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Abstract

Most methods used to predict irrigation water consumption at a regional scale are based on
biophysical models and cropping patterns. Their aim is to provide accurate estimations of “water
demand” that are useful for water resource management. However, in the case of free access to the
water resource, for example pumping from a water table, it is only possible to prevent
overexploitation by “managing” the demand for water, which thus needs to focus on farmers’
choices and behavior. In this paper, we propose a framework to represent agricultural activities
using typologies of farms and production units aggregated at a regional scale. The framework can
be used to estimate consumption of irrigation water and of other inputs, as well as the production of
outputs. The framework can also be used to evaluate the effects of technical, economic or
institutional changes on farm income, and to predict the consequences of changes for farmers’
choices at regional scale. We used this method in Central Tunisia to estimate irrigation water
demand in 1999. We then simulated the changes that would occur if drip irrigation were adopted.
The results of the simulation showed some savings in water and in labor, and, with fertigation, an
increase in yields. Using drip irrigation would consequently enable farmers to extend the area of
drip-irrigated land. We then simulated the widespread adoption of drip irrigation and the resulting
extension of irrigated areas: the results showed no savings in water at the regional scale. These
hypotheses were confirmed in 2005 using new typologies to estimate the new demand for irrigation
water. We also simulated the effects of economic changes on farm incomes. A major increase in the
cost of water affected a minority of farms, which consumed only 17% of total irrigation water,
whereas a slight decrease in watermelon and melon prices affected a majority of farms, which
consumed 78% of total irrigation water. Water demand management tools therefore need to focus
on the effects of technical, economic, or institutional changes and on farmers’ choices.
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1 — Introduction

Accurate prediction of agricultural water consumption is required for better management of water
resources. Most predictions are based on biophysical components and estimates of crop water
requirements. The accuracy of the estimates depends on knowledge of soil properties, climatic
variability, and irrigated cropping patterns. Satellite imagery combined with crop models is
currently widely used to estimate irrigation water requirements at a regional scale (Heinemann et
al., 2002). Including farmers’ practices and choices can improve the accuracy of such estimates
(Maton et al., 2005). Farmers choose their own cropping patterns and crop management practices.
Crop rotation can be taken into account, for example by using past cropping patterns and crop
transition probabilities (Benoit et al., 2001; Leenhardt et al., 2005). Bergez et al. (2005) proposed a
regional framework using a crop model combined with irrigation rules observed by farmers. In this
approach, the prediction of irrigation water consumption is based on the implicit assumption that
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the future is a repetition of the past. This assumption is justified for biophysical processes when
formulating hypotheses on future climatic variability (Victoria et al., 2005), but not for economic
processes that influence farmers’ choices and that - like prices - can change very quickly (Cantin et
al., 2005). For example, in Europe, how might cropping patterns and irrigation rules change as a
result of changes in the common agricultural set-aside policy or changes in the current high prices
of agricultural products? This type of question can be answered using economic optimization based
on mathematical programming or econometric models (Scheierling et al., 2005; Bartolini et al.,
2007). Agricultural water demand is thus the consequence of optimal cropping patterns and
irrigation practices for a given market with given output prices and input costs, including water
(Gomez-Limon and Riesgo, 2004).

After years of water management based only on supply, it is increasingly necessary to manage the
demand for water (Brooks, 2006) to prevent over-exploitation of free-access water resources, such
as groundwater (Foster et al., 2000). Tarjuelo et al. (2005) suggested developing a multidisciplinary
approach and innovating water management to account for the economic, social and environmental
viability of irrigated agriculture. For the World Bank, water demand management includes a set of
different actions that can modify the parameters that affect water demand (Berkoff, 1994). Water
demand management is concerned with technological, institutional, economic and behavioral
mechanisms (Froukh, 2007). It is thus important to focus analysis at the level of individual farms,
where the choices of crops and techniques are made.

To analyze irrigation water demand at the regional level, we propose a representation of agricultural
activities based on typologies of farms and cropping systems. This representation combines the
technical and economic functioning of farming systems and enables us to test the effects of changes
in farm incomes, and to simulate farmers’ reactions to these changes. The aim is not so much to
obtain an accurate estimate of water consumption as accurate knowledge of the farming system, and
thus anticipate changes in water demand. We illustrate our method by estimating water
consumption in a plain in central Tunisia, where farmers irrigate with groundwater drawn from an
aquifer with a constantly decreasing piezometric level. First, we describe the results of a survey
conducted in 1999 before the Tunisian government began promoting drip irrigation. Second, we
simulate possible consequences of the widespread adoption of drip irrigation in the region. We then
describe a second assessment made in 2005 to check our previous hypotheses. Finally, we test
economic incentives that could slow down the consumption of agricultural water.

