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Abstract

The world population is foreseen to increase up to 9.8 billion people toward 2050, and global food
and water demands can also be predicted to rise accordingly. Regarding these future demands, climate
change and depletion in water resources; new approaches, management strategies, and models are
needed. In this study, the AquaCrop model was used as an analytical tool to predict the effects of
management practices within winter wheat, spring wheat, winter barley, and maize in a specific
location, middle Guadiana sub-catchment, Spain. The primary drivers from the model were designated
as actual evapotranspiration, crop yield, and water productivity. Model runs were executed within
three different management strategies: irrigation technologies, irrigation strategies, and mulching
practices. Thereafter, yield gaps and water productivity gaps were analyzed, and water scarcity/
shortage degrees were compared. The results showed that the AquaCrop model is a versatile model to
estimate actual evapotranspiration, crop yield, and water productivity parameters. Yield productions in
deficit irrigation were found higher than supplementary irrigation. Full irrigation showed the highest
crop yield within non-limited water conditions. However, some negative impacts of the full irrigation
strategy such as salinity should be considered. Mulching practices positively affected the actual
evapotranspiration reduction. Full irrigation and no mulching scenario showed the worst results on the
water resources systems. Supplementary irrigation and synthetic mulching practices depicted the least
deterioration of surface water resources. Deficit irrigation and synthetic mulching practices resulted
in considerable water savings with fewer yield losses compared to the scenario with the highest yield
production levels.

Keywords: AquaCrop model, management practice, water productivity, yield gap, water
scarcity/shortage degrees
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Oz

Diinya niifusunun 2050’de 9,8 milyar kisiye ulasacagi ve bu artisla es zamanli olarak kiiresel dlgekte
gida ve su taleplerinin de artacagi ongoriilmektedir. Gelecekteki bu taleplere ek olarak iklim degisikligi
ve su kaynaklarinin tilkenmesi durumlari da dikkate alindiginda; yeni yaklasimlar, yonetim stratejileri
ve modellerin gelistirilmesine ihtiya¢ duyulmaktadir. Bu ¢aligmada, belirlenen bir bolgede (orta
Guadiana alt havzasi, Ispanya) iiretilen kis bugday1, bahar bugday, kislik arpa ve daridaki yonetim
uygulamalarinin etkilerini tahmin etmek i¢in AquaCrop modeli, bir analitik ara¢ olarak kullanilmstir.
Modeldeki birincil siiriiciiler gercek evapotranspirasyon, mahsiil verimi ve su verimliligi olarak
belirlenmistir. Model ¢alismalar1 sulama teknolojileri, sulama stratejileri ve mal¢lama uygulamalari
olmak iizere li¢ farkli yonetim stratejisinde yiiriitilmiistiir. Daha sonra, mahsiil verimi agig1 ve su
verimlilik a¢ig1 analiz edilmis, su kithigi/yoklugu dereceleri karsilastirilmistir. Bu ¢aligma, gercek
evapotranspirasyon, mahsiil verimi ve su verimliligi parametrelerini tahmin etmek i¢in AquaCrop
modelinin kullanish bir model oldugunu gostermistir. Kisintili sulamada mahsul tiretimi, tamamlayic1
sulamaya kiyasla genellikle daha verimli bulunmustur. Tam sulama, sinirlandirtlmamig su kosullarinda
en yiiksek verimi gostermistir. Ancak, tam sulama stratejisinin tuzluluk gibi diger olumsuz etkileri
de dikkate almmmalidir. Malglama uygulamalari, gergek evapotranspirasyon azalmasini olumlu yonde
etkilemistir. Tam sulama ve malglama uygulanmayan senaryo, su kaynaklari sistemleri {izerinde en
olumsuz etkiyi gostermistir. Tamamlayici sulama ve sentetik mal¢lama uygulamalari, yiizeysel su
kaynagi iizerine en diisiik etkiyi gostermistir. Kisintili sulama ve sentetik mal¢lama uygulamalari, en
yiiksek tiretim seviyelerine sahip senaryoya gore daha az mabhsiil liretimi kaybiyla dikkate deger su
tasarrufu saglamistir.

Anahtar kelimeler: AquaCrop modeli, yonetim uygulamasi, su verimliligi, verim boslugu, su
kithigi/yoklugu dereceleri

Introduction

The world’s population is expected to reach 9.8 billion people in 2050, which is
2.2 billion more people than 2020 according to the United Nations (UN), and global
food and water demands can also be foreseen to increase accordingly. The agricultural
sector has a substantial water use dimension amongst other sectors with nearly 70%,
and global warming originates crucial impacts on crop water productivity (Patel et
al., 2017; Kang et al., 2009). Due to the increased population of the world, food
demand and water use have been dramatically increasing for over several decades.
Therefore, crop yields must be higher to eradicate issues on food security to ensure
adaptation to different drivers like socioeconomic developments, climate change, and
water resources depletion (Van Ittersum et al., 2013). Several studies have focused on
irrigation management strategies to increase either crop yield or water productivity
under limited available water for sustainable productions (Chukalla et al., 2015).
Crop yield response to water was described by Food and Agriculture Organization
of the United Nations (FAO) as optimizing rainfed and irrigated agriculture at field
levels. Because of costly management practices and experiments on the field, crop
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development models are needed within different factors such as irrigation techniques,
soil types, crop types, climatic conditions, and management strategies. Hence, a
dynamic model is needed, such as AquaCrop, which provides simplicity, robustness,
and accuracy including climatic, soil characteristics, and management practices for
agricultural irrigation.

