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ANALISIS MICROECONOMICO DE LA RELACION AGUA-
PRODUCCION EN ELALMENDRO DE REGADIO

Resumen

Este articulo ofrece un analisis microeconémico del uso del agua en el cultivo del almendro cuando el
agua se considera el factor limitante. Cuando un cultivo esta sujeto a limitacién de agua, los principios
microecondmicos detras de las decisiones de riego se basan en la relacion entre rendimiento y riego. El
analisis se aplica a una funcion de respuesta agua-produccion estimada para almendros de regadio en
Espafia. Nuestra investigacion se centra en determinar la dosis 6ptima de riego cuando se aplica riego
deficitario, como es habitual en contexto de escasez de agua. Finalmente, la situacién en Espafia se
compara con la de otros paises donde los derechos de agua estan menos restringidos. El analisis
econdmico de la funcidn de producciéon de agua es crucial, ya que determina los ingresos de los
agricultores y los ayuda a tomar decisiones de gestiéon adecuadas, como la asignacion de agua limitada
a los cultivos y la extensidon del 4rea regada. Ademas, las instituciones publicas necesitan esta
informacién para garantizar una adecuada asignacion de los recursos hidricos en un contexto de
demanda creciente y recursos limitados.

Palabras clave: respuesta agua-produccion, riego deficitario, factor limitante, almendro.

Area Temética: Economia Ambiental y de Recursos Naturales no relacionados con el olivar.

MICROECONOMIC ANALYSIS OF THE WATER-
PRODUCTION FUNCTION IN IRRIGATED ALMOND
ORCHARDS

Abstract

This paper offers an exploratory microeconomic analysis of water use in the cultivation of almonds
orchards when water is considered as the limiting factor. When a crop is subjected to water limitation,
the microeconomic principles behind irrigation decisions are based upon the water-yield relationship.
The analysis is applied to an estimated water-yield response function for irrigated almond trees in
Spain; our research focuses on determining the optimal irrigation dose when deficit irrigation is applied,
as is usual in the context of water limitation. The situation in Spain is compared to that of other countries
where water rights are less constrained. The economic analysis of the water production function is
crucial, since it determines the farmers’ income and helps them make appropriate management
decisions, such as the allocation of limited water to crops and the extension of the irrigated area.
Furthermore, public institutions need this basic information in order to assign water allocation in the
context of increasing demand and limited resources.

Key Words: Water-yield response function, deficit irrigation, water-limiting condition,
almond crop.

Thematic Area: Environmental and natural resources economics (not related to the olive
sector).



1. INTRODUCTION

The present research applies the microeconomic theory of production to the study of the
behaviour of farmers who have to make decisions regarding the allocation of scarce
production resources, such as the extent of irrigated land and water allocated per hectare.
Following a similar microeconomic approach, Expdsito and Berbel [7] derived a water-
response function under a scheme of deficit irrigation in olive groves and analysed farmers’
perception and choice regarding the optimal irrigation dose.

The impact of water deficits on almond production has been studied by Goldhamer and
Viveros (2000), Goldhamer et al. (2005), and Esparza et al. (2001) in the case of
California; Girona et al. (2005) and Egea et al. (2010) in Spain; and Stevens et al. (2011)
for Australia. More recently, the study by Goldhamer and Fereres (2016) has offered an
estimation of a water-yield response function in the case of California where water is a
limiting factor and the study by Lépez-Lépez et al. (2018) applied a similar analysis in the
case of southern Spain. However, none of the studies offers a microeconomic analysis of
the optimal allocation of water based on a contrasted economic model. A similar application
of the microeconomic analysis carried out in this work can be found in Expdsito and Berbel
(2016), who extended and empirically tested the models of English (1990)] and of Berbel
and Mateos (2014) for the case of deficit irrigation in olive groves located in southern
Spain. In order to apply the proposed microeconomic analysis to irrigated almond crops,
the water-yield response function estimated by Lopez-Lépez et al. (2018) in the case of
southern Spain is applied in this work and several comments on the information available
on Australia and California are then made in the Discussion section.

The selection of southern Spain as the case study is justified since the high water
consumption related to the irrigation of almond trees has become controversial due to
increasing water scarcity, especially in the southern and eastern regions of Spain.
Moreover, the increasing frequency and length of drought periods due to climate change
pose significant challenges to water management in Spain. When a crop is subjected to
water limitation, the water-yield response function should guide the microeconomic
principles behind the irrigation decisions. This knowledge is crucial, since it determines the
farmers’ income and helps them make appropriate management decisions (such as
allocating limited water to various crops). Furthermore, water authorities and public
administrations need this basic information in order to assign water allocation in a context
of increasing demand and limited resources.