2 — Methods
2-1 Model of regional water demand by aggregation of farmers’ choices

The usual way to model regional water demand is to aggregate water consumption at the plot scale.
Consumption depends on the climate, the soil properties, and the crop. Choices concerning crops,
irrigation techniques, and management are made by farmers. Many models represent water demand
at the plot scale only using crop water requirements, and GIS for regional scale aggregation
(Herrero and Casterad, 1999, Mateos et al., 2002). Some models also try to take farmers’ practices
into account (Weatherhead and Knox, 2000; Leenhardt et al., 2004) when estimating the daily
irrigation demand based on crop distribution at the regional scale, and on water management at the
plot scale. While this approach enables accurate assessment of irrigation water consumption when
plots are directly aggregated at the regional scale, it fails to take into account the farm scale at
which farmers choose crop patterns and crop management strategies based on economic — not only
monetary — criteria. As a result, it is not easy to predict the changes in the demand for irrigation
water that result from farmers’ reactions to economic or institutional changes.
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We thus propose a regional representation that focuses on the farmers’ choices and practices at the
farm scale. This enables us to estimate both annual consumption of agricultural inputs (particularly
water), and the production of outputs at the farm scale, and subsequently at the regional scale, by
aggregating farm consumption and production. Following Wichelns (2003), we place agricultural
water use in the context of the functioning of the farm as a whole. This representation is based on a
typology of farming systems that corresponds to a combination of animal and plant production
(irrigated or not), and a typology of production units for crops - i.e. cropping systems - and for
livestock (Le Grusse, 2001). Next, we consider a region as an aggregation of farm types, with
weighting corresponding to the number of farms of each type. A farm is considered as an
aggregation of production unit types, with weighting corresponding to the size of each production
unit type. A production unit consumes inputs (water, work, fertilizer, etc.) and produces outputs
(grain, straw, etc.) at given unit quantities. Inputs and outputs have costs, which enable calculation
of net income for each production unit and farm type, and for the entire region.

This type of regional model is widely used for economic optimization (Audsley, 1993, Rounsevell
et al., 2003). Here we use it to aggregate the consequences of consumption and production for
farmers’ choices, particularly with respect to cropping patterns and cultivation techniques, at the
regional scale. These simulations enable us to assess the economic consequences of price changes
(i.e. an increase in the cost of water or a decrease in the sales price of watermelons, for example) for
each type of farm. Because the consequences are usually heterogeneous among cropping systems,
the farmers’ responses may also differ (Landais, 1998; Andersen et al. 2007).

2.2 Building farm and production unit typologies

Typologies are a way of representing the diversity of farming systems and production units in a
given region (Jollivet, 1965, Cristofini, 1986; Capillon, 1993; Dobremez and Bousset, 1995;
Landais, 1998). As described by Maton et al. (2005), two types of methods can be used to build a
typology: (i) the “positivist method” based on statistical analysis of farm surveys (Mignolet et al.,
2001), and (ii) the “constructivist method” where types are built from “expert knowledge” and then
validated by surveys (Perrot and Landais, 1993).

We propose using the “positivist method” to build a farm classification based on structural data and
statistical methods (Lebart ef al., 1995). In practice, this classification needs to be validated by the
stakeholders involved, for example agricultural advisors or members of agricultural institutions.
Next, a survey is conducted of a sample of farms in each class enabling the production unit
typology to be built using the “constructivist method”. The production unit typology is then
validated by the farm survey and by the stakeholders. Subsequently, the farm typology can be built
using the “positivist method” by combining the production units in the farm sample. This farm
typology is then extended to the whole population using the farm classification.

The first step is an exhaustive inventory of the farms with their structural characteristics (size and
production orientation). These data usually already exist in the statistics departments of public
institutions. If not, the information must be gathered in surveys conducted by people who know all
the farmers in their territory, for example mayors or agricultural extension officers. The inventory is
then used to build the farm classification and to calculate the number of farms in each class.

2-3 Application to the Kairouan plain
The Merguellil Wadi basin in central Tunisia (from 35°44°N, 9°25’E, to 35°33N, 10°04’E) was

chosen by Tunisian authorities to design integrated water management models. The study was
entrusted to Tunisian and French researchers and was conducted in collaboration with the
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“Commissariat Régional du Développement Agricole” (CRDA) of Kairouan, the regional institution
for agricultural and rural development.

