
Abstract 

The potential effect of climate change on the optimal allocation of
irrigation water was investigated for a Southern Italy district. The
study was carried out on 5 representative crops (grapevine, olive,
sugar beet, processing tomato, asparagus), considering six simulated
climate change conditions, corresponding to three 30-year periods
(2011-2040; 2041-2070; 2071-2100) for two greenhouse gas emission
schemes proposed by IPCC (A2 and B1), plus the current climatic con-
dition. The framework adopted was based on: i) the modeling of crop
yield response for increasing levels of water supply, under current and
future climatic conditions, through a non-linear regression equation
and ii) the definition of the best water allocation by means of a math-
ematical optimization model written in the General Algebraic
Modeling System (GAMS). Total irrigation water (TIW) volume was
allowed to vary from a low total supply 10,000 m3 to 7,000,000 m3, whilst
a fixed surface, corresponding to that currently occupied in the stud-
ied district, was assigned to each crop. The economic return was stud-
ied in terms of Value of Production less the fixed and variable irriga-
tion costs (VPlic). The TIW volume that maximized the VPlic of the
whole district surface under the current climatic condition was
5,697,861 m3. The total volume was partitioned among the five crops as
a function of the surface occupied: grapevine>olive>processing toma-
to>asparagus>sugar beet. Nevertheless, grapevine and olive received

seasonal volumes corresponding only to 59% and 50% of total irriga-
tion water requirements. On the contrary, processing tomato and
asparagus received seasonal water volumes close to those fully satisfy-
ing irrigation water requirements (100% and 85% ETc). Future climat-
ic conditions slightly differed from the current one for the expected
optimal allocation. Under water shortage conditions (160,000 m3) the
whole irrigation water was allocated to the horticultural crops.
Forecasted growing season features varied to a different extent in rela-
tion to crop and scenario considered with the more intense changes
observed for A2 and olive.

Introduction

Freshwater is a finite resource and the development of additional
supplies for human uses is increasingly limited by economic and eco-
logical constraints. About 70% of the total water resources is used in
agriculture (FAO, 2006) and is mainly assigned to irrigation which has
a crucial role in meeting the world food and fiber needs (Howell,
2001). This amount, greater in the arid and semi-arid environments
and in the developing countries, is already inadequate to fulfill the
actual irrigation needs and is expected to decrease in the next few
years due to the human population and affluence growth and to the
consequent intensifying competition with domestic, recreational and
industrial uses.
In addition, high uncertainty on the future water supply to agricul-

ture is generated by the predictions about climate changes. According
to the Fourth Assessment Report (AR4) of the United Nations
Intergovernmental Panel on Climate Change (IPCC) warming of the
climate system is unequivocal, as evident from observations of
increases in global average air and ocean temperatures, widespread
melting of snow and ice and rising global average sea level (IPCC,
2007). The main expected impacts of global warming will be represent-
ed by higher and more variable temperatures, changes in precipitation
patterns (lower and more erratic rainfall) and higher frequency of
extreme events. With particular regard to the Mediterranean environ-
ment, according to climate models, an increase in winter temperature
combined with changes in rainfall amount and distribution would be
expected (Mimi and Jamous, 2010).
If the predictions about climatic changes occurred, the increased

frequency and severity of droughts would further decrease irrigation
water supplies (Hsiao et al., 2007). In addition, climate changes are
expected to affect plant growth and agricultural production (Schlenker
et al., 2007) as a consequence of the effect of temperature on plant
phenology, and in turn crop cycle length, as well as of CO2 concentra-
tion on carbon assimilation and water use efficiency (Olesen and
Bindi, 2002; Lovelli et al., 2009). Nevertheless, the simulation of crop
growth and water requirements is complicated by the high uncertain-
ty both on the future variability of climatic parameters and on the com-
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bined effect of their variation on plant response.
To face the great challenge of increasing water supply to agriculture,

