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ABSTRACT

Climate change significantly affects every day’s human activities such as agriculture and
tourism by altering the composition and parameters of global atmosphere over long period
of time. In Greece, a substantial part of the national gross domestic product comes from
agricultural production the efficiency (e.g. crop yield) of which mainly depends on ade-
quacy and sufficiency of resources such as water and soil fertility. In this concept, the water
footprint (WF) could be used as a monitoring indicator to evaluate applied agricultural
schemes and potential adaptation measures in cultivated regions in Greece with respect to
consumption of freshwater resources and deterioration of water receptors considering
climate change scenarios. In the present paper, agricultural WF in two plains in Crete,
Messara and Chania, are calculated in order to estimate the environmental impacts of the
currently applied agricultural schemes on freshwater resources and soil productivity in the
two plains. The analysis was based on a climate change scenario that has been developed
up to 2100 to assess the effects of precipitation and temperature variability on crop yield
and consumption of freshwater resources in the two plains. The results analysis showed
that for all the crops in both Messara and Chania plains the two components of WF, blue
and green have a substantial contribution to the overall WF of crops. However, the changes
in mean annual temperature and precipitation as they are estimated in the examined cli-
mate change scenario may affect the evolution of blue and green WF till 2100 by alternating
the source of consumed water between water reserves and rainfall. In both also Cretan
plains is observed that an estimation of future water needs based on WF indicator could be
obtained considering the particular climate scenario only for irrigated crops due to the simi-
lar trend that is followed by temperature and total WF. A similar estimation could not be
made for rain-fed crops due to the high variability in future precipitation values (low R2).
Finally, the impact of climate change with respect to WF estimation is considerably higher
in water scarce areas like Messara plain. The crop yield sensitivity analysis for citrus
demonstrated that there is no pattern by which it is possible to estimate their crop yield
considering only mean monthly temperature and precipitation values. The crop yield is
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decisively influenced by the timing that the different rainfall and temperature events
happened during the growing season. By concluding special concern should be paid on
adaptation measures in local, regional, and national level in order to control the impact of
climate change on crop yields.

Keywords: Water footprint (WF); Agricultural policy assessment; Climate change;
Adaptation; Crop yield; Mediterranean region

1. Introduction

In the last United Nation Climate Change Confer-
ence held in Warsaw, the participating countries
decided to initiate domestic preparation for their
intended national contributions towards a new univer-
sal climate agreement, which will come into force in
2020 [1]. Special concern was paid to issues related to
adaptation process that refers to adjustments in eco-
logical and social-economical systems in response to
expected or actual climate change and their impacts.
The goal of the proposed adaptation activities should
be mainly focusing on change in processes, practices,
and structures to moderate potential damages in all
sectors e.g. agricultural, industry, and tourism.

Agriculture is a sector that needs to be adapted in
the new climate conditions by adopting agricultural
practices and policies that will primarily safeguard
natural resources for future generations and then help
increase agricultural productivity (e.g. crop yield) in
order to contribute to eradication of poverty. The most
crucial impact of climate change on agriculture is
related to changes in the water cycle and it needs to
be considered within a wide context that includes
water demand increase, degradation of water quality,
and competitive water use at various levels [2]. In
Greece, a substantial part of the national gross domes-
tic product comes from agricultural production the
efficiency of which mainly depends on adequacy and
sufficiency of resources such as water and soil fertility.
Agricultural sector should be the first to respond to
challenges imposed by the accelerated increase of
human activities on water resources.

Adaptation measures with respect to water man-
agement in agricultural sector could be established at
various levels (e.g. farm, irrigation scheme, water-
shed/aquifer, river basin, and national levels). The
increase in water demand in agriculture has altered
the water balance in many watersheds and aquifers.
In their analysis, Turral et al. [3] argued that adapta-
tion practices at national level could only be obtained
mainly throughout reallocation of water between or
within sectors and strengthening of water right access.
In this concept, the water footprint (WF) indicator
could be used to evaluate applied agricultural

schemes with respect to consumption of freshwater
resources and deterioration of water receptors con-
sidering climate change scenarios. In the present
paper, the agricultural WF in two highly cultivated
regions in Crete e.g. Messara plain and Chania plain
are estimated considering the two currently applied
agricultural schemes. A developed climate change sce-
nario up to 2100 has been also developed to estimate
the potential effects of precipitation and temperature
variability on freshwater resources and agricultural
crop yield in the region.