Figure 1: Map showing the location of the Merguellil Wadi basin
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Water management in this basin is characteristic of semi-arid regions with an upstream sub-basin
that collects the water resource, a storage catchment (the El Haouareb dam), and a downstream sub-
basin with irrigated agriculture (Fig. 1). Irrigation is made possible by pumping from the Kairouan
water table, which covers an area of more than 3,000 km?. This renewable resource is mainly
supplied by the Zeroud, Merguellil and Nebana watersheds, which have been closed by dams since
the 1980s. The main user of the Kairouan water table is agriculture, which consumes 80% of the
total amount extracted each year. Annual consumption exceeds the annual supply from the water
table resulting in a piezometric decrease of between 0.5 m and 1 m per year (Nazoumou and
Besbes, 2000; Leduc et al. 2004).

Our study zone covers about 300 km? located below the El Haouareb dam (35°34°N, 9°45’E). The
area is delimited in the north and south by low hills, and in the east by the town of Kairouan
(35°40’N, 10°06’E). Most farmers in the Kairouan plain extract water for irrigation directly from
private wells, while a few are involved in public irrigation schemes, called “Périmetres Irrigués
Publics” (PPI”) based on collective water distribution networks linked with boreholes. In practice
however, farmers usually own several plots (some of which are irrigated), and some might be in a
“PPT”, while others depend on private wells.

Demand for agricultural water in the Kairouan plain was originally surveyed in 1999-2000
(Feuillette, 2001; Feuillette et al., 2003; Kadi et al., 2005). That study was based on an exhaustive
inventory and typology of farms in the Kairouan plain, and results suggested water demand would
change with the expansion of drip irrigation. In the present study, we used the 1999 data set with
our representation framework to evaluate demand for irrigation water before the development of
drip irrigation, and to simulate the changes suggested. Then in 2005, we conducted a new study of
agricultural water demand based on farm and crop management typologies to check the original
hypothesis, and to test the effects of economic changes.

Most European countries (including France) have inventories of the farms in each department. In
Tunisia, this type of data rarely exists and an inventory of farms in the study area consequently had
to be compiled by the researchers. Feuillette (2001) built the inventory with the help of “Omdas,”
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i.e. people who represent public authorities (for example the mayor) in each “imada”, which
corresponds to a municipality. Each Omda meets everyone who lives in the municipality
(particularly farmers), when they prepare official papers. Each Omda compiled a list of farmers in
his municipality, with the size of the farm, the number of sheep, and the type of production, the
latter being classified in one of five production categories (i.e. olive groves, cereals, animal rearing,
vegetable cropping, fruit orchards). Each category was scored with respect to its importance for the
farm (0 for “none”, 1 for “a few”, and 2 for “many”). The first farm inventory was conducted in
1999 for the entire study area, which comprises seven imadas. The second inventory was conducted
in 2005 using the same methodology.

In 1999 and 2005, we performed multiple correspondence analysis (Tenenhaus and Young, 1985),
followed by hierarchical classification using Ward aggregation criteria (Lebart et al., 1995), using
the five scores as variables and the farms as population. The resulting classification was discussed
with the CRDA in Kairouan. Next, a survey was made of a sample of farms in each class. The size
of the sample depended on the total number of farms in the class (the samples ranged from 5% to
15% of a class), but also on the importance of the class as a function of its need for irrigation water
(low ratio for dry cropping, high ratio for irrigated cropping). The surveys we made on this farm
sample (crop pattern and crop management, size of flock) enabled us to build a farm typology for
1999 and 2005.

In 1999, the typology of the production units built with the CRDA concerned only irrigated crops
and was based on the yield, irrigation water consumption, and gross margin of each crop. In 2005,
the production unit typology concerned both rainfed and irrigated crops, and included land
preparation, use of fertilizers and pesticides, harvesting, and labor. In addition, production unit
income was calculated using the average prices of inputs and outputs in the region. Incomes, costs
and prices are given in Tunisian Dinars (TND; 1 TND = 0.57 Euro). The characteristics of each
production unit, particularly consumption of irrigation water and crop yield, are given for three
types of weather: a dry, rainy and “normal” year. The characteristics of the three types of years
were checked against local crop parameters and climatic data using the CROPWAT model (Allen et
al., 1998). Aggregated consumption and production were compared to economic studies on
agricultural crops (Albouchi, 2006) and hydrologic studies of the lowering of the Kairouan water
table (Leduc et al., 2004).

3 — Results
3-1 Demand for agricultural water and production in the Kairouan plain in 1999

In 1999, we counted 2,106 farms on the Kairouan plain, representing a cultivated area of about
17,000 ha. We identified eight types of farms (Table 1). About 26% of the farmers who cultivated
13% of the land had no irrigated crops, but instead cultivated rainfed cereals and olive trees. Some
farmers owned a large flock of sheep. These farms were mainly located on hillsides within the
limits of the plain. In contrast, 59% of farmers irrigated their entire farm. In this category, most
farmers cultivated irrigated vegetables and young fruit orchards in association with olive groves,
while some farmers irrigated only annual crops. About 15% of farmers, (representing about 20% of
the total area) cultivated both rainfed and irrigated crops.