a key strategy consists in improving the overall water use efficiency
(WUE) which is still relatively low. Given the wide range of factors
affecting water loss throughout the system of water use and manage-
ment, the improvement of WUE requires a comprehensive and system-
atic approach. Hsiao et al. (2007) considered the overall efficiency as a
chain of single multiplicative components. This quantitative frame-
work is very useful as it allows to examine the current level of each effi-
ciency along the entire pathway of agricultural water use, analyze the
critical steps, quantifying their impact on the overall efficiency, and
ultimately assess the potential achievable improvements. In this con-
text, one of the most crucial steps is represented by the optimal alloca-
tion of the available water resources both at on-farm or at irrigation
district level. The optimization of water allocation consists in partition-
ing the water resource among different crops grown in the same envi-
ronment in order to maximize the profit. This aspect assumes a crucial
importance, as the economic profitability of water used for irrigation is
often low in comparison to the competing uses (Reca et al., 2001). In
general, the optimization of resources allocation, in order to obtain the
maximal benefit, requires the knowledge of the crop yield response to
the studied factor, expressed in economical terms, and the identifica-
tion of the cost necessary to achieve each fractional yield increase, i.e.
the marginal cost (Hsiao et al., 2007). In addition, it requires the use
of mathematical models of optimization to solve complex systems of
equations, particularly when the number of unknowns is higher than
the constraint relations.
Many researches have been carried out to define the optimal water

and land allocation among several crops (Al-Weshah, 2000; Gorantiwar
and Smout, 2006; Onta et al., 1995; Paul et al., 2000; Rana et al., 2004;
Reca et al., 2001; Rubino et al., 2008; Sahoo et al., 2001; Shangguan et
al., 2002). Among them, a flexible framework, performing the optimiza-
tion process across a wide range of water availability, was proposed
(Rubino et al., 2008) and then successfully tested on herbaceous and
horticultural crops in a Mediterranean environment. The framework is
based on i) the modeling of crop yield response for increasing levels of
water supply through a non linear regression equation and ii) the def-
inition of the best resource allocation by means of a non linear mathe-
matical optimization model. This flexible approach can be used across
different crop, climate and socio-economic scenarios, therefore, may
result extremely effective to study the impact of climatic changes on
optimal resources allocation.
The aim of this study was to investigate the potential effect of cli-

mate change on crop yield response and on the optimal allocation of
water supplies among crops at district level using the framework adopt-
ed by Rubino et al. (2008). To this end, a southern Italy irrigation dis-
trict was considered as a case study and the crop yield response pat-
terns under the current climatic condition were compared to those
obtained under future simulated scenarios based on the A2 and B1
greenhouse gas emission schemes proposed by the IPCC (2000).

Materials and methods

Site and climate change scenarios description
The study area was the district 4 of the Sinistra Ofanto irrigation

scheme included in the Consortium of Bonifica della Capitanata
(Apulia region, southern Italy). This Consortium is the most impor-
tant in the Apulia region, both in terms of irrigated surface and crop
water requirements, and is one of the major consortia in the whole
Mediterranean area (Lamaddalena et al., 2004).
The district extends on a total surface of 3256 ha and includes 2340

ha of irrigated crops and 916 ha of dry arable crops which account for

71.9% and 28.1% of the total district area respectively. The irrigated
area is mainly occupied by vineyards and olive groves (79.1% and
12.0% of the total irrigated surface), followed by orchards, arable and
horticultural land (Table 1). Five crops were selected for this study as
the most representative of the area: grapevine, olive, sugar beet, pro-
cessing tomato and asparagus. Fruit crops were excluded because not
suitable data were found in literature to describe their yield response
to irrigation water.
The study considered six simulated climate change conditions cor-

responding to three thirty-year periods (2011-2040; 2041-2070; 2071-
2100) for each selected greenhouse gas emission scheme (A2 and
B1), plus the current climatic condition.
A2 and B1 schemes were chosen as they envisage contrasting cli-

mate evolution as a consequence of the key driving forces, i.e. demo-
graphic, social and economic development and technological change
(IPCC, 2000). Specifically, the A2 scenario family describes a very het-
erogeneous world, where self-reliance and preservation of local iden-
tities prevail. Economic development is primarily regionally oriented
and per capita economic growth and technological change are more
fragmented and slower than in other scenarios. This scenario pre-
dicts the deepest climatic changes. The B1 scenario family describes
instead a convergent world with emphasis on global solutions to eco-
nomic, social, and environmental sustainability, including improved
equity, but without additional climate initiatives. Although the B1
scenario assumes the less intensive climate changes, it forecasts CO2

concentrations of 550 ppm by the end of the century, i.e. two times the
pre-industrial CO2 levels (280 ppm). The current climatic condition
was described using 53-year time series of daily data of minimum and
maximum air temperature, rainfall and global solar radiation, collect-
ed at the agro-meteorological station of the CRA-SCA podere 124
(Foggia, 41°30’ N, 15°30’ E, altitude 90 m) located nearby the study
area. The future climatic time series, referring to the following three
thirty-year periods: 2011-2040; 2041-2070; 2071-2100, for each select-
ed climate change scenario, were generated applying a statistical
downscaling procedure as described by Pizzigalli et al. (2012).