Crop yield (Y) can be described as the harvested production per harvested area
unit for crop commodities (OECD, 2015). Regarding crop yield, due to increased
food demand and other abovementioned reasons, water resources systems can
be considered. Yield gap (Y) is an important parameter that can be described as
a calculation of the differences between actual farmers® yield and potential yield
without limitation from water and management practices. Yield gap analysis can be
done by field experiments or simulation models to estimate yield gap at different
scales (i.e. regional, national, or global) (Wart et al., 2013). According to Global Yield
Gap Atlas (GYGA) (2017), yield gap (Yg) analysis is one of the methods that can be
applied ranging from local to a regional extent for agricultural sustainability, and
described as a difference between potential yield (Y)), water-limited yield potential
(Y,) or partially-irrigated yield potential (Y,) and actual yield (Y)) (GYGA, 2017).
In addition to this analysis, impacts of different adaptation pathways in agricultural
irrigation on the water balance may have a momentous benefit for the future.

Water productivity (WP) is a measure of the efficiency of water resources
that support rainfed and agricultural irrigation, and can be defined as how much
yield output is obtained per cubic meter of fresh water abstracted (Smakhtin et al.,
2004). Water productivity calculation may provide the efficiency with which water is
converted to food, and which resource can be used effectively (GYGA, 2017). Besides,
Water Footprint (WFP) concept is an inverted version of WP (m*/kg). According to
Hoekstra et al. (2011), the water footprint is an indicator of freshwater use that looks
at both direct and indirect water uses by consumer or producer. Irrigation Water Use
Efficiency can be defined as the ratio of the net irrigation water requirement and the
total amount of water that needs to be withdrawn from the source (D6l & Siebert,
2002). Harvest Index (HI) is explained as the plant capacity to allocate biomass (B)
into the formed reproductive parts (Wnuk et al., 2013).

Water Balance is another significant analysis which can be affected either
positively or negatively by results of different artificial applications. A general
equation can be described for sub-catchment scale regarding surface water body as
the accumulation of the stream flow (Q), evaporation (E), abstractions and storage
changes per time equal to return flows (AS), precipitation on the Earth system (P)
(Uhlenbrook & Savenije, 2017). After changing the agricultural management
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practices, irrigation water requirements might be more or less, and the effects on the
systems may show differences.

Water scarcity can be described as a lack of sufficient available water resources
to meet the demands of freshwater to produce food, to supply industries, and to
sustain inhabitants in the world within different specific scales (i.e. regional, national
or global) (Hoekstra et al., 2012). Water Scarcity Index (WSI) is one of the indicators
that ensure assessing the water scarcity/shortage/stress degrees (Falkenmark et
al., 1989). Water scarcity analysis is crucial to understand the stress on the water
resources systems and might help to select the proper adaptation pathways to assess
not only the climate change impacts, also to assess the yield and water productivity
for specific locations.

In this study, the aim was to investigate the soil and plant interactions regarding
yield and water productivity in the agricultural sector for selected locations (sub-
catchments) and certain crop productions within different irrigation technologies,
irrigation strategies, and mulching practices by using AquaCrop model.

Method
Study Area

The research area is sub-river basins of Guadiana river basin, the middle
Guadiana and Portugal area Guadiana. The Guadiana river basin indicates the starting
point of the border between Spain and Portugal, and it becomes an international
river basin between two countries. According to Chukalla et al. (2015), dominant
soil profiles in Badajoz are loam, sandy loam, and silty clay loam. The main reason
for selecting middle Guadiana as study area was that agricultural activities were
the second highest water user in this region, and it is also the starting point of the
delineation of the Spain-Portugal border.

In addition to those parameters, station-specific data was collected from an
online database (Tank et al., 2002) regarding meteorological data from weather
station, and also data related with hydrological and water use sectors was provided
from specific studies on the Guadiana river basin (GuaSEEAW, 2015). The study area
in the Guadiana river basin is illustrated in Figurel (partly taken from Camacho et al.,
2014 and modified).
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Figure 1. The study area in Guadiana river basin.

In selected area, irrigation technology was divided into three sections: sprinkler
irrigation with 22%, localized irrigation with 23%, and surface flood irrigation with
54% (Aldaya and Llamas, 2008). Furthermore; dry, normal, and wet climates of
the last ten years from the year of the study were found as 2015, 2009, and 2010,
respectively; and model runs were executed for the normal year, 2009. According to
the Spanish Ministry of Agriculture, Fisheries and Food (MAPAMA, 2010), on one
hand, wheat and barley cultivations were based on rainfed irrigation (83% of the total
selected area), only 2% was irrigated in 2009. On the other hand, 15% of the study
area was irrigated for maize production without rainfed irrigation. In addition to this,
while groundwater is dominant in the water system in the upper Guadiana, the middle
Guadiana has surface water dominated areas (Aldaya and Llamas, 2008). Hence, in
this study, we focused on surface water bodies more than the others while making
water balance analysis. Table 1 shows the selected herbaceous crops such as maize,
wheat, and barley, and irrigated crop calendars for the selected crops.

Table 1

Irrigated Crop Calendar (FAO, 2017)

Jan | Feb | March | April | May JunelJulylAugustlSeplOct‘Nov‘Dec
Maize

Winter Wheat
Spring Wheat
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Step-1: AquaCrop Model

In this study, AquaCrop model (version 6) was used. AquaCrop is a dynamic
model providing a simulation on the interaction between soil and crop, which is
mainly divided into two sections regarding location- and user- specific parameters
(Steduto et al., 2012). Location-specific parameters are climate and soil features, and
user-specific settings are crop cultivar perception, the timing of crop cycle, water
management, and agronomic practices. AquaCrop model performs the simulation
robustly for herbaceous crops within a single growth cycle by the calculation of
biomass production and final crop yield, which is to predict the crop yield at a field
(point simulations). Herbaceous crops are a strong side of AquaCrop model. The field
is presumed to be uniform. Solely vertical incoming such as precipitation, irrigation,
and capillary rise and outgoing (evaporation, transpiration, and deep percolation)
water fluxes can be taken into account. AquaCrop uses Penman-Monteith method to
calculate reference evapotranspiration (ET,). Furthermore, water productivity was
normalized in the model for air CO, concentrations and atmospheric demand (WP*).