2. Methodology

2.1. Agricultural WF estimation

The WF indicator as it introduced by Hoekstra in
2002 measures the total use of freshwater resources
that is used to produce a good and/or a service and it
consists of three components: (i) blue WF referring to
the freshwater volume consumed from surface and
subsurface water resources, (ii) green WF referring to
the volume of rainwater consumed during the produc-
tion process and (iii) gray WF referring to the volume
of water that is required to dilute pollutants to such
an extent that the quality of the water receptors
remains above existing water quality standards [4].

A detailed analysis of the agricultural WF estima-
tion in the two areas of interest, Chania plain and
Messara plain are presented in Charchousi et al. [5]
and Stathatou et al. [6] respectively. Chania plain is a
relatively flat landform located southward from
Chania Town in Crete (Fig. 1) with a cultivated land
of 165 ha [7] and an expended collaborative irrigation
networks with no serious water management issues.
On the other hand, Messara Plain is located in the
southwest part of Heraklion prefecture in Crete
(Fig. 1) and it consists one of the most important agri-
cultural regions in Greece with a cultivated area of
94 ha approximately. Due to the intense land cultiva-
tion and groundwater overexploitation, Messara plain
faces serious water related problem e.g. water scarcity,
groundwater level depletion, and water quality
degradation. The irrigation needs are mainly covered
by groundwater pumping wells.
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In order to calculate the total water volume
consumed for the cultivation of each crop, the corre-
sponding WF is calculated. The total water consump-
tion in both plains is calculated as the sum of the
water consumed by all crops cultivated in each area of
interest. Both plains are characterized as highly culti-
vated regions in Crete with serious water resources
and soil fertility related issues. In Table 1, the most
representative crops and their corresponding annual
crop production are presented.

In the present paper, an assessment of current agri-
cultural schemes applied to the two different plains in
Crete is obtained based on the performance of WF

indicator with respect to the developed climate change
scenario described in the next section. A sensitivity
analysis of crop yield variability due to climate change
effects is also performed that considers monthly
climate averages for certain dry and wet years.

2.2. Development of climate change scenarios

Present and future model output from the
RACMO2 regional climate model (RCM) was used.
This model was developed within the framework of
the EU project ENSEMBLES where the National
Observatory of Athens participated. RACMO2 was
provided by the Royal Netherlands Meteorological
Institute widely known as KNMI. The KNMI-
RACMO2 regional climate model [9] is forced with
output from a transient run conducted with the
ECHAM5 Global Climate Model. The RCM model
uses 40 vertical levels on a horizontal 95 × 85
(lat × lon) grid and has a horizontal resolution of
25 km. The selection of this specific model was based
on an assessment performed within the ENSEMBLES
project. All the models’ ability to simulate the present
climate was assessed and KNMI-RACMO2 was found
to more accurately simulate climate and extremes for
the Mediterranean region [10]. The model daily val-
ues of air maximum and minimum temperature, rela-
tive humidity, wind speed, and 24 h accumulated
precipitation were used to calculate mean monthly
output. In this study, a transient model simulation
running from 1950 up to 2100 was utilized. The
future period simulations are based on the IPCC
SRES A1B scenario [11], which provides a good
mid-line estimate for carbon dioxide emissions and
economic growth [12].

Fig. 1. Messara plain and Chania plain, Crete [8].

Table 1
Annual crop production (ton)

Crop

Crop production (ton) Mean crop yield (ton/ha)

Chania plain Messara plain Chania plain Messara plain

Irrigated olive trees 742 900 0.75 0.75
Rain-fed olive trees 1,576 20 0.5 0.4
Citrus 109,596 1,900 20 20
Avocado 5,070 – 16 –
Irrigated vines 891 1,200 15 15
Rain-fed vines 620 144 10 4.8
Hay 154 – 2 –
Alfalfa 3,312 104 10 8
Vegetables 16,951 7,500 35 50
Total 138,912 11,768
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3. Results analysis