Olive groves and annual crops were mostly irrigated using furrows, while cereals were irrigated
with sprinklers in public irrigation schemes (“PPI”). The emergence of drip irrigation mainly
concerned summer vegetable crops, young fruit orchards and olive groves. The production typology
of Feuillette (2001) indicated for each crop (or crop category) the irrigation water supply, yield and
gross margin per hectare, including the cost of mechanization, fertilizers and pest control for three
types of weather: dry, normal and wet (Table 2). Data describing the consumption of irrigation
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water resulted from surveys made with the CRDA on different types of farms with access to public
(like in “PPI”) or private water. Irrigation water requirements for crops were estimated by
Lardilleux (2000) using CROPWAT, regional parameters, and climatic data.

Table 1: Number of farms (% total) and characteristics of each of the eight farm types in 1999 (I a: strictly rainfed crops
; I b: animal rearing and rainfed crops; II: mainly rainfed crops with irrigated cereals and vegetables; III a: mainly
irrigated vegetables and cereals with rainfed crops; III b: mainly irrigated vegetables with rainfed crops; IV: irrigated
olive groves and vegetables; V: irrigated olive groves, fruit orchards and vegetables; VI: irrigated vegetables and
cereals). Average farm area (ha), number of sheep per hectare, cropping pattern (% of total area) with strictly rainfed
crops (cereals with olive and almond trees) separated from other crops that can be irrigated (vegetables, cereals, olive
groves and fruit orchards).

Farm type
Ta Ib 11 Il a I b v \ VI

number (% total of farms) 11 15 7 2 6 33 11 15
farm area (ha) 3.56 5.09 7.59 7.73 8.28 6.51 7.46 4.21
sheep (no . ha-1) 0.3 2.4 0.5 3.8 0.3 04 0.9 1.1
cereal and olive plantation* (% farm area) 100 100 52 34 33 5 0 0
cereals** (% farm area) 22 21 4 16 14 24
total vegetable cropping®* (% farm area) 25 67 91 30 21 73
summer vegetable cropping** (% farm area) 11 35 53 16 14 24
olive groves** (% farm area) 7 5 53 30 3
fruit orchards** (% farm area) 4 35

(* strictly rainfed crops ; ** crops that can be irrigated)
Sum of crops can be more than 100% because trees can be cultivated with annual crops, and several different crops
(particularly vegetables) can be grown in the same field in the same year (in rotation).

Table 2: Yields, irrigation water supplies (from our surveys) and requirements (estimated with CROPWAT), labor
requirements, and incomes for the main irrigated crops in 1999: irrigated wheat, olive groves (100 trees per ha),
watermelons (harvested in summer), tomatoes (harvested in summer), and beans (grown in winter). Values are those of
a “normal” annual weather with deviations for dry or wet annual weathers.

yield (t)  irrigation water irrigation crop water  labour income
supply (m®) requirement ( m’) (days) (TND)
Wheat 3.0 (0.5) 2,500 (£1,000) 2,100 (#1,500) 20 (£5) 300 (£50)
(sprinkler irrigation)
Olive groves 2.2 (£0.8) 2,000 (=1,000) 2,500 (£1,250) 20 (£5) 1000 (£500)
(100 trees per ha)
Watermelons 25.0 7,000 (£1,500) 6,250 (+1,200) 135 (£10) 1600 (£750)
(harvested in summer) (+5.0)
Tomatoes 30.0 7,500 (£1,500) 6,500 (£1,200) 200 (£10) 1400 (£800)
(harvested in summer) (£7.0)
Beans 3.5(0.5) 2,500 (£1,000) 3,000 (£2,500) 130 (£5) 1200 (£500)

(winter vegetable cropping)

As shown in table 2, irrigation water supplies monitored at field level appeared to satisfy estimated
crop water requirements or were slightly less than requirements. But the efficiency of irrigation in
the field is commonly about 0.85 for sprinkler irrigation and 0.6 for surface or furrow irrigation
(Rogers et al., 1997). One can thus assume that irrigation water available for the crop was 15% to
40% less than the water consumption monitored, and that the supply of irrigation water thus did not
satisfy crop requirements. As a result, actual yields reached only about half the potential yields for
the region (Lardilleux, 2000; Champion, 2003). The effect of weather on yield and water supply
resulted in variability of gross margins. But the high gross margins for vegetable crops (e.g.
watermelons and tomatoes) are more affected by product prices, which can vary considerable
depending on the market (Champion, 2003; Albouchi, 2006). The gross margins for irrigated
cereals are much lower than those for other irrigated crops, particularly summer vegetables.
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However, cereals are a necessary component of cropping patterns, as the straw is used to feed the
flocks of sheep. In addition, cereal fields can be rented for pasture after harvest, and vegetables
cannot be grown in the same plot more than once every four or five years due to phytosanitary risks.
However farmers can rent plots to grow vegetables (Albouchi, 2006).