The structure of the paper is as follows. Section 2 briefly presents the microeconomic
foundations of the model used in this study. Section 3 gives a brief description of the case
study and of the cultivation of irrigated almonds in southern Spain under a deficit-irrigation
scheme. The results are shown in Section 4, followed by a brief discussion and concluding
remarks in Section 5.

2. METHODOLOGICAL APPROACH

The analysis of crop yield and water use to improve water management was initially
proposed by Doorenbos and Kassam (1980). The extensive literature that examines the
water-response functions covers a wide variety of crops (Steduto et al., 2012; Dagnino
and Ward, 2012). Empirical and theoretical yield-irrigation functions are usually deduced
from longitudinal field data and are based on estimated agronomic coefficients. Specifically,
a recently estimated yield-irrigation function for almond trees for southern Spain (Lépez
et al., 2018) is used in this study. Commonly, yield-irrigation functions are used to obtain
derived water-demand functions defined by the marginal value of irrigation water. By
applying the production function y(w), marginal productivity of irrigation water (w) can be
obtained from its partial derivative with respect to water “w”. The marginal value of



irrigation water is thus obtained from the crop price multiplied by the estimated marginal
productivity.

In our model, farmers with rational economic behaviour should maximise the following
profit equation by taking land as the single limiting factor and water as the variable:

Z = p, yw) - c(w) (1)

where Z represents profit, py is crop price, y(w) is the water-yield function, and c(w) is the
function of water cost. Farmers are assumed to hold a price-taking position (they cannot
influence crop price with their individual production). Berbel and Mateos (2014) expanded
the model originally developed by English [16] by including deficit irrigation and changes
in irrigation efficiency. Therefore, water can be shared across a larger area and Equation
(1) is transformed into Equation (2), where the objective is to maximise total net income
by distributing both the irrigated area and the water dose.

Zw) = [py - yw) —c(w)] - A (2)

Equation (2) considers that the irrigated area (A) is variable in the optimisation model, and
the farmer decides the allocation of water “w"” per area unit for maximising net income.
The total volume of water (Wr) acts as the limiting factor and determines the irrigated
area:

Cw

A (3)

Thus, by satisfying Equation (1), the optimal water allocation per area unit is then defined
by the value of w that optimizes Equation (2) subject to Equation (3).
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It is frequent to find quadratic water-yield response functions in the agronomic literature,
and by following Reference [3], we use y(w) and a cost function c(w) composed of a fixed
cost (cr) and a variable water cost (cw) as follows:

—AX

yw)=ay+ a;w + a, w? (5)
cw)=c+ c,w (6)

If the proposed optimisation model was applied to the above functions, then one possible
solution would be based on the conventional assumption that considers land (or irrigated
area) as a limiting production factor (with water as a variable factor). This solution is
denoted as the “maximum return to land” equilibrium (W) and the solution is
straightforward:

cw— B -aq

Wl: ZPy'az (7)

In the case of a quadratic production function, the optimal solution to Equation (4) implies
the following:

Py-ao
w

w
Z(w) = [py(ao + a,w+ a,w?) — (¢ + cww)] TT = Wr [ +py -

(8)
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By setting the derivative to zero, the level of “w” that maximises overall profit can be
obtained from the following:

0Z(w)
ow

0
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Hence, the solution denoted as the “maximum return to water” equilibrium (Ww) can be
expressed by the following:
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Finally, farmers may be interested in the maximum achievable yield per area, which can
be computed when the marginal product equals zero. This solution is widely used in the
field of agronomics to determine the maximum irrigation requirements. In our proposed
model, the maximum yield point is achieved at the value represented by Wy:

_—h (11
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Although this last solution is relevant for agronomic analysis, from an economic point of
view, it requires that the marginal cost of water equals zero. This solution is only useful
under the condition that the maximisation of total food production is the priority. English
[2] included all variable costs that can be linked to yield (fertilizer, harvesting, etc.) in the
price of irrigation water (cw). In our model, all inputs except water are included in the
parameter of fixed costs.