Optimal water allocation framework
The framework adopted to simulate the crop yield response to irri-

gation water and to assess the optimal water allocation at district
level, under the different climatic conditions compared, encompassed
the following steps: i) investigation of the mathematical relationship
between crop yield and irrigation water by means of the modified
Mitscherlich equation (Giardini and Borin, 1985), using data from lit-
erature review; ii) quantification of irrigation water requirements
under the current condition and climate change scenarios and com-
putation of the yield to water response parameters; iii) definition of
the total irrigation water volume maximizing the district economic
return and assessment of the optimal water partitioning among the
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Table 1. Partitioning of the irrigation surface in District 4 of the
Sinistra Ofanto irrigation scheme.

Crop Surface
ha %

Grapevine 1850 79.1
Olive 280 12.0
Fruit trees 75 3.2
Asparagus 55 2.4
Processing tomato 40 1.7
Sugar beet 40 1.7
Total irrigated surface 2340 100
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irrigated crops through a non linear mathematical optimization
model written in the General Algebraic Modeling System (GAMS).
The yield response to increasing levels of water supply, for each

selected crop, was investigated by fitting experimental data from lit-
erature review through the modified Mitscherlich equation, after con-
verting the seasonal irrigation water volumes in percentage of the
maximum evapotranspiration (ETc) less the effective rainfall. This
standardization of water consumption allowed taking into account
inter-annual weather variability and comparing results obtained
under different experimental conditions.
The modified Mitscherlich yield-water supply function was select-

ed among statistical non linear regression equations because its
parameters are characterised by a clear agronomic and biologic
meaning. This equation can include three (eq. 1) or four (eq. 2)
parameters. When four parameters are considered, the equation also
accounts for the decreasing yield expected at levels of the examined
factor (in this case the seasonal irrigation water volume) exceeding
the optimal value.
The equations are:

y = A [1–10–c(b+x)] / [1+101–c(b+x)]    (1)

y = A [1–10–c(b+x)].[10–K(b+x)2]/[1+101–c(b+x)](2)

where: y is the yield, in t ha–1; A is the maximum potential yield (t
ha–1); c is the coefficient accounting for the rate of achieving the
maximum yield (ha m–3); K is the coefficient accounting for the rate
at which yield decreases after the maximum value is reached [(ha
m–3)2]; b is an estimate of the volume of water available for the crop
under natural conditions, i.e. the sum of soil moisture at sowing or
transplanting and effective rainfall recorded over the crop cycle (m3

ha–1); x represents the seasonal irrigation water volume supplied
under the specific experimental conditions (m3 ha–1).
The three parameters Mitscherlich equation was fitted to grape,

olive and sugar beet. The four parameters equation was instead
applied to processing tomato and asparagus because the literature
data available for these crops accounted also for the decreasing yield
response associated with seasonal irrigation volumes higher than the
optimal.
The quantification of crop irrigation water requirements under

current condition and future scenarios required the assessment of
crop growing season parameters: beginning of the season (date of
sowing/transplanting for herbaceous crops, bud break for perennial
crops); timing and duration of phenological stages; total length of the
growing season. Phenology is the most important attribute involved
in the yield assessment. For this reason studying the effect of warm-
ing climate on phenological development is a key-aspect in the
assessment of the impact of climate change on agriculture (Moriondo
and Bindi, 2007). The reference starting dates under climate change
scenarios (bud break for grapevine and olive; recovery from trans-
planting for processing tomato; beginning of commercial maturity for
asparagus) were defined using the simple moving average (20 days)
of the daily mean temperatures. Simple moving average ranks among
the most popular techniques for processing of climatic time series as
it smoothes short term fluctuations and highlights long-term trends
or cycles. In the present study, the reference starting date for future
scenarios occurred when the simple moving average computed with
the meteorological data of the hypothesized scenario equaled the one
computed for the current condition. For autumnal sugar beet the sow-
ing date was kept constant (November 1st) for both the current and
the simulated climatic conditions.
The timing of phenological stages and their duration were defined