Based on these typologies and on the number of farms in each farm category (Table 3), the cropping
patterns, agricultural consumption and production were aggregated at the scale of the entire plain
for 1999. The supply of irrigation water for the study area was estimated to be between 25 and 45
million m’ depending on the weather in the year concerned. Summer vegetable cropping (which
covered about 3,000 ha), half of which was combined with olive or fruit trees, represented about
half of total water consumption. Irrigated cereals (also about 3,000 ha), consumed an average of
17% of the total supply of irrigation water, but with considerable variation due to weather.

Due to water losses of between 20% and 30% caused by surface transport and the outdated
distribution network, the total water extracted for agriculture was about 45 million m® per year. This
extraction rate corresponds to the annual decrease of 0.5 m in the level of the water table observed
during the 1990s (Leduc et al., 2004).

Table 3: Cropping pattern at the scale of the Kairouan plain and average volume of irrigation water consumed by each
crop with deviations for wet or dry years.

area irrigation water supply
(ha) (10° m®)
Rainfed crops and fallow 6,422
Cereals 2,996 6.0 (£3.0)
Olive groves (alone) 908 1.8 (+0.9)
(with annual irrigated crop) 1,907 1.9 (20.9)
Fruit orchards (alone) 469 2.8 (£0.7)
(with annual irrigated crop) 152 0.6 (£0.1)
Watermelons and melons 1,872 13.1 (£2.8)
Tomatoes and hot peppers 743 5.6 (£1.1)
Other summer vegetables 278 1.7 (20.3)
Bean and winter vegetables 811 2.0 (£0.8)
Total irrigated crops 8,077 35.5 (£10.6)

3-2 Hypotheses on changes in water demand and cropping patterns

To prevent overexploitation of water tables without disturbing agricultural development in rural
regions, Tunisian authorities introduced incentives for the purchase of equipment needed for drip
irrigation (irrigation pipes, basin and pumps). These incentives depended on the size of the farm and
covered up to 60% of investment costs for small farmers, but only 20% for large farmers. In 1999,
drip irrigation was used only on a few crops, particularly vegetables and young olive groves and
fruit orchards. We used our representation of agricultural activities to estimate the consequences of
the extension of drip irrigation to vegetables and fruit orchards.

At the scale of the field, the change in irrigation technique enabled savings in irrigation water.
Based on surveys made by the CRDA in drip-irrigated fields, we estimated that the supply of
irrigation water could be reduced by 30% to 40% in vegetable cropping and fruit orchards. At the
scale of the entire plain, this reduction was estimated at about 9.5 million m® in a year with
“normal” weather. The extension of drip irrigation would also improve the efficiency of water
transport from the well to the plots by using pipes instead of earthen ditches.
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Table 4: Characteristics of the 18 farm types in 2005. Number of farms, average size, cultivated and irrigated areas, number of sheep per hectare, rainfed and irrigated crops (% of

total cultivated area) of each farm type.

Farm type

Ia Ib IHa 1IIb Ila HIb| IV | Va Vb Vc VIa VIb VIc VIIa VIIb VIIa VIIb VIlIc
Number of farms (% total) 76 72 36 22 56 43| 67 98 37 02 164 95 04 141 51 16 17 03
Average total area (ha) 41 75 97 135 36 11} 10.1| 35 134 61.7 4.1 134 333 38 136 52 155 663
Cultivated area (% total area) 80 100 90 70 100 70 90 90 90 60 100 100 80 100 90 100 80 90
Irrigated area (% cultivated area) 0 33 0 35 0 0 80| 100 91 100 92 80 75 100 100 100 100 100
Sheep (number / total area) 1.7 20 25 20 45 26| 12| 04 04 00 26 11 09 13 05 03 02 0.0
Rainfed crops (% cultivated area)
Olive groves 69 45 10 5 17 5 4
Olive groves-almond orchards 13 27 50 34 5 1
Cereals with olive trees 5 5 50 41 5
Cereals 13 20 58 60 8 5 9 8 15 25
Irrigated crops (% cultivated area)
Olive groves 5 15 14 8 7 40 65 15 16
Olive groves-almond orchards 8
Cereals with olive trees 30
Vegetables with olive trees 20 6 21 7 4 30 7 16 15
Fruit orchards with olive trees 5 33 30
Cereals 2 8 8 40 33 40 8 3
Summer vegetables 5 10 12 90 65 100 22 17 20 10 5 3 10 33
Beans and winter vegetables 1 5 10 4 15 9 7 15 4 4
Fruit orchards 3 8 35 30 43
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Moreover, drip irrigation enables fertigation, which can increase vegetable yields. As a result, gross
margins for summer watermelons and tomatoes were 50% higher in drip-irrigated fields than in
surface irrigated fields, with less manual labor needed for irrigation. We thus hypothesized that
farmers would use this increase in income to buy new drip irrigation equipment and to extend
vegetable cropping using the water saved from private wells. The irrigation water thus saved (about
9.5 million m®) would allow the land used for summer vegetable cropping to be to be extended by
about 1,500 ha. This extension could be at the expense of non-irrigated land, in association with
olive groves for example, or of irrigated cereals, which result in low income. We thus hypothesized
that the extension of drip irrigation would not result in a decrease in overall demand for agricultural
water, except for savings due to the increased efficiency of water transport. Moreover, Feuillette
(2001) supposed that farmers would use their extra income to build new wells, resulting in an
increase in water pumped for irrigation. The study we conducted in 2005 provided the opportunity
to test these hypotheses.