Agricultural production in both areas of interest
are characterized by the cultivation of representative
crops for the climate and soil characteristics of Crete
such as olive trees and vines rain-fed and irrigated-
citrus and vegetables. The qualitative characteristics of
the species grown in these areas are particularly high
that significant amounts of them are promoted to
domestic and international markets. To maintain high
levels of quality agricultural products such as olive
oil, olives, wine, grapes, and early vegetables soils rich
in nutrients and sufficient water quantities are set as
prerequisites. Actions such as restructuring of agricul-
tural production and integrated water management
plans for the proper use and management of existing
water resources are necessary to be immediately
adopted. In this analysis, the suitability of WF indica-
tor to assess climate change impacts to agricultural
production in Crete is examined considering the
effects on freshwater consumption.

3.1. Climatic parameters analysis

Based on the prevailing climate change scenario
which has been previously analyzed and refers to the
provision by 2100 of climatic parameters of tempera-
ture and precipitation in the two areas of interest, it is
observed that (Fig. 2):

(1) The average annual temperature value is
approximately one degree higher in Messara
plain than Chania plain.

(2) There is a similar upward trend of average
annual values of temperature in the two
regions amounting to 0.3˚C/decade.

(3) The mean annual precipitation is higher in
Chania (around 500 mm/years) than in
Messara plain (around 300 mm/years).

(4) In contrast, the decreasing trend in annual
total precipitation is higher in Chania plain
with significant inter-annual variability, thus
affecting the rate of evapotranspiration.

(5) The decreasing precipitation trend is higher in
Chania plain (16 mm/decade) where more
rainfall events occurred than in Messara
(10 mm/decade). However, in Messara, the
annual total precipitation reaches future values
(around 200 mm/years) typical of arid or semi-
arid regions in the present climate period.

(6) The average annual temperature over the
period of study seem to conform to a linear
relationship (R2 ~ 0.8) in both plains, whereas
R2 values regarding the corresponding mean
annual precipitation are significantly lower
(~0.2). The R2 values are expected due to the
rather small inter-annual variability (year-
to-year variation) of temperature and to the
significantly larger inter-annual variability of
precipitation.

This fact does not change our conclusions for a
downward trend in precipitation but just indicates
that as we are moving towards a warmer and drier
climate, there will be years in-between with rather
high precipitation amounts but the overall trend will
still be a reduction in precipitation.

3.2. WF analysis

The main focus of this analysis is given to the
impacts of climatic change parameters e.g. tempera-
ture and precipitation that may affect the blue and
green WF components of a crop which are associated
with freshwater consumption. For the purposes of this
analysis, it is first assumed that crop yield will not
vary in the future and also gray WF component that is

Fig. 2. Temperature and precipitation estimation based on examined climate change scenario for (a) Messara plain and
(b) Chania plain.
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associated with the pollution of water receptors due to
the surface run-off of excessive quantities of chemical
fertilizers applied to each crop will be constant over

the period of the analysis. Then a sensitivity analysis
concerning the climate change impacts on crop yield
is also performed in Section 3.3.

Fig. 3. Olive trees WF in Messara plain for irrigated (a) and rain-fed (c) and in Chania plain (b and d) cultivations.
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Irrigated and rain-fed olives and vines are the two
main crops found in the two plains. Based on the
analysis of the prevailing climate change scenario,
irrigated olive trees in both areas show an upward
trend in terms of total WF estimations, whereas the
total WF for rain-fed olives follows a downward trend
similar to the corresponding decline trend of precipita-
tion observed at each area of interest (Fig. 3(a) and
(b)). Similar behavior is observed for vines (Fig. 4(a)
and (b)). However, considering each component of
WF separately, the blue WF component for the
irrigated olive trees is characterized quite striking
compared to the growth trend that temperature
follows during the same period in both areas. At the
same time, a significant reduction on yearly mean val-
ues of precipitation is observed affecting the green WF
of rain-fed olive trees that follows a more rapid
decline. On the other hand, the total WF for the irri-
gated olives increases in both areas following an
identical trend even though the blue WF is estimated

to be higher in Messara than in Chania plain (Fig. 3(a)
and (b)). The analysis in both Cretan plains showed
that an estimation of future water needs based on WF
indicator could be obtained considering the particular
climate scenario only for irrigated crops due to the
similar trend that is followed by temperature and total
WF. A similar estimation could not be made for
rain-fed crops due to the high variability in future
precipitation values (low R2).