The main equations of the model parameters can be seen below:

B= WP"x X(Tr/ET,) (1)
Yield = B x HI ()
WP =Y/ET (kg (yield)/m* (ET)) 3)
WP= B/water applied (kg (biomass)/m?® (Tr)) 4)

where B= Biomass; WP= Water Productivity; WP*= normalized WP; HI= Harvest
Index; Y= Yield; Tr= Transpiration; ET =reference evapotranspiration.

Irrigation techniques.

Irrigation is an artificial way to provide water for crop production. Irrigation
methods can be varied depending on energy or pressure requirements, or the specific
techniques regarding wetted areas (Chukalla et al., 2015). The AquaCrop model has
different options for users, for example, irrigation technologies within their efficiency
and wetted area rates, which can be adjusted in accordance with the technology.
Irrigation technologies were chosen as sprinkler, drip, and furrow irrigation in this
study. Some of the rates of the irrigation efficiency and wetted area can be seen in
Table 2 for different irrigation techniques.
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Table 2

Efficiency Rates (IE) and Wetted Areas for Different Irrigation Techniques

Techniques Cakmak et al. (2008) FAO (2012)!  Aldaya &Llamas (2008)
IE IE  Wetted Areas IE

Sprinkler 70% 75% 100% 70%

Drip 90% 90% 30% 90%

Surface (Furrow) 40% 60% 80% 50%

Note. ! Retrieved from http://www.fao.org/docrep/t7202¢/t7202e08.htm

From these efficiency rates for specific techniques, distribution of the irrigation
technologies was given as 23% of the irrigation for drip, 22% for sprinkler, and 54%
for furrow irrigation within the middle Guadiana. Thus, the water balance analysis
was conducted according to assumptions of these distributions.

Irrigation strategies.

Full irrigation (FI) is the application of the irrigation during plantation applying
water into the system for ensuring evaporative demand to increase yield within
a no water stress condition (Chukalla et al., 2015). Irrigation can be applied to a
certain amount periodically or after water depletion on a certain readily available
water (RAW%) depletion. The AquaCrop model helps to users for choosing RAW%
threshold. When a certain crop type is selected in the model, which guides its users for
selecting the correct thresholds among affected canopy expansion, stomatal closure,
and senescence acceleration.

Deficit irrigation (DI) can be explained as when the water is limited in the area
of agricultural activities; optimal water application can provide efficient amount of
water according to the research and technology innovations based on optimal yield
and water productivity (Hamdan et al., 2006). Unlike FI strategy, DI strategy can be
applied less than evaporative demand within limited water applications among less
water shortage sensitive periods of the crop development.

Supplementary irrigation (SI) is a method that the certain amount of water
applied to increase yield and water productivity when the crop growth under
insufficient rainfed conditions. During the critical stages, such as lack of soil moisture
within dry periods, SI can be applied to ensure important improvements in the yield
and water productivity. SI can ensure to achieve good performance when the timing
is selected correctly. According to Pereira et al. (2012), SI provides irrigation which
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does not provide to reach crop water requirements as much as FI during insufficient
rainfed conditions. At this point, less crop water is provided compared to FI and
DI. When the water is limited, DI strategies can be more effective for farmers to
increase WP rather than yield increase. At that point, more water can be available for
more lands to be cultivated. SI is a kind of managed DI, and irrigation events can be
done less than others among the stress conditions especially during the critical crop
development stages to eradicate stress effects on the crop (Ewans et al., 2008). Sl is a
method to provide water when the dry spell occurs, and the water stress is observed
during the development stage. Irrigation can be applied to increase soil moisture
during dry periods for rainfed lands. Thus, SI is a remarkable strategy to increase
water productivity and yield.

Mulching practices.

Using mulches in the crop cultivations provides decreases soil evaporation;
besides, fewer impacts on transpiration occurs through plants. Organic, synthetic,
and no mulching applications with a different surface coverage rates were considered
in the study. The decrease in soil evaporation can be seen in Figure 2 by Zhang et
al. (2002). Hamdan et al. (2006) refer to mulching agronomic practices as one of the
evaporation reduction methods in addition to select correct timing for planting or drip
irrigation. In the AquaCrop model runs, organic mulching with 100%, and synthetic
mulching with 80% surface coverage were assumed for all the practices (Chukalla et
al., 2015).

0.8

Soil evaporation (mm)

l"
.y

0.4

Mulched

0.0 1 | I 1 NI "

13-Apr 23-Apr 3-May 13-May 23-May 2-Jun 12-Jun

Figure 2. Effect of mulching on soil evaporation for winter wheat cultivation.
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Step-2: Yield Gap (Yg) and Water Productivity Gap (WPg) Analysis

Yield gap (Y,) is the difference between potential (Y)) or water-limited yield
(Y,), and actual yield (Y)). Y is the yield during the cultivation of a crop by a cultivar
when the crop development is achieved by the proper climatic conditions, non-limited
nutrients, and well-controlled biotic stress (Van Ittersum et al., 2013). Y, is observed
yield from the actual amounts in the field (GYGA, 2017). Y  is more relevant to
the benchmark for rainfed crops. Both Y and Y can be used as benchmarks for
supplementary irrigated crops. The only difference between Y and Y isthatY is
also dependent on soil characteristics and limited water for irrigation applications.
Y, and Y information can be obtained from models. In this study, the results from
GYGA and AquaCrop showed the difference between two models, which have
different management strategy categories and modelling characteristics. Besides,
harmonization of both Y, and Y could be better for yield gap analysis (GYGA,
2017). Furthermore, the difference between Y and Y, came from precipitation and
soil profile. To estimate WP, the methodology was used as same as the Y, analysis.
Furthermore, exploitable yield is defined as the difference between 80% of Y (orY, )
and Y, (Van Ittersum et al., 2013).