by the growing degree days accumulation technique, in order to take
into account the effect of temperature on plant phenological develop-
ment. Growing degree days and moving average were chosen for the
assessment of crop growing season parameters as they are both gen-
erally adopted methods for the simulation of crop phenology and yield
in agroclimatic modeling (Ben Mechlia and Carroll, 1989).
After fixing crop cycle parameters for each species and climatic

condition, daily ETo was computed using Hargreaves and Priestly-
Taylor equations (Hargreaves and Samani, 1985; Priestley and Taylor,
1972). Daily maximum crop evapotranspiration (ETc) was subse-
quently obtained using the crop coefficients reported in Table 2 (ETc
= ETo ̇• kc). Irrigation water requirements, expressed as seasonal
irrigation water volumes (m3 ha–1), were then calculated by subtract-
ing effective rainfall to the total crop water requirements.
Yield data, kept constant for each crop under different climatic con-

ditions, were plotted against seasonal irrigation water volumes (m3

ha–1), corresponding to increasing fractions of irrigation water
requirements, and fitted through the modified Mitscherlich equation.
As the optimal allocation of water resources is based on economic
efficiency criteria, the A values (maximum yield estimated by the
Mitscherlich function, t ha–1) were converted into values of produc-
tion (VP, euro ha–1), considering the current market prices of the
agriculture products. The expression of A in economical terms does
not modify either the value of the other parameters (b, c and K) or
their agronomical meaning.
The Mitscherlich equation parameters (A, b, c, k) were then used

as input into the non linear mathematical optimization model. The
GAMS (Brooke et al., 1982) was used to solve the optimization prob-
lem. GAMS was chosen as it is a high-level modeling system for math-
ematical programming and optimization. It consists of a language
compiler and a stable of integrated high-performance solvers. The
system is tailored for complex, large scale modeling applications, and
allows to build large maintainable models that can be adapted quick-
ly to new situations (http://www.gams.com). Mathematical modelling
systems are necessary when the allocation of the yield factor refers to
more than one crop and the costs are described by step functions. In
addition, they are required when several levels of the yield factor are
contemporaneously tested.
In the present study, the optimization process aimed to define the

total irrigation water (TIW) volume which maximized the economic
return of the district and its optimal partitioning among the selected
crops. In addition, as the optimal water allocation varies with the total
water supply, it was also investigated the optimal water distribution
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Table 2. Monthly crop coefficients for district representative
crops.

Grapevine Olive Processing Asparagus Sugar 
tomato beet

January 0.4 0.5 0.4 0.15 0.6
February 0.4 0.5 0.4 0.15 0.75
March 0.4 0.5 0.4 0.15 0.85
April 0.5 0.5 0.4 0.15 1
May 0.6 0.5 0.6 0.15 1.1
June 0.7 0.5 0.9 0.5 1.1
July 0.75 0.5 1.1 0.9 0.4
August 0.75 0.5 0.8 0.9 0.4
September 0.4 0.5 0.4 0.9 0.4
October 0.4 0.5 0.4 0.2 0.4
November 0.4 0.5 0.4 0.2 0.4
December 0.4 0.5 0.4 0.2 0.5

Non
-co

mmerc
ial

 us
e o

nly



for each TIW volume considered. The maximization of the economic
return was studied in terms of value of production less the fixed and
variable irrigation costs (VPlic). This choice was done to focus the
attention on the relationship between yield and irrigation volume,
when all the other parameters are fixed. For this reason, the other
elements of the system (variation of the land allocated to each crop,
fixed and variable costs such as fertilizer, labor, and so on) were not
investigated, and water resource consumption was the only condition
imposed. Although this approach represents a simplification of the
system, and the use of other costs would probably furnish more real-
istic results, this choice does not interfere with the validity of the
modelling approach, which can be adapted to any specific situation.
The independent, or decision, variables were the seasonal irriga-

tion volumes applied to each crop within each total irrigation water
volume (TIW) considered. As five crops were selected (olive,
grapevine, processing tomato, sugar beet, asparagus), decision vari-
ables were 5 dimensions vectors.
A fixed surface was instead allocated to each crop, corresponding to