Regarding rain-fed crops, the decreasing precipita-
tion rate as it is estimated by the examined climate
change scenario for the coming years up to 2100 in
conjunction with the observed gradual temperature
increase for the same period contribute to a strong
reduction of the corresponding WF of rain-fed crops
(Figs. 3(c) and (d), and 4(c) and (d)). In particular, for
rain-fed vines the water needs estimated by WF, are
much higher in areas such as Messara plain with low
crop yield (Fig. 4(c) and (d)). Although in this step of
the analysis, the yield for all crops is assumed

Fig. 4. Vines WF in Messara plain for irrigated (a) and rain-fed (c) and in Chania plain (b and d) cultivations.
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constant to the current ones, however an impact in the
quality of cultivated rain-fed agricultural products is
expected in the future.

A key element of Cretan agricultural production
and farmers’ income is the cultivation of citrus espe-
cially in Chania plain where the annual production
exceeds 100,000 tons. In a particularly rainfall poor
region such as Messara plain, the water needs of irri-
gated crops are historically covered mainly by
freshwater resources. The situation is aggravated over
the years based on the examined climate change
scenario due to continuing rainfall decrease that is
estimated for the region (Fig. 5(a)). On the other hand,
the high rate of precipitation historically observed in
Chania until today has resulted in the limited con-
sumption of freshwater resources for irrigation pur-
poses of crops such as citrus and olive trees (Figs. 3(b)
and 5(b)).

Based on the total WF estimation for every crop
examined in the two areas of interest, significant
amounts of freshwater resources are consumed. A
common conclusion of the analysis for all the crops in
both Messara and Chania plains is that the two
components of WF, blue and green, have a substantial
contribution to the overall WF of crops. However, the
mean annual increase in temperature and correspond-
ing decrease in precipitation as they are estimated in
the examined climate change scenario may affect the
evolution of blue and green WF till 2100 by alternating

the source origin of consumed water between water
reserves and rainfall.

3.3. Crop yield sensitivity analysis

Climate change affects not only water resources
quality and availability but also introduces changes in
plant productivity. The severity of climate change
effects on plants will vary between regions depending
upon the preexisting climatic conditions and the
adaptation potential of local cultivated species [13].
The findings of the report of the Bank of Greece [14]
for the environmental, economic, and social impacts of
climate change in Greece noted that the average
decline in agricultural production in Crete for repre-
sentative crops such as olive trees, vines, and vegeta-
bles was estimated around 10% under the various
examined climate change scenarios.

Previous research works have shown that climate
change had a considerable negative impact globally on
agricultural production of several crops such as wheat,
maize, and barley [15]. The uncertainty associated
with rainfall variability due to climate change is still
significant and it is difficult to assess its impact on
agricultural production [16]. However, many studies
have emphasized that on warmer and drier years
decreased yields are expected [16–18]. Also rising tem-
perature alters the duration of crops growth stages
and as a result final crop yield is reduced [19,20]. As

Fig. 5. Irrigated citrus WF in Messara plain (a) and in Chania plain (b).
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far southern Europe, Supit et al. [21] proved that by
the end of the century yields will decline and produc-
tion may only be possible on the basis of irrigation
water availability. Climate change impacts depend on
species and region so adaptation measures such as
changes in farm planning and developing new breed-
ing lines should consider regional differences. Based
on the review of Kang et al. [22], existing model
results have shown that crop yield is more sensitive to
precipitation than temperature future differentiation.

WF of a crop depends not only on water consump-
tion, but on crop yield as well [4]. Also climate varia-
tion affects both water consumption and crop yield. It
is therefore important to assess the impact of crop
yield variability due to climate change on WF estima-
tion. The response of yield to changes on temperature
and precipitation can be estimated through empirical
crop models. Lobell et al. [17] have developed a sta-
tistical model to estimate agricultural yield anomaly in
crops cultivated in California based on temperature
and precipitation. Due to similarities in climatic and
agricultural parameters between the two regions (e.g.
Crete and California), the proposed statistical crop
yield anomaly model has been used in this analysis in
order to get an estimate of citrus variability yield
through time due to climate change effects. Then the
impact on WF estimation due to the use of a modeled
annual yield and a reference annual yield is
quantified.