3-3 Agricultural water demand, consumption and production in 2005

In 2005, using a similar methodology to that used in 1999, 2,230 farmers who cultivated 17,081 ha
were subdivided into seven categories in the first classification round. A sample of 150 farms was
chosen at random in each category 1.e. a ratio of between 2% and 10% depending on the irrigation
activity and on the size of the category (low ratio in large categories with rainfed farms, high ratio
in categories with farms specialized in irrigated crops). This sample allowed us to distinguish eight
groups of farmers (Table 4) who cultivated from 0% to 100% of irrigated crops. The first three
groups represented about 30% of the farmers (28% of the total area) who cultivated mainly rainfed
crops (cereals with olive groves and almond orchards); some farmers (less than 10%) grew irrigated
vegetables and olive groves on 33% to 35% of their cultivated land. An intermediate farm type
grouped 7% of farmers (about 9% of the total area) who mainly grew irrigated crops on 80% of
their cultivated land, along with irrigated cereals and vegetables intercropped with olive trees. Next,
we distinguished four groups of farmers who specialized in irrigation. The first group comprised
14% of farmers (13% of the total area) who specialized in summer vegetable cropping. The second
group comprised 26% of farmers (27% of the total area) who mainly cultivated irrigated cereals and
vegetables. The third group comprised 19% of farmers (16% of the total area) who mainly
cultivated irrigated olive trees. The last group comprised less than 4% of farmers (7% of the total
area) who specialized in irrigated crops with summer vegetables, and fruit orchards associated with
olive groves. These eight groups were subdivided into 18 farm types according to average farm size
and specific cropping patterns (Table 4).

Production unit typology was based on the main crops. We distinguished 24 types of pure (i.e. only
one crop in the plot) production units: four rainfed crop production unit types (olive groves, olive
groves and almond orchards, wheat, and barley); two irrigated cereal types classified according to
their level of irrigation; one type comprising irrigated olive trees; 13 vegetable cropping types
classified according to the harvest date and the degree of intensification; one winter vegetable
cropping (mainly beans); and three fruit orchards. Intercropping cereals, vegetables or fruit orchards
represented two thirds of the pure production units in association with rainfed or irrigated
“intercropped olive trees”. The characteristics of the main production units are listed in Table 5.
Almost all the irrigated vegetable crops and fruit orchards were drip irrigated; irrigation (surface or
sprinkler) of cereals was either systematic or additional; olive groves were mainly furrow irrigated.
The distinction between summer vegetable production units was based on the harvest period which
influenced the intensification of crop management, i.e. the use of hybrid plants and plastic tunnels.
Sales prices of summer vegetables varied considerably within a given production season: early
watermelons and melons, or out-of-season tomatoes and hot peppers fetched higher prices than in-
season products but required specific production techniques like hybrid plants, plastic tunnels and
mulching. As a result, summer vegetable cropping could produce high incomes but was very risky
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because of the variability of prices, whereas traditional crops (cereals, beans and olives) produced
lower incomes but also crop residues that could be exploited by flocks of sheep.

Table 5 : Costs, products, sale prices (minima and maxima) and incomes (minima and maxima) for the main production
units (rainfed wheat and olive groves, and irrigated wheat, olive groves, watermelons, hot peppers and apple trees), with
irrigation water supplies (minima and maxima) and labor requirements, yields, and externalities that can be used by

sheep flocks, in 2005.