that currently occupied in district 4 of the Consortium of Bonifica
della Capitanata, as previously indicated in Table 1. TIW volumes
were imposed to vary from a low total supply (10,000 m3) to an
amount higher than the one required to fully satisfy irrigation water
requirements for the entire district surface (7,000,000 m3). This
allowed to study optimal water allocation also under shortage condi-
tions.
To simplify the modelling process, the components of the variable

irrigation volume were forced to assume only discrete values. Classes
were obtained by dividing the entire range into 10,000 m3 intervals.
Within each class, water, i.e. the seasonal irrigation volume, was
instead allowed to assume any continuous and positive real value for
each crop. The computation was then reiterated for each class. The
modelling problem required the inclusion of physical and economic
constraints. The physical constraint imposed that the sum of the
water volumes allocated to the selected crops within each class did
not exceed the TIW volume. The economic constraints were instead
related to the modelling of the binary tariff system adopted by the
Consortium, which quantifies the water price as a function of the
total volume used per unit surface. These constraints were modelled
by imposing that water price changed when a volume higher than
2000 m3 ha–1 was used (first constraint) and when the limit of 3000
m3 ha–1 was overcome (second constraint). The two economic con-
straints led to the definition of three irrigation cost classes.
The objective function was written in the program as:

Z = VPlic = Ap Σp VPp - Ap Σp Cfixed - Ap Σ (Cvar) (3)

where, VPlic was the Value of Production less the irrigation costs; VPp
was the value of production of each crop (p), computed using the
parameters of the modified Mitscherlich equation; Ap was the fixed
surface allocated to each crop; Cfixed were the fixed irrigation costs per
unit surface; Cvar were the costs varying as function of the irrigation
volume allocated to each crop per unit surface.
A detailed description of the optimization process, as well as of the

modelling of the physical and economic constraints, has been report-
ed in a previous paper by Rubino et al. (2008).

Results and discussion

Crop growing season phenological parameters
The quantification of the temperature effect on crop phenology by

means of simple moving average and GDD technique allowed to
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Figure 1. Growing cycle parameters under current climatic condi-
tion and future simulated scenarios for the district representative
crops. Number of days on the x-axis is computed with respect to
the climatic condition showing the earlier occurrence of the refer-
ence starting date.
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define the growing cycles phenological parameters under future cli-
matic conditions for the five studied crops (Figure 1, a-e). Simulated
climatic conditions affected crop phenological development to a dif-
ferent extent in relation to the species and the scenarios considered.
The strongest changes were observed for A2 scenario and olive.
According to our outcomes, sugar beet cycle appeared to be only

slightly affected by climate change (Figure 1a). This behaviour was
attributed to the reference starting date, kept constant across current
and future climatic conditions, and also to the small differences
observed between current and estimated ending dates. Indeed,
although individual phenological stage durations were progressively
shortened, especially under A2 scenario, the total lengths of the grow-
ing season were similar (212 days for current condition against an
average of 207 days for simulated scenarios) as the forecasted har-
vesting dates were very close to those observed under current climat-
ic condition (Figure 1a). On the contrary, more intense modifications
in the growing cycle were observed for grapevine and processing
tomato. Indeed, the forecasted starting date (bud break and recovery
from transplanting) was progressively delayed, causing a shift of the
growing season of about 12 days (grapevine) and 1 week (processing
tomato) as average of the two scenarios in the last 30-year period
(2071-2100). The end of the season was instead progressively
advanced and occurred about 1 month earlier (27 days for both crops)
within A2 scenario and about 20 days earlier (18 days for grapevine,
19 days for processing tomato) under B1, in the last 30-year period
investigated (Figure 1, b-c). According to these predictions, total
length of grapevine and processing tomato growing cycles would be
shortened of 39 and 34 days under A2 scenario, of 27 and 26 days
under B1.
Olive and asparagus showed similar modifications of growing

cycles features, with olive being the most affected crop by the simu-
lated climate changes (Figure 1, d-e). Although the starting dates
(bud break and beginning of commercial maturity), after a slight
advance recorded in the first 30-year period, were very close to those
observed under current condition, the ending dates were strongly
anticipated: 54 days (A2) and 45 days (B1) for olive; 42 days (A2) and
31 days (B1) for asparagus in the last 30-year period. If the described
prediction occurred, this would lead to a reduction in the total cycle
length of 41 and 29 days (A2, B1) for asparagus and of 56 and 46 days
(A2, B1) for olive by the end of the century (Figure 1, d-e).
The results obtained using the described approach confirmed com-

mon trends reported in literature. Indeed, even though the effect of
climate change on crop phenology has been hypothesised under dif-
ferent conditions, there is an overall agreement for an earlier occur-
rence of key phenological events and for a consequent shortening of
crop growing cycles (Moriondo and Bindi, 2007). Nevertheless, the
magnitude of the shortening and the shifting of phenological stages
can not be easily compared across different studies because it varies
according to the time series and time intervals considered, the stud-
ied environment, the crop type and the methodology used to simulate
the key phenological parameters.