Based on the proposed model [17], citrus yield
anomaly (Y, ton/ha) is calculated for future years
based on precipitation and minimum temperature
data according to the following empirical equation.

Y ¼ 2:67Tn�12 � 0:49T2
n�12 þ 12:3P2

5 � 6:10 (1)

where Y the yield anomaly (ton/ha), Tn−12 the mini-
mum temperature of the 12th month from the year
prior to harvest (˚C), and P5 the precipitation of the
5th month (mm).

The adjusted citrus yield for different years is then
calculated considering the computed citrus yield
anomaly (Eq. (1)) and the corresponding reference
yield for citrus which in this case is taken equal to the
current one (20 ton/ha) as it is described in Section 3.2.
Considering the adjusted citrus yield value, citrus WF
in Chania and Messara plain was then estimated for
the driest past years (1959, 1991) and the driest future
years (2049, 2053 for Chania plain and 2053, 2086 for
Messara plain) based on the developed climate change
scenarios for the two plains.

The results analyses have shown that during dry
years (1959, 1991) citrus yield was estimated lower
than the reference one resulting in higher WF (Fig. 6).
In 2049, a slightly increase in citrus yield is estimated
in Chania resulting in lower WF compared to the WF
estimated based on reference yield (Fig. 7(b)).

Fig. 6. Irrigated citrus WF calculated based on adjusted and reference citrus yield for Messara plain (a, c) and in Chania
plain (b, d).
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Although 2049 is estimated to be dry year, the
increased yield is explained as an increase in precip-
itation in the 5th month of the year is estimated. In
2053, a significant low yield is calculated based on the
expected climate condition, high temperature, and low
precipitation rate, and as a result the corresponding
WF of citrus cultivated in Messara plain is signifi-
cantly increased (Fig. 7(a)). Finally, 2039 is estimated

to be an extremely wet year. However, citrus yield is
lower compared to the reference crop yield as the 12th
month from the year prior to harvest is a particularly
warm month and consequently an increased WF is
expected (Fig. 7(e) and (f)).

It is clear from the analysis, that the influence of
crop yield variability due to climate change conditions
on WF estimation is crucial. In Table 2, the percentage

Fig. 7. Irrigated citrus WF calculated based on adjusted and reference citrus yield for Messara plain (a, c, e) and in
Chania plain (b, d, f).

Table 2
Citrus WF variation for selected years considering yield variability

Year

Chania plain Messara plain

WFtotal variation (%) Yield variation (%) WFtotal variation (%) Yield variation (%)

1959 (dry year) +13 −12 +22 −18
1991 (very dry year) +14 −12 +17 −14
2039 (wet year) +37 −27 +111 −53
2049 (dry year) −2 +2
2053 (very dry year) +51 −34 +789 −89
2086 (dry year) +188 −65
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of variation, mainly increase for dry and wet years, of
citrus WF that is estimated based on adjusted and
reference crop yield is summarized. It is obvious that
the impact of climate change with respect to WF
estimation is considerably higher in water scarce areas
like Messara plain. The analysis for citrus crops
demonstrated that there is no pattern by which it is
possible to estimate their crop yield considering only
mean monthly temperature and precipitation values.
The crop yield is decisively influenced by the timing
that the different rainfall and temperature events hap-
pened during the growing season.

4. Conclusions

The current analysis showed that WF could be
potential used as a monitoring indicator to evaluate
applied agricultural schemes and potentially adapta-
tion measures in highly cultivated regions in Greece
e.g. Messara and Chania plains with respect to con-
sumption of freshwater resources and deterioration of
water receptors considering climate change scenarios.
As Chuku and Okoye [23] proposed, adaptation
measures such as (a) income/asset management, (b)
government programs and insurance, (c) farm produc-
tion practices, and (d) technological development
should be adopted in different scales in order to
assess the impact of climate change on yield especially
on water scarce regions such the ones in Mediter-
ranean basin and effectively limit future yield losses.

However, to ensure agricultural production and
farmers’ income in the two under consideration Cre-
tan plains, climate change impacts such as desertifica-
tion and seawater intrusion that decisively influencing
the adequacy and the quality of freshwater resources
should be immediately addressed.
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