Step-3: Water Balance on Water Resources Systems

Water balance analysis begins with the calculation of the field level water
balance within the soil water balance. The consumptive water uses (CWUs) within
green (rainfed) and blue (irrigated) CWUs were upscaled among the upstream part
to see impacts on both upstream and downstream later with WSI. This first step
was executed through the AquaCrop model output. Reference data for hydrological
information was taken from GuaSEEAW (2015) and Automatic System of
Hydrological Information (SAIH) (2017). The next step was the upscaling of the
field level CWUs for a sub-catchment level within harvested area-based calculations.
Lastly, upstream changes in the water balance and the pressures on the downstream
scale can be investigated within available data from the stations or reference sources.
A visualization example of the water balance for current study at catchment level can
be seen in Figure 3. Other sectoral water uses (such as domestic and industrial) were
kept constant as in today's world (GuaSEEAW, 2015). The strategies were chosen by
different management practices according to the larger to smaller effects on the water
resources system. Both withdrawal and consumptive water uses were considered in
this study. Water withdrawal based calculations indicate uncertainties regarding the
water losses in water distribution for the sectoral water demands. For this reason,
the methodology was updated to use model results more accurately through CWUs.
Water losses have significant importance on the estimations regarding the impacts
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on the defined water balance. According to Aldaya and Llamas (2008), water losses
during the water distribution were assumed as approximately 30%. Instead of this
average value, CWUs were assumed in this section, and WSIs were calculated by a
water consumption-based analysis. Assumptions to execute water balance part are
briefly given below:

o The contributions of the selected strategies to the water balance were based on the
reference. The representation of the current cultivation types (rainfed winter wheat,
rainfed winter barley, irrigated maize) were calculated within the consideration of
other agricultural activities (i.e. olive trees, vegetables, industrial crops) among the
middle Guadiana regarding the CWU. Two types of the CWUs were calculated as
green CWU and blue CWU through ET, values from AquaCrop simulations. To
analyze the water resources systems, blue CWU parameters were mainly used.

o Aldaya and Llamas (2008) stated the usage of different irrigation technologies for
sprinkler with 22%, furrow with 54%, and drip with 23%. Those proportions were
assumed in this study, and the combinations of the different mulching (NM, OM,
SM) and irrigation strategies (FI, DI, SI) were used to illustrate impacts into the water
balance. The calculated and changed outflow from the upstream part was accepted as
additional inflow for the downstream region.

" 2
Sub-catchment level 1 Blue ET, {Rainfed) p 1
Surface water body - AS=P + Qo + Rehil"{;: )Flow- (E + Qoutgtow ) E

Water Balance Green ET, {Irrigated)

i Water Withdrawal = Return Flow : =LW:tev Consumption|
---------------- 1

W, =Wt + (P-RO) +1+CR=E=Tr-DP

Field level \e. Aquacrop
Soil water balance  model

© Upstream 1 Field level

@ Downstream N evel
" Surface Water Body (Za ystem leve

| Stream Flow @ Sub-catchment level

U Fields

Figure 3. Avisualization example of the water balance for study area at catchment level
(AS=net change in storage; P= precipitation; E = Evaporation; Q= surface water flow;
RF= Return Flow; I= Irrigation; Tr = Transpiration; ET = actual evapotranspiration;
CC = Capillary rise; DP = Deep percolation).
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Step-4: Water Stress/Scarcity Index (WSI)

Water stress/scarcity degree can be calculated within the available data for
different management strategies in the agricultural system and their impacts on the
water resources systems (equations 5 and 6). The illustration of the WSI application for
the selected sub-basins and key flow parameters can be seen in Figure 4. It is precise
that the WSI variation can be smaller regarding projections for a small proportion of
the selected crops amongst all sectoral activities in the middle Guadiana. However,
this analysis gives an idea regarding how different practices could depict various
consequences on the water resources systems' stress degrees. The reference data in
the study area was from different sources regarding other sectoral water uses and
water dimensions (stream inflows) (GuaSEEAW, 2015).

Water Scarcity Index (WSI) was implemented by the equations below for
upstream and downstream to compare different strategies, respectively:

Water Consumption —A Blue ETa,Spain

WSISpain =

©)

Stream Inflow ,upstream

Water Consumption

WSIPortugal = (6)

Stream Inflow ,downstream -+ A Blue ETa,Spain

UPSTREAM
Middle Guadiana Sub-catchment
SPAIN

Stream
Inflow

DOWNSTREAM
Portugal Area
Guadiana River Basin

200 km
I ]

I
100 mi

Figure 4. The illustration of the WSI application for the study area and key flow
parameters.

Stepwise Approach

The stepwise approach of the study can be seen in Figure 5 including initial and
main implementation phases of the research including above-stated steps.
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Results and Discussion

Model Results Regarding ET , Y, and WP within Different Management Practices
by Using AquaCrop Model

In this section, actual evapotranspiration (ET), yield (Y), and water productivity
(WP) model results were given with different illustrations according to the various
purposes for selected crops which are winter wheat, spring wheat, winter barley,
and maize. Y&ET and WP&ET, for four crops were compared within all different
management practices and significant correlations were found (Appendix). WP and
ET, results for four crops showed that the ET results lower than 300 mm were related
to the rainfed cultivation for spring wheat and maize. The results higher than 500
mm were related to irrigated agriculture for the same crops. A total ET for wheat
production can differ between 200-500 mm (Chukalla et al., 2015), and it was
found that the range of ET production was in the simulated results with this scope
(Appendix). The relationship between Y and ET, showed a production curve that is
increasing and leveling off with a high correlation value (0.99 R?) for spring wheat
and maize. Furthermore, the relationship between Y and ET ; and WP and Y were
found weak in winter wheat and winter barley production compared to maize and
spring wheat production. Figure 6 depicts that a declining linear trend on ET, for
selected crops. Increasing trend of WP and main ordinal ranking was found as a
following trend of NM, OM, SM, respectively. The effects of mulching practices
depicted a decreasing trend on ET, due to the increase of surface areas and a decrease
in mainly soil evaporation values.