Yield response to irrigation under current and future
climatic conditions
The estimation of the growing cycle phenological parameters

allowed to quantify, for each time period, the irrigation water require-
ments and thus to compare the crop yield response under current and
future conditions. The parameters of the yield response function (A,
b, c and K), obtained by fitting the yield to water volumes data
through the modified Mitscherlich equation, are reported in Table 3.
A, which was kept constant under current and future scenarios, was
expressed both as maximum yield (t ha–1) and Value of Production
(VP, euro ha–1). Asparagus parameters, with particular regard to the

maximum achievable yield (A), exceeded optimum ranges. This was
attributed to the reduced number of experimental data and to the
behaviour of the yield-water relationship, characterised by a steep
decline after optimal water requirements were overcome.
Nevertheless, simulated yields fell within normal range. For this rea-
son, as well as for the important role of asparagus in the district agri-
cultural economy, it was decided to consider the crop in the following
steps. As concerns the other crops, processing tomato showed the
highest VP followed by grape (Table 3). Lower values were instead
recorded for olive (5219 euro ha–1) and autumnal sugar beet (3564
euro ha–1) as a consequence of the current lower value of their mar-
ketable yields.
Under actual climatic conditions, b, indicating the amount of water

available for the crop in natural conditions, varied from a maximum
value of 5045 m3 ha–1 for autumnal sugar beet to minimum values of
892 and 648.6 m3 ha–1 for asparagus and olive, respectively (Table 3).
The high value recorded for autumnal sugar beet reflected the greater
potentiality of this crop to benefit from natural resources in compar-
ison to spring-summer crops. C, indicating the response rate of crop
yield to irrigation water, ranged from 11.6 10–4 ha m–3 for olive to 2.70
and 2.46 10–4 ha m–3 for asparagus and autumnal sugar beet. K, mod-
elled only for processing tomato and asparagus, was equal to 2.71 10–9

(ha⋅m–3)2 and 29.23 10–9 (ha⋅m–3)2, respectively. These results indi-
cated that the supply of seasonal irrigation volumes higher than those
satisfying irrigation water requirements caused only slight yield
decreases for processing tomato, whereas induced a steep yield
decline for asparagus (Table 3).
The yield response (in terms of VP) to increasing irrigation water

supply for the five studied crops, under current climatic conditions, is
reported in Figure 2. From this figure, the higher Values of
Production of the horticultural crops (asparagus and processing
tomato), as well as the different response rate of the studied crops,
immediately emerge. The Mitscherlich yield response parameters
estimated for future climatic scenarios showed similar patterns in
comparison to those observed under current conditions (Table 3). 
With regard to the estimated natural resources availability (b), a

reduction was observed for processing tomato and was marked in the
last thirty-year period (2071-2100) under both climate change scenar-
ios. Specifically, b decreased from 1891.1 m3 ha–1, under current con-
ditions, to 1697.6 and 1730.7 m3 ha–1 for A2 and B1 respectively. A
decline, across the whole period considered, but more evident under
A2 scenario, was also observed for asparagus (Table 3). On the oppo-
site, an increase in b was recorded for olive, mainly under B1 sce-
nario, corresponding to an estimated greater water availability under
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Figure 2. Yield response (value of production) for increasing sea-
sonal irrigation water volumes under current climatic condition.
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natural conditions of 126 m3 ha–1. Processing tomato, asparagus and
grapevine showed higher c values compared to the current condi-
tions. This was observed across the entire investigated period and
especially under A2 scenario. A decrease was instead found for olive
with lowest values under B1 emission scheme. K increased for both
processing tomato and asparagus under A2 scenario but at a higher
rate for this last crop.