3. CASE STUDY

Spain is the third greatest almond-producing country in the world, after Australia and USA,
and represents 5% of total world production, with a productive area of about 560,000 ha
and an annual average production of 63,600 Mg (International Nut and Dried Fruit, 2020).
Although most of the area is devoted to traditional rainfed production that is mainly located
in the southern and eastern regions, new intensified plantations of almond groves have
been put into production which use high-efficiency irrigation methods and obtain higher
crop productivities. This has led to an increase of 24.8% in the cultivated area and of
73.2% in production during the period 2014-2018 (MAPA, 2018). The average productivity
of almond groves is significantly higher in the case of irrigated crops: 1600-1800 kg/ha
vs. 400 kg/ha for rainfed crops (MAPA, 2018). Deficit-irrigation techniques are used in
order to maximise irrigated cultivated area in a context of limited water resources (Fereres
and Soriano, 2006).

This study uses the water-yield response function developed by Lopez-Ldpez et al. (2018)
based on an agronomic experiment carried out in Cordoba (southern Spain) in the period
2014-16. This location enjoys a typical Mediterranean climate, with hot and dry summers,
mild winters, and an average annual rainfall of around 590 mm. These climate
characteristics are shared across the whole Guadalquivir river basin, where the experiment
was located. This river basin registers increasing variability in its rainfall as well as periodic
and persistent periods of drought (Berbel and Esteban, 2019). Additionally, the
Guadalquivir river basin has become a closed basin, meaning that all available water
resources are allocated and that no significant future augmentation in supply is expected.
This context translates into increasing conflicts among alternative water users (Exposito
and Berbel, 2017). The agronomic experiment compared water-yield responses given
regarding almond trees of the Guara variety under alternative irrigation schemes. Details
of the experiment are extensively described in Lépez-Lopez et al. (2018) with a quadratic
production function described by Equation (12):

(12
)

with a fit adjustment measured by R2 = 0.72 (p-value = 0.0001) (Lépez et al., 2018).
Regarding production costs, fixed costs account for all costs associated with production
factors other than that of water. According to the reviewed literature, production costs of
irrigated almond groves in Spain are reported to be approximately 2000 EUR-ha-1 with a
range from 1800 EUR (Garcia et al., 2005) to 2500 EUR (Novello, 2019), excluding the
variable water cost. In our optimisation exercise, the cost of 2000 EUR is considered,

Y(Y(W) = 243 + 4.87-w — 0.0025-w2



although sensitivity analysis in the range 1800-2500 EUR-ha-1 induces no serious change.
Nevertheless, a sensitivity analysis of the optimal solution under deficit irrigation shows
that the optimum would be stable within this range of costs. With respect to variable cost,
the irrigation water price is set at 0.12 EUR per cubic metre that is estimated as a weighted
average of abstraction cost according to the Spanish Ministry of Environment (MIMAN,
2007). The cost function is represented by Equation (13):

(13
)
Finally, crop price (py) has been set at 5.0 EUR/kg. Nevertheless, due to price instabilities

in the Spanish almond exchange market (MAPA, 2019), this study carries out a sensitivity
analysis that considers the variability of prices between 4 and 6 EUR/kg.

C(w) = 2,000 + 0.12:w

4. RESULTS

4.1. Alternative Water—Use Optimum

Application of the proposed model in the previous section offers three possible solutions.
Table 1 shows these solutions together with relevant information in order to understand
the economic behaviour analysed by the proposed optimisation model. Firstly, the solution
(Wy = 975 mm) represents the maximum achievable yield (Equation (11)). This solution
is illustrated in Figure 1 by the irrigation dose (w) that yields the maximum production
and, thus, the maximum value of crop production. In this case, the value of the marginal
product (VMP) of irrigation water is zero (as also shown by Figure 2), and this solution may
be explained either because the famer’s goal is to maximise yield regardless of water cost
or because the marginal cost of water for the farmer is close to zero. The average income
(AI) and average profit (AP) per cubic metre of irrigation water are 13.41 and 10.16 EUR,
respectively.

The profit-maximising solution that corresponds to the maximum return to land (W, = 927
mm), as defined by Equation (7), requires a lower irrigation dose than does the maximum
yield, which represents 95% of water use for full irrigation. In this case, the estimated VMP
is 1.20 EUR/m?3 and the AI and AB are 14.07 and 10.72 EUR/m3, respectively.

Finally, according to Equation (10), the maximum return to water (which assumes that
water is the limiting production factor) would imply an irrigation use of Wy = 251 mm,
which is 26% of the maximum yield requirements. The estimated VMP would be 18.10
EUR/m3, which is significantly above the values achieved by the previous solutions.
Similarly, AI and AB would be maximum values (26.05 and 16.89 EUR/m?3, respectively,
as shown in Table 1). For the sake of clarification, Figure 1 shows the graphical
representation of these three optimisation solutions.

