented by more detailed hydrological studies
on the physical availability of green and blue wate
supply.

The study emphasises the need for integrated
approaches to assess the role of water resourckes an
irrigation in the context of future food securithca 7.
overall socioeconomic welfare. The inclusion of
technical and economic aspects of irrigation choice
can provide new insights into the interdisciplinary
trade-offs between determinants of global land usg
change. To conclude, let us state that the presgar
represents only the very beginning of our analgsid
the model is being continuously improved so that,ne
maybe more accurate results, can be presented soon.
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