Optimal allocation of irrigation water at district level
under current and future climatic conditions
The non-linear mathematical optimization model written in GAMS

allowed to define, for the studied district, the total irrigation water
(TIW) volume which maximized the economical return, expressed as
Value of Production less the fixed and variable irrigation costs
(VPlic), and to identify the optimal partitioning of the irrigation
water among the five crops for each class of water supply investigat-
ed. Within the range of water supply analysed (10,000-7,000,000 m3),
the irrigation volume that maximized the economic return of the

whole district surface was equal to 5,697,861 m3 and allowed a VPlic of
29,854,000 euros. This total water amount was partitioned among the
five crops as reported in Figure 3,a. Although the greatest fraction of
this volume was allocated to grapevine and secondly to olive (as they
occupied the largest district surface), the seasonal volumes attrib-
uted to these crops (2561 and 1828 m3 ha–1, respectively) correspond-
ed to the restitution of only 59 and 50% of seasonal irrigation water
requirements (Figure 4,a). Volumes equal to 85 and 100% of total irri-
gation water requirements (2785 and 4493 m3 ha–1, respectively)
were instead allocated to asparagus and processing tomato. A volume
of 2897 m3 ha–1, corresponding to a restitution of 54% ETc (Figure
4,a), was allocated to sugar beet. According to this optimal partition-
ing of the irrigation water, the TIW volume that maximized the VPlic
of the whole district surface (5,697,861 m3) was lower than the vol-
ume necessary to fully satisfy irrigation water requirements (100%
Etc), which was equal to 9,628,453 m3. This in turn allowed a water
saving on the whole surface of about 40.8%. This high percentage of
water saved on the whole district area was the consequence of the
large surface occupied by grapevine and olive which received, under
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Table 3. Parameters of Mitscherlich yield response function (A, b, c, k) computed for each climatic condition considered.

Crop Scenario A VP=A ∙ p b c k
(t/ha) (€/ha) (m3/ha) (ha/m3) ∙10–4 (ha ∙ m–3)2 ∙ 10–9

Sugar beet Current 86.90 3564.11 5045.10 2.46 0
A2 2011-40 86.93 3564.11 5075.10 2.45 0
A2 2041-70 86.93 3564.09 5223.10 2.38 0
A2 2071-100 86.93 3564.09 5062.40 2.45 0
B1 2011-40 86.93 3564.07 5224.20 2.38 0
B1 2041-70 86.93 3564.07 5063.50 2.45 0
B1 2071-100 86.93 3564.09 5090.10 2.44 0

Olive Current 1491.20 5219.20 648.60 11.60 0
A2 2011-40 1491.20 5219.20 674.90 11.20 0
A2 2041-70 1491.20 5219.20 741.60 10.20 0
A2 2071-100 1491.20 5219.20 748.20 10.10 0
B1 2011-40 1491.20 5219.20 722.60 10.40 0
B1 2041-70 1491.20 5219.20 730.20 10.30 0
B1 2071-100 1491.20 5219.20 774.90 9.72 0

Grapevine Current 32.60 13037.32 2808.40 5.49 0
A2 2011-40 32.59 13037.32 2746.50 5.62 0
A2 2041-70 32.59 13037.32 2805.40 5.50 0
A2 2071-100 32.59 13037.32 2631.20 5.86 0
B1 2011-40 32.59 13037.32 2884.70 5.35 0
B1 2041-70 32.59 13037.32 2774.70 5.56 0
B1 2071-100 32.59 13037.32 2775.90 5.56 0

Processing tomato Current 115.00 27370.00 1891.10 3.24 2.71
A2 2011-40 115.00 27370.00 1813.50 3.38 2.94
A2 2041-70 115.00 27370.00 1816.70 3.37 2.93
A2 2071-100 115.00 27370.00 1697.60 3.61 3.36
B1 2011-40 115.00 27370.00 1872.10 3.27 2.76
B1 2041-70 115.00 27370.00 1802.30 3.40 2.98
B1 2071-100 115.00 27370.00 1730.70 3.54 3.23

Asparagus Current 37.50 86284.96 892.10 2.70 29.23
A2 2011-40 37.51 86281.97 783.10 3.08 37.93
A2 2041-70 37.51 86281.97 816.20 2.95 34.91
A2 2071-100 37.51 86282.43 751.60 3.21 41.17
B1 2011-40 37.51 86262.19 846.40 2.85 32.46
B1 2041-70 37.51 86264.26 843.10 2.86 32.74
B1 2071-100 37.51 86281.51 805.10 3.00 35.88
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optimal conditions, seasonal volumes corresponding to about the half
of the irrigation water requirements.
Interestingly, under water shortage conditions, specifically under

TIW availability up to 160,000 m3 (Figure 5,a), the whole irrigation
water was allocated to the horticultural crops (processing tomato and
asparagus) with the highest volumes allocated to this last one which
gave higher VP at low watering volumes (Figure 2). Indeed, only at
higher TIW supplies (320,000 m3), when asparagus water require-
ments were almost satisfied, processing tomato received greater sea-
sonal volumes and then olive groves started to be irrigated. This last

crop, though characterised by a lower value of production in compar-
ison to grapevine (Table 3), occupies indeed a lower surface. Only
when total irrigation supplies were higher than 4,500,000 m3, a frac-
tion of water started to be allocated to sugar beet (Figure 5,a).
These findings confirm previous results which have shown that,

under non limiting water supplies, the highest profit may be obtained
by irrigating the vegetable crops with seasonal irrigation volumes
equal to 100% of the maximum evapotranspiration (Rubino et al.,
2008) and allocating lower volumes to the arable crops. The total irri-
gation water volume that maximized the VPlic in the studied district
appeared to be only slightly affected by future climatic conditions
(Figure 3 and Figure 4,b-c), varying from 5,506,428 m3 (A2 scenario,
period 2071-2100) to 5,814,257 m3 (B1 scenario, period 2011-2040),
as consequence of the uniformity observed in the yield response
parameters. The irrigation water partitioning among the five studied
crops also showed similar patterns both under current and future cli-
matic scenarios (Figures 5,b-c), so did the percentage of water saved
in comparison to the actual climatic conditions (43.1 and 41.1%,
respectively for A2 and B1 scenarios in the 2071-2100 period).

Article

Figure 3. Optimal allocation of total irrigation water (TIW) vol-
umes under current climatic condition (a) and future scenarios -
A2 2071-2100 (b), B1 2071-2100 (c). Total irrigation water vol-
umes ranged from 10000 m3 to the volume maximizing the VPlic
(value of production less the fixed and variable irrigation costs) of
the district under each climatic condition considered.

Figure 4. Seasonal irrigation water volumes (m3 ha–1) allocated to
district representative crops within the TIW volume maximizing
the VPlic (value of production less the fixed and variable irrigation
costs) under current climatic condition (a) and future scenarios:
A2 2071-2100 (b), B1 2071-2100 (c). Seasonal volumes are also
expressed as percentage of irrigation water requirements (% ETc).
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Conclusions

Climate change models generally forecast an increase in average
temperatures and frequency of extreme events in the Mediterranean
environment by the end of this century. These changes are expected

to reduce total water availability and to have a deep impact on water
use efficiency and crop phenology.
Our outcomes showed a strong effect of temperature on growing

cycle parameters and crop cycle length, particularly marked for olive
and under A2 scenario. This confirmed the general consensus in lit-
erature on the shortening of crop growing cycles as a consequence of
forecasted temperature increase. Despite crop cycle features modifi-
cations, the irrigation water requirements and the parameters of crop
yield response to irrigation were only slightly affected by the future
climatic conditions in the present study. This behaviour was also
attributed to the lower crop cycle length, recorded under future cli-
matic conditions, which attenuated the differences due to the higher
evapotranspirative demand. Optimal allocation of irrigation water at
district level showed very similar patterns across the different climat-
ic conditions compared, as a consequence of the similarity in crop
yield response parameters.
The framework here adopted to assess water partitioning among

the irrigated crops revealed to be effective in resolving the optimiza-
tion problem. The total irrigation water volume that maximized the
VPlic of the district under current conditions was 5,697,861 m3 and it
was mainly partitioned to grapevine and olive, which occupied the
largest irrigation district surface. Nevertheless, these crops received
seasonal volumes corresponding only to 59% and 50% of total irriga-
tion water requirements. On the contrary, horticultural crops, i.e. pro-
cessing tomato and asparagus, received seasonal water volumes close
to those fully satisfying irrigation water requirements. In addition,
under water shortage conditions, within all considered climatic sce-
narios, the whole irrigation water was allocated to processing tomato
and asparagus.
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