Rainfed crops
Wheat Olive trees

Wheat Olive trees

Irrigated crops

Beans Watermelons Hot peppers Apple trees

Production cost (TND) min 200 200 340 750 1,200 2,500 2,500 1,500
max 540 850 1,400 6,000 4,000 2,000
Irrigation water supply (m3) min 1,500 1,800 2,200 3,500 3,000 6,000
max 3,000 2,500 2,700 5,500 4,500 7,000
Labor (days) 10 25 20 60 125 125 190 190
Yield (t) min 0 0,6 2 1,7 10 20 10 4
max 1 1,2 4 2,5 14 50 25 8
Price (TND/t) min 250 700 250 700 200 50 200 500
max 300 900 300 900 250 300 500 600
Gross product (TND) min 0 500 500 1,300 2,200 2,000 3,000 3,000
max 250 900 1,000 2,000 2,800 15,000 6,500 4,500
Other products Straw Wood Straw Wood Crop
thatch sheets thatch sheets  residus
Income (TND) min -200 300 150 500 1,000 - 1,000 500 1,500
max 50 700 500 1,200 1,500 9,000 2,500 2,500

Table 6: Total area of rainfed and irrigated crops, water supply and labor requirement, production and income for the

whole plain of Kairouan.

Fallows (ha) 1,452

Olive groves and almond orchards (ha) 2,161

. Intercropping with olive trees (ha) 660
Rainfed crops o als (ha) 2,266
Total area rainfed crops (ha) 4,647

Olive groves and almond orchards (ha) 2,195

Intercropping with olive trees (ha) 2,479

Cereals (ha) 2,232

Irricated crops Melons-watermelons (ha) 2,445
& P Tomatoes-hot peppers (ha) 1,587
Beans-winter vegetables (ha) 933

Fruit orchards (ha) 670

Total irrigated area (ha) 10,888

Total irrigation water (10°m?) 36.8

For vegetable cropping (10° m®) 20.7

Consumption For cereals (10° m?) 5.2
P For orchards (10° m®) 11.0

Labor (10° days) 927.6

Olives (10° t) 8.95

Wheat (10° t) 6.75

Production Watermelons (10° t) 44.69
Melons (10° t) 28.50

Tomatoes (10°t) 37.52

Hot peppers (10° t) 16.56

Total income (10° TND) 18.01

Based on these typologies, we aggregated the cropping area of the farms, their consumption of
water and other inputs (especially labor), and their production at the scale of the whole plain (Table
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6). The area of land and total production for each crop were validated with CRDA data. Total
irrigation water demand was estimated at 37 million m’, which corresponded to 46 million m® of
extracted water for an improved transport efficiency of 0.8. This improved efficiency was due to the
use of pipes to transport water from wells to drip-irrigated fields used for vegetable cropping, fruit
orchards, and new olive plantations. Our estimate of water consumption corresponds to the
piezometric decrease observed in the water table (Leduc et al., 2004). Regarding economics,
agricultural activities in the Kairouan plain produced an average of 18 million TND per year,
consuming more than 900,000 days of labor. Using other methods of evaluation, Albouchi (2006)
obtained the same results for cultivated areas, and for agricultural production and consumption,
particularly of irrigation water. Vegetable cropping covered about 5,000 ha, part of which was in
association with olive groves, and consumed 56% of the total irrigation water.

Compared to 1999, vegetable cropping covered an additional 1,500 ha. This extension was at the
expense of irrigated cereals and rainfed crops. Rainfed olive groves were used to expand
intercropping with vegetable crops.

3-4 How to reduce consumption of irrigation water and the lowering of the water table

We used the regional model of agricultural activities to test the effects of economic changes in farm
income that led to changes in the use of irrigation water.

Water tariffs are often used to reduce water consumption (Montginoul, 1997). However, in this
particular case it would be not easy because most water is extracted from private wells.
Nevertheless, the CRDA considered the use of a “water tariff” through the widespread introduction
of electric pumps and the pricing of electricity consumption. We tested this “water tariff” in the
model using an overall increase of 50% in the cost of irrigation water. The resulting decrease in
income at the regional scale was only 6.7%, while the decrease in farm income varied with the type
of farm (Table 7). The decrease in farm income was more than 10% for three farm types that
represent about 13% of farms and that consume 17% of total irrigation water used. The proportion
of the cost of water out of the total production cost varied considerably depending on the crop: for
example, it represented 22% of total production cost for irrigated wheat, 19% for “in-season”
watermelons, but only 3% for early melons. The rise in the cost of water may therefore first affect
irrigated cereals, which are yet encouraged by the Tunisian authorities, or in-season vegetable
crops, which are cultivated primarily by small farmers.

Sales prices of watermelons and melons vary considerably depending on the date of harvest. Early
products (beginning of June) generally sell for six times the prices received for in-season products
(July). These prices can also vary from year to year depending on market conditions, which vary
considerably with the quantities available. In our model, an overall decrease (for early and in-season
products) of 20% in watermelon and melon prices led to a 16.6% decrease in regional income
(Table 7). The decrease in income at the farm level was more than 15% (1¥2 times more than for
water costs) for 10 irrigated farm types representing 70% of farms and consuming 78% of the total
irrigation water used. This decrease in income exceeded 20% in 32% of farms that consumed 32%
of total irrigation water.