The reduction of transpiration values was found less affected compared to soil
evaporation changes. Winter wheat and winter barley results showed less ET amounts
compared to spring wheat and maize. The main reason of that these cultivations were
rainfed based and mulching practices showed more impacts than other strategies
(irrigation strategies did not exist in rainfed). However, when we look at the ranking
of WP from smaller to larger, irrigated crops (maize and spring wheat) did not show
a trend as found under rainfed conditions. It can be seen that leading drivers of
the increasing in the WP is caused by mulching and irrigation strategies. The most
significant ET deviations were found in the maize and spring wheat applications,
whereas winter barley and winter wheat had fewer variations. Management practices
without mulches depict higher ET, values compared to organic and synthetic mulching
practices as expected. The lowest ET value was seen in the synthetic mulching.
The lower ET, and WP values (extreme values) in both figures are related to rainfed
cultivations for maize and spring wheat (Figure 6). There was an increasing trend on
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WP which has less increasing trend in spring wheat, and other crops show similar
increasing rates. The most substantial deviation among the mulching practices related
to the WP changes was found in the rainfed maize.

As it is stated in the AquaCrop model manual (Steduto et al., 2012), yield
values depict the preference of the cultivation types either rainfed or irrigated ones.
It is clear that rainfed conditions were not appropriate for maize and spring wheat
which illustrate extremely low yield productions under rainfed conditions. However,
when we compared irrigated maize and irrigated spring wheat for a selection of more
profitable options for farmers, maize production as modern producers’ choices in
the area, gives approximately double yield amounts. Hence, rainfed winter barley
and rainfed winter wheat productions were better options as in the current situation.
When any selection is needed to be done between irrigated maize and irrigated spring
wheat, maize appears as an optimal selection because of its higher yield values.
Different irrigation strategies had different yield responses because of the fewer water
applications, from highest to lowest amounts by FI, DI, and SI, respectively, during
the irrigation period. While rainfed maize was not applicable in the study area, yield
from the irrigated maize was substantially more than other considered crops within
the study. Spring wheat trials showed that the spring wheat production was not an
efficient way for crop production compared to maize, but it still can be considered
as an option for farmers whether they would like to cultivate their fields when there
is an available time in addition to the present cultivations in the basin. Spring wheat
might also provide strategy options in the future. It is not only for spring wheat; other
crop types can be simulated in further studies for additional crop pattern alternatives.
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Figure 6. The actual evapotranspiration (ET,) changes (A) and water productivity
(WP) changes (B) for four crops within different mulching practices.
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Figure 7 shows the different trends regarding ET, Y, WP, irrigation amount
(), and harvest index (HI). The highest difference between rainfed and irrigated
agriculture was found for maize and spring wheat. On the other hand, there is no
significant difference on yield parameter for winter barley and winter wheat. HI
values showed insufficient rainfed conditions for maize and spring wheat; therefore,
irrigated agriculture for those crops was inevitable. HI values were found nearly 0.5
for maize (0.5 in Steduto, 2012), 0.30-0.35 for winter barley (0.45-0.5 for modern
producers in in Steduto, 2012), and 0.45-0.50 for winter wheat in this study (0.2-0.55
in Steduto, 2012). Due to the insufficient environmental conditions, lower amounts
can be seen compared to literature information regarding the HI of certain crops which
shows the comparability of the productions (Steduto et al., 2012). Different irrigation
strategies have different yield responses because of the less water applications during
the irrigation period. It is clear that fewer irrigation amounts were implemented by
FI, DI, and SI in the simulations, and taken order from highest to lowest amount with
FI, DI, and SI, respectively. In later sections, different strategy impacts on the water
resources systems were given with selected strategies for current applications in the
selected location.

The Comparison of the Yield Gap (Yg) and Water Productivity Gap (WPg) with
Other Studies

Rainfed yield gap comparisons.

Figure 8 illustrates the yield gap comparisons of the model results with GYGA,
and water-limited yields (Y ) from the AquaCrop model and actual yields (Y,)
comparisons given to depict differences between yield gaps according to overall Y,
for a certain area in GYGA and different Y, performances within different strategies.
Only rainfed winter wheat and winter barley comparisons were given because of
insufficient rainfed conditions for spring wheat and maize cultivations. For rainfed
winter wheat, due to declining trend of Y, in parallel with the estimated potential
yield. According to the MAPAMA (2010), the same situation for Badajoz in modern
cultavitions do exist, and only the irrigated maize production was carried out in 2009
among selected crops. When the simulated (AquaCrop) Y s results were compared
to GYGA results (both Y , Y, from GYGA), a significant decrease was found on
Y, Synthetic mulching (SM) based field studies depict higher Y s for both crops,
therefore, yield gap increased due to the more efficiently crop yield production from
SM compared to NM.
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Irrigated yield gap comparisons.

Figure 9 shows the yield gap changes according to different simulated
management strategies for irrigated agriculture. Y, was taken from GY GAregarding the
reference column given as GYGA, and the remaining parts using the simulated yields
which were selected as strategy-specific potential yields by different management
applications. Potential yield (Y -GYGA) was taken from GYGA portal. It was found
that more significant yield deviations found in the irrigated maize and irrigated spring
wheat which are currently better options compared to rainfed agriculture (including
only the yield quantity, economical and quality perspectives were not studied). Due
to the higher proportion of the irrigated maize application, with approximately 15%
highest yield decrease was found with SI application. As it is defined in the GYGA
protocol, both GYGA (WOFOST model) and the findings of the current study
(AquaCrop) describe the potential yields. However, Y s were smaller within the deficit
irrigation strategies because of their less potential yield productions compared to full
irrigation. Besides, large differences between AquaCrop and GYGA were because
of the different model mechanisms and the data used during both studies. According
to the exploitable yield gap results, SI strategy based simulations depicted a lower
exploitable yield than modern maize cultivations; however, it provides savings for
water resources through less water requirements in terms of crop productions.

Yield gap comparisons showed that FI strategy applied production had the
highest Y, because of its more massive potential (Y) compared to deficit water
conditions (DI, SI, respectively, from larger to smaller yield production). As it was
expected, Y, decreases when the irrigation strategy changes from FI to SI. If yield
production decreases for farmers and industrial producers like approximately 10%,
the efficient use of water resources within the tendency towards less water demanded
irrigation strategies (i.e. DI or SI) is inevitable. Irrigated maize yield production
was in the range of 12.5-14.6 ton/ha, whereas it showed an insufficient amount of
yield production under rainfed conditions with less than 0.6 ton/ha. An impressive
result from this research was that yield production in irrigated maize production
was almost three times higher than winter barley, and almost 0.5 times more than
irrigated wheat. Hence, it is possible to reach more yield productions within maize
cultivation. The critical point is that maize has less crop growth time length with
five months (spring period) than other plantings with seven months (winter period).
Thus, it makes possible to get benefit from those lands more, and food security issue
might be undertaken more from this perspective to manage potential management
opportunities.
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Figure 9. The yield gap changes within the comparison with GYGA (WOrld FOod
STudies [WOFOST] model) for irrigated maize (A) and irrigated spring wheat (B).

To sum up, some strategies were selected considering the results from model.
It was found that yield gap increases when the irrigation water uses increases
because potential yields increases concurrently. Besides, no mulching had the
highest consumption due to its least fruitful impact on water resources use efficiency.
Furthermore, water is not the most limiting factor especially about water-limited
yield formations for having fewer yield gaps also other factors like improvements on

management practices would bring significant declines on yield gaps (Van Ittersum
etal., 2013).
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Figure 10 shows the yield gap comparisons from different studies for irrigated
maize (GYGA: both Y, and Y, are from GYGA; for the simulated (AquaCrop): Y, from
trials within different management combinations, and Y, from GYGA; for MAPAMA
and Aldaya&Llamas (2008), Y, from simulation runs and Y, from sources). It can
be seen that yield gap decreases from GYGA (data range for subsequent five years),
MAPAMA, Simulated (AquaCrop), Aldaya and Llamas (2008), respectively. Some
part of the simulated application has an overlap with GYGA (WOFOST model)
estimations. Due to the larger temporal scale analysis in GYGA with 5-year, different
environmental conditions (i.e. rainfall trends) show larger difference among period.
In this study, year-specific actual yields were used because of the temporal scale
of the research which is only for 2009. For larger temporal scale studies, using an
average of 5-year actual yield was suggested by GYGA.
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Figure 10. The yield gap comparison with other studies for irrigated maize.
Water productivity gap (WPg).

The estimated water productivity gap (WPg) is only available for winter wheat
on GYGA. Therefore, WP, only for winter wheat was given for various mulching
practices (Figure 11). There was an increase in WP, from no mulching to the organic
and synthetic mulching due to the higher WP values from organic and synthetic
applications by the AquaCrop model, respectively. WP was kept as constant from
GYGA and comparisons were done with WP value from GYGA and possible WP
values from the simulated ones. In the GYGA, only the WP, analysis was executed
for wheat production; therefore, for other crops, another reference was used (Aldaya
and Llamas, 2008) from a different reference year.
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Figure 12 illustrates WP, comparisons of the rainfed and irrigated crops. Winter
wheat reachable strategy specific WP was calculated higher than winter barley and
so the strategy specific WP s were higher. On the other hand, maize depicted higher
WP _ for irrigated agriculture.

WPg changes by different simulated field experiments (kg/m?3)
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Figure 12. Water Productivity Gap (WPg) comparisons of the rainfed and irrigated
crops: winter barley, winter wheat, and maize.

Impacts of the Different Management Practices on Water Balance of the Water
Resources Systems

Impacts of the different applications on the water resources systems were
shown within individual strategies and then converted to the sub-catchment scale.
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The reference data for this calculation was taken from GuaSEEAW (2015), which
provides sub-catchment level hydrological and sectoral data among the Guadiana
river basin. Besides, Portugal part was also involved in the dataset. AQUATOOL
water basin management model was used by GuaSEEAW (2015), and those data were
used in this research as a tool to calculate the effects of different strategies within the
current case in selected sub-catchments. Stream flows were considered in this type of
analysis. The order of the strategies showed a certain decrease trend from the worst-
case scenario to the most efficient scenario with less water demand for agricultural
production. Besides, it is necessary to consider yield changes to understand the extent
of yield decreases compared to water resource efficiency increases. For irrigated
maize application within strategy 9 (SI: SM), the yield decrease compared to the
reference case was 12%, on the other hand, it was nearly 2% within strategy 6 (DI:
SM). Integration between stakeholders is crucial to come to an agreement within
a common ground. To illustrate, when it is necessary to consider both farmers’
perspectives and environmentalist consideration, it might be a good scenario with less
yield change and remarkable decreases in irrigation water requirements. In addition
to this, mulching practices depicted an increase in yield productions for each crop.

There are two ways to interpret the analysis of water withdrawal and water
consumption in water resources systems. Water withdrawal scope does also include
the water conveyance losses, for instance, irrigation requirements are needed to be
ensured from a water resource, and irrigation demand requires a certain amount
of water conveyance line to the field from water source. However, water losses
are inevitable from those water abstractions. This study was mainly focused on
consumptive water uses (CWUs) as blue ET . Besides, CWUs were defined as ET,
which is the consumed water by a certain crop and can be derived from the AquaCrop
model. The results from green CWU and blue CWU indicated that green CWU was
larger than blue CWU. Due to the abstractions from surface water bodies which is the
dominant water resource type in the middle Guadiana, blue CWU was selected as a
critical parameter for the next steps.

Regarding sectoral water uses, it is not easy to estimate water consumptions for
agricultural, domestic, and manufacturing sectors due to the substantial variabilities
between soil-crop-water interactions, and water cycle complexities, human activities
and different production patterns of the manufacturers. However, water consumption
calculation can be executed within the use of agricultural system models (i.e.
AquaCrop). These types of models are capable of simulating agricultural water
demands and outflows. For example, from the manufacturing sector, recycling ratio
assumption is used to estimate water consumptions as a conversion factor from water
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withdrawal to water consumption for global sectoral water use models (Wada et al.,
2011); however, it holds an assumption behind and having some uncertainties. Mainly,
implications of studies especially in emerging countries are difficult to overcome
because of data limitations and economic constraints.