Table 1. Solutions to the optimisation model: Wy (maximum yield), Wi (maximum return to land), Ww
(maximum return to water).

Irrigation Relative Irrigated area (ha) Value Marg. Average Average
Solution  water (w) irrigation with total volume of Product Income Profit
(mm) supply (%)  water (W) =975mm (EUR/m?3) (EUR/m?3) (EUR/m?3)
Wy 975 100% 1.00 0.00 13.41 10.16
Wi 927 95% 1.05 1.20 14.07 10.72

Ww 251 26% 3.88 18.10 26.05 16.89
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Figure 1. Graphical representation of optimisation solutions: Wy (maximum yield), Wi (maximum return
to land), Ww (maximum return to water).

As commented above, the VMP of irrigation water decreases as the irrigation dose (w)
increases, since the income function grows at a decreasing rate while the cost function
increases at a constant rate. This explains why the slope of the VMP function (as shown in
Figure 2) is negative, and it therefore registers a zero value when maximum income
(maximum yield) is reached, that is, when the irrigation dose is Wy = 975 mm.
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Figure 2. Value of marginal product (VMP) vs. irrigation water (W). Optimisation solutions: Wy

(maximum yield), Wi (maximum return to land), Ww (maximum return to water).

4.2. Impact of Chosen Solution in Production Costs

Figure 3 helps to describe the rational behaviour of the solution given by the maximum
return to water. Specifically, an irrigation dose of Ww = 251 mm represents the solution
where crop price (5 EUR/kg) equals the marginal cost of production (as shown by point “E”
in the graph). This means that marginal income (crop price) equals marginal cost, which
is the condition to maximise benefit for the farmer. This equilibrium point should be
understood as the optimal irrigation dose to maximise the benefit by the farmer under a



constrained irrigation water supply. The representation of the average crop cost function
shows that the marginal cost function crosses the average cost function at its minimum
value, as the microeconomic theory predicts.
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Figure 3. Graphical representation of average and marginal costs vs. water use. Ww (maximum return to

water), Py (crop price).

The economic interpretation of the Ww solution (maximum return to water as the limiting
factor) can also be described in terms of production cost per almond or cost of production
(EUR/kg). Figure 4 illustrates the production achievable with an irrigation dose of 975
mm/ha (Wy) when increasing the irrigated area and decreasing the irrigation dose (w =
W+/A, see Equation (3)), which corresponds to our three optimum solutions: a) Wy,
maximum yield (A = 1.00 ha, w = 975 mm); b) Wi, maximum return to land (A = 1.05 ha,
w = 927 mm); and c¢) Ww, maximum return to water (A = 3.88 ha, w= 251 mm).
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Figure 4. Graphical representation of average and marginal costs vs. total output. Optimisation

solutions: Wy (maximum yield), Wi (maximum return to land), Ww (maximum return to water).

5. DISCUSSION AND CONCLUDING REMARKS



This paper offers an exploratory microeconomic analysis of water use in almond groves
when water is considered the limiting production factor. In this context, deficit-irrigation
techniques are usually applied. The study of Molden et al. (2010) argues that practices,
such as deficit irrigation and precision irrigation, can significantly improve water
productivity. Based on estimated water-yield response functions available in the literature
(Doorenbos and Kassam, 1980), our research focuses on determining the optimal irrigation
dose in a context of water limitation following the microeconomic model developed by
English (1990) and is extended by the study of English and Raja (1996). Our results offer
significant implications in the field of economics of irrigation management, which are
valuable for irrigators and decision-makers in the water management sector at various
scales, ranging from irrigation districts to river basin management.

Mediterranean crops, such as almond crops, are adapted to long and dry summers with
high temperatures and no rain, which greatly limit agricultural productivity in those
climates (Jacobsen et al., 2012); irrigation provides an adaptation to this seasonal aridity.
The system increases productivity when supplementary or full irrigation is applied,
especially since the mild and wet winters allow adapted crops to maximise the use of soil
water in winter and spring before climatic conditions become adverse. Almond cultivation
is well adapted to the Mediterranean climate. It is considered a drought-tolerant crop
because it exhibits xeromorphic characteristics (Romero et al., 2004). The analysis
conducted here is valid for southern Spain with a precipitation in the range of 400 to 600
mm; in these conditions, the crop can partly take advantage of the soil water derived from
seasonal rain.