Our simulation results suggest that changes in the market prices of products might be more effective
in influencing farmers’ behavior than changes in the cost of irrigation water. Moreover, according
to Montginoul (19997), the effect of economic measures on farmers is not uniform: the impact of
changes varies with the type of farm and the same percentage drop in farm income would be
perceived differently by small-scale or large-scale farmers.



hal-00454529, version 1 - 8 Feb 2010

Table 7: Effects of a 50% increase in water cost and of a 20% decrease in watermelon and melon prices on the incomes
of each type of irrigated farm and an the total income of the region.

Ib IIb IV Va Vb Vc VIa VIb VIc VIIa VIIb VIIa VIIIb VIII c| Region

Income
(1,000 TND)
Number of
farms 72 22 67 98 37 02 164 95 04 141 5.1 1.6 1.7 03
(% total)

Irrigation water

supply 42 13 89 84 96 25 104 180 14 93 123 22 62 52
(% total)

6.5 51 102 45 200 806 53 149 209 6.2 148 63 187 118.7|18,014

% decrease in
income due to
50% increase in
water cost

% decrease in
income due to
20% decrease
in watermelon
and melon
prices

54 66 65 110 75 92 49 57 72 57 92 129 11.7 88| 6.7

187 209 154 294 248 269 239 175 144 173 46 50 0.0 193| 16.6

4- Discussion — Conclusion

Our method of representing agricultural activities at the regional scale enabled us to represent
cropping areas and irrigation water demand for the whole plain of Kairouan in 1999 and 2005. Our
main aim was not to obtain an accurate estimate of irrigation water volume and its distribution in a
given year, but to evaluate the cascade of consequences for regional irrigation water demand
resulting from technical, economic or institutional changes.

To slow down the demand for agricultural water, like other Mediterranean countries, Tunisian
authorities introduced incentives for drip irrigation that enable water to be saved at the field scale.
But the adoption of drip irrigation would generate changes in cropping patterns at the farm scale
with an expansion of summer vegetable crops. As a result, simulations predicted an extension of
irrigated area and of summer irrigated crops, and thus no savings in water at the regional scale, and
continued overexploitation of the water table. However, this “negative” result was associated with
an increase in the regional income without an increase in the volume of water extracted. The
“positive” result was thus that water productivity was improved.

To prevent a further drop in the water table, new incentives are needed to encourage farmers to save
irrigation water by changing their cropping pattern or irrigation practices. Our simulations showed
that a drop in sales prices of summer vegetables would have a greater effect than an increase in the
cost of water. But it would be difficult for the government to change market prices. This model
could help to evaluate economic means to encourage farmers to reduce their water consumption by
changing their cropping pattern or irrigation practices. For example, the cost of water could vary as
a function of water consumption per hectare, or a water-related tax could be introduced on the sale
of products that require high water consumption, etc. Our simple model would allow their effect on
incomes to be computed at regional and farm scales: which farms would be the most affected and
the proportion of irrigation water consumption they represent in the region as a whole. We assume
that the greater the drop in farmers' incomes, the stronger and more rapid their reaction would be.
But it would be then necessary to conduct others surveys of each farm type to identify the farmers’
reactions. The individual reactions could be then introduced in the model and aggregated for the
entire region.



hal-00454529, version 1 - 8 Feb 2010

Our representation framework does not enable integration of interactions between farms (exchanges
of labor or fields for example) or between production units (fodder output from grass and feed input
for flocks for example). These interactions have to be “managed” outside the model. On one hand,
the lack of such interactions means the model can be simple. On the other hand, changes in farm
activities engender changes in these interactions that are difficult to envisage ex ante.

Farmers do not behave passively when faced with technical, economic or institutional changes. To
analyze the consequences of the extension of drip irrigation, Feuillette (2001) interviewed farmers
to account for their behavior. In the present study, we simulated the consequences of the
generalization of this behavior. It would be possible to use a regional economic optimization model
to identify the optimal agricultural activities for each type of farm in response to new economic or
technical changes (Bartolini ef al., 2007). Another way would be to run the model in collaboration
with the farmers who represent the different farm types, and to simulate the consequences of their
behavior (Le Grusse et al., 2007). In this case, the regional model would be a support tool in a
collective simulation game (Piveteau, 1996; Gaudé, 2003, Le Bars et al., 2003) enabling
stakeholders to imagine and test individual and collective behavior in response to technical,
economic or institutional changes. The simplicity of the model would be an asset for its use by
stakeholders (Axelrod, 1997; Conte, 1997).
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