In conclusion, nine strategies were selected after water balance analysis to be
used in WSI analysis for comparing the strategies with a reference strategy. FI and
NM application was selected as reference strategy (worst case scenario regarding
water resources use efficiency), and following strategies were chosen as FI:OM
(Strategy-2), FI:SM (Strategy-3), DI:NM (Strategy-4), DI:OM (Strategy-5),
DI:SM (Strategy-6), SI:NM (Strategy-7), SI:OM (Strategy-8), SI:SM (Strategy-9).

Impacts of the Different Management Practices on Water Scarcity Index (WSI)
of the Water Resources Systems

Figure 13 shows the difference between reference strategy (FI: NM) applications
within different strategies. It can be seen that WSI changes appear to be more efficient
in the way of water resources management within a different strategy. Case area-
specific based WSI analysis showed significant improvements in water resources use
efficiency in the upstream compared to WSI analysis including all sectors. The best
management option was found as SI: SM for water resource use efficiency which
illustrated that WSI compared to the reference strategy decreases five times within
the case-specific calculation (Figure 13).

WSI analysis can be done by using different key drivers including water
withdrawal, water consumption or population (per capita) (Kummu et al., 2016).
To understand the impacts of different strategies on the WSI analysis, the worst-
case scenario as the reference case (FI: NM) was chosen because of its largest water
demand among other strategies. The scarcity/shortage situation was decreased
significantly especially in the upstream part. Due to the differences between stream
inflow to downstream part, impacts were not found significant as much as upstream
part. The reason is that the nominator in the equation of the WSI analysis causes more
sensivity than denominator because of tremendous amount of water availability than
water uses. Therefore, case area-specific analysis was preferred for the comparison of
water scarcity/shortage degrees.

When we change the management practices from FI: NM to SI: SM, there were
nearly five times more improvements on the system that meaning of the least negative
impacts on the water resources systems. From a farmer perspective, SI does not seem
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to be an optimal strategy because of the 12% less yield achievement. But the Strategy
6 (DI:SM) showed 2% yield decrease and 2 times more water resources efficiency
compared to reference strategy. This finding was seen from the exploitable yield gap
where SI based yield production was less than actual yield. On one hand, we look at
different irrigation strategies as the most efficient ones for the water resources system
were SI, DI, FI, respectively for irrigated agriculture, on the other hand, for mulching
practices, the most efficient one was the synthetic one.

WSI change within the comparison of the reference strategy
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Figure 13. WSI variations of different strategies according to the reference strategy.
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Conclusion

The analysis of different irrigation and management practices within the
AquaCrop model indicated that model results are comparable with the particular area
according to the comparisons with reported and simulated information from various
sources. It was found that AquaCrop model is a sophisticated model to estimate
ET, Y, and WP parameters. Mulching practices have positive impacts on the ET,
decreases. Besides, different irrigation strategies resulted in different yield responses,
and yield productions decreased in deficit irrigation (DI) less than supplementary
irrigation (SI), and full irrigation (FI) showed the highest yield within non-limited
water conditions. This finding was an expected trend and decreases in water demands
showed how the yields and water-related parameters are varied.

Impacts of different management practices on sub-catchment level water
balance were calculated. The primary driver was selected as ET, (CWU) change
among the chosen strategies. WSI degrees were calculated by using the defined
equations. The main issue regarding the water balance analysis was the scaling issues
within the research and data availability concerning scales. Some assumptions were
made; however, it was not possible to eradicate uncertainties entirely. To make robust
and straightforward analysis, consumptive water uses from the simulated (AquaCrop)
results were used to answer research questions with limited data. Water scarcity/
shortage degree was estimated by water consumption amounts within including all
sectors and only case-specific quantities. It is thus shown that case-specific estimations
showed a clear appearance of the differences regarding the strategies compared to
whole sectors. The delineation of the water scarcity/shortage degrees were more
apparent in the upstream part than the downstream part because the model application
was carried out for the upstream part which had the primary impacts apart from the
downstream.

We address some recommendations for future studies as a next step of water
resources system analysis:

1. Itis possible to execute model runs for different seasons (i.e. normal, dry, wet,
and future projections), in this way; results bring insights on larger temporal
scales.

2. Considering grid-based soil types, other management practices (i.e. fertilizers,
weed management, or salinity), and more climatic information from various
meteorological stations may provide additional accuracy.
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3. FI does not cause only the water resources deterioration, but also the salinity
problems. Therefore, it is momentous to take into consideration quality matter
too such as nonpoint source pollution (fertilizers, pesticedes etc.).

4. Although the AquaCrop model efficiency is high compared to modern
observed studies, calibration and validation of the model could provide better
projections for the future.

5. To calculate more detailed Y, and WP, estimations, data availability would
bring more inputs to future studies. Such as actual yield and water productivity,
potential yield and water productivity, and different management practices on
the field could provide better investigations for benchmarking studies.

6. In addition to combined management practices based Y, and WP, analyses,
strategy-specific definitions of these terms would ensure some insights on
selecting the best management practices for a particular area.

7. In addition to a biophysical analysis, an integrated assessment can be done in
further studies, for example, taking into consideration of economic analysis,
life cycle assessment and social phenomena at the same time could be
beneficial to improve integration of stakeholders and decision making process
in the future.
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Appendix
The Comparison of Yield & ET and WP & ET,

First, yield (Y) and actual evapotranspiration (ET) results were compared
with the all model results of the trials on a scatter plot diagram in Figure A1l. Next,
water productivity (WP) and actual evapotranspiration (ET ) results for four crops are
shown on a scatter plot diagram in Figure A2. The ET, results lower than 300 mm are
related to the rainfed cultivation for spring wheat, and maize. The ET, results higher
than 500 mm are related to irrigated agriculture for the same crops. The relationship
between Y and ET, shows a production curve that is increasing and level off with a
high correlation (0.99 R?) value for spring wheat and maize. On the other hand, there
is no remarkable difference between rainfed and irrigated crop cultivation for winter
wheat and winter barley. Furthermore, the relationship between Y&ET and WP&Y
was found weaker in winter wheat and winter barley production compared to maize
and spring wheat production. Figure A2 illustrates that the WP decreases after a
moment reached on ET . It is mainly the reason for the full irrigation and no mulching
strategies within different irrigation technologies. It can be seen that leading drivers
of the decrease in the WP is caused by mulching and irrigation strategies.

Yield and ETa results for four crops within different management practices
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Figure Al. The comparisons of the yield (Y) and actual evapotranspiration (ET))
for four crops (winter wheat, spring wheat, winter barley, maize) within all different
management practices.
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WP and ETa results for four crops within different management practices
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Figure A2. The comparisons of the water productivity (WP) and actual
evapotranspiration (ET)) for four crops (winter wheat, spring wheat, winter barley,
maize) within all different management practices.
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Extended Turkish Abstract
(Genisletilmis Tiirk¢e Ozet)

Sulama ve Arazi Yonetimi Uygulamalarimin Su Kaynaklar: Sistemlerindeki Etkileri

Diinya niifusunun 2050’de 2010 yilina gore yaklasik olarak %70 oraninda artacagi tahmin
edilmektedir ve bunedenle gida talebinin giderek artacagi ve gelecek nesillerin beslenmesinin daha kritik
olacagi ongoriilmektedir. Bu ¢alisma, farkli sulama ve arazi yonetimi uygulamalariin su kaynaklari
sistemleri tizerinde nasil bir etkisi oldugunu arastirmaktadir. Gergek sistem degerlendirmelerinin
karmagikligi nedeniyle, modeller karmasik biyofiziksel sistemlerin analizini ve maliyetli isleri
kolaylastirmaktadir. Bu ¢alismada, AquaCrop modeli (FAO), farkli sulama ve arazi uygulamalarmin
su kaynaklar1 sistemlerindeki etkileri dngdrmede analitik bir ara¢ olarak kullanilmistir. AquaCrop
modeli, mahsul fenolojisini ve toprak-su-verim iliskilerinde c¢evresel degiskenliklere davranissal
tepkileri simiile eder ve ¢iftgilere veya karar vericilere yardimci olmaya galisir. Daha giiglii tahminler
yapabilmek ve sistemi daha iyi anlamak i¢in Entegre Degerlendirme (Integrated Assessment - 1A)
yapilmasinin gerekliligi kaginilmazdir. Bu arastirmanin amaci, tarimsal sektdrdeki mahsiil verimi ve
su verimliligine iliskin toprak ve bitki etkilesimleri ile belirli mahsuller i¢in segilen alt su havzasindaki
farkli yonetim stratejilerinin etkilerinin aragtirilmasidir. Bu amag dogrultusunda asagidaki arastirma
sorularina cevap aranmistir:

e Gergek evapotranspirasyon (ET)), mahsiil verimi (Y) ve su verimliligi (WP) nedir?

e Model sonuglari, diger calismalarla karsilastirildiginda mahsiil verim acigi (Yg) ve su
verimliligi ag181 (WPg) analizleri bakimindan nasil sonug vermektedir?

e  Yukar havza - asag1 havza etkilesimi ile ilgili yonetim uygulamalarindan su sistemi (su
dengesi) ve su kitligi / yoklugu dereceleri (WSI) nasil etkilenecektir?

Arastirma adimlari, bir su kaynaklari sistemlerinin analizi i¢in ayarlanmistir. ilk olarak,
AquaCrop modeli, se¢ilen tarim triinlerinin (kislik bugday, baharlik bugday, kislik arpa ve dari) ve
belirli yerlerdeki (orta Guadiana alt havzasi, Ispanya; Guadiana havzasi Portekiz Boliimii, Portekiz)
farkli yonetim uygulamalarinin sonuglarini tahmin etmek i¢in uygulanmistir. Modeldeki ilk adimdaki
ana faktorler, tarim sektoriindeki farkli yonetim uygulamalarina gergek evapotranspirasyon (ET),
mabhsiil verimi (Y) ve su verimliligi (WP)’nin tepkileridir. Bu ¢aligma, ti¢ farkli yonetim stratejisinin
(sulama teknolojileri (yagmurlama, karik, damla); sulama stratejileri (tam sulama, kisintili sulama,
tamamlayict sulama ve yagmura dayali sulama), mal¢lama uygulamalar1 (malglama yapilmamasi,
organik malglama, sentetik malclama) etkilerini incelemektedir. Toplamda, farkli yonetim
stratejilerinde secilen yil icin 120 model simiilasyonu gerceklestirilmistir. Ikinci olarak, mahsiil verim
acigl (Yg) ve su verimlilik agig1 (WPg) analizleri, mukayeseli degerlendirme c¢aligmalari bakimindan
onem tasimaktadir. Mahsiil verimi agig1 (Yg), potansiyel olarak ulagilabilir mahsiil verimi (Y) ve
gergek mabhsiil verimi (Y,) arasindaki farki ifade etmektedir. Potansiyel olarak ulagilabilir mahsul
verimi (Y)), uygun iklim kosullart, sirlandirilmamus niitrient saglanmasi ve biyotik streslerin iyi
kontrol edildigi zaman elde edilen verimdir. Uglincii olarak, mavi ve yesil su tiiketim kullanimlari
her bir strateji igin tarla 6l¢eginden alt havza 6l¢egine, secilen alandaki ekim alanlar1 géz 6niinde
bulundurularak hesaplanmistir. Su ¢ekimlerini hesaplarken, su dagitimi i¢in su kayiplar1 %30 olarak
tahmin edilmistir (Aldaya ve Llamas, 2008). Su kithigi/yoklugu derecelerinin (WSI) hesaplamalarinda
kullanilacak olmasi ve su iletimi — su dagitimindaki kayiplarin belirsizligi nedenleriyle su ¢ekimleri
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yerine su tilketimlerine su