The application of the model described in this paper to the production function obtained by
Goldhamer and Fereres (2016) in Kern County (southern California) fails to provide a real
solution for Equation (10). In Kern County, almonds are grown in extreme arid conditions
(average rainfall of 118 mm), and the low precipitation leads to the need for higher water
doses than those in the southern Spain case (average rainfall of 590 mm). This is illustrated
by the fact that maximum yield is found in southern California for an irrigation dose of
approximately 1250 mm compared to 975 mm in the Spanish case. In California, the
almond industry is currently subject to criticism that was initiated during the last drought
(2011-2017), in which growers were forced to reduce water use by 25%. Full irrigation
aimed at maximising yield remains the generalized strategy. According to Goldhamer and
Fereres (2016), the productivity at economic optimum in California (around 1100 m)
entails an average water productivity of 0.32 kg/m3.

In Australia (second greatest almond producer worldwide after California), the strategic
approach to almond irrigation is similar to that in California and involves the application of
full irrigation to achieve maximum production. A report published on the almond orchards
in Victoria state (334 mm average rainfall) suggests either the application of full irrigation
or the application of a limited deficit (85% of full irrigation dose) to guarantee minimal
yield impact (Monks et al., 2017). This strategy produces productivity ranging from 0.19
kg/m3 (full irrigation) to 0.22 kg/m?3 (deficit irrigation).

Administrative conditions in Spain regarding water rights are more severe regarding water
use since water is a public resource and the assignment of water rights are subject to
hydrological basin plans. The average water rights for farmers in Andalucia are close to
3200 m3/ha (CHG, 2016), although many farmers apply 6000 to 7000 m3/ha to their
almond orchards when they either attain access to water entitlements of a more generous
nature or they manage this by internal in-farm reallocation (by leaving a portion of the
farm to be rainfed). Consequently, various public administrations encourage a deficit-
irrigation strategy, as is the case of the regional governments of Andalusia and
Extremadura. This approach increases the average productivity of irrigation water from
0.27 kg/m?3 reached in the maximum yield solution (with an irrigation dose of 975 mm) to
0.52 kg/m?3 in the optimum deficit irrigation (251 mm).



The consequences at the microeconomic scale result in a greater economic value of water
and greater profits at the farm level. Specifically, this work shows how farmers might be
maximising the return to water, thereby considering that water acts as a limiting
production factor and that land acts as a variable, instead of the traditionally considered
maximum return to land, which considers the economic optimum with water as the variable
input and land as the limiting production factor. This behaviour is consistent in those
locations (or river basins) where water resources are depleted and constitute a limiting
factor for agricultural production.

When the results of the microeconomic model of individual farmer decision-making are
aggregated at the regional scale, then the general adoption of a deficit-irrigation strategy
implies an increase in regional agricultural output, thereby maximising the global return to
water. In Andalusia, the irrigated area covers 27% of total cultivated area and the demand
for water has reached a limit since there are no more available resources and the different
basins in Andalusia have reached a “closed” status (Expdsito and Berbel, 2017a). However,
the increased productivity of water triggers additional pressures on water use, as illustrated
in the case of olive irrigation in the Guadalquivir river basin.

The findings of this study show that deficit irrigation is a strategy for the adaptation to
water scarcity that farmers may use in the context of limited water supply in order to
maximise farm profits. Deficit-irrigation strategies are also employed to achieve a more
sustainable use of water in those areas with water scarcity. Regional governments may
promote the implementation of deficit-irrigation techniques with the aim of maximising
regional farm value when water is the limiting production factor. The model used here is a
first approximation, and strategies of reducing fixed costs by means of either lowering the
density of tree plantation or by simplifying irrigation systems may lower fixed costs and
increase the area irrigated, thereby increasing water productivity (Exposito and Berbel,
2017b). Tree plantation density in terms of trees per hectare in the experimental design
used herein as the basis for our model ranges from 214 (California) to 238 (Spain) and to
296 (Australia). Tree plantation densities may well vary when the application of deficit
irrigation is decided before planting, since it implies lowering the densities which in turn
leads to a revised production function that takes into consideration said lower densities.
Furthermore, kernel size has not been considered in our model, and therefore, future
developments should also take kernel size into consideration in the optimisation model.

Finally, future research should consider the potential effects of this strategy on the
resiliency of the systems and of the consequences of this behaviour at the river basin level
by taking other factors into account, such as CO2 capture, quantity and quality of return
flows, and any other relevant environmental or social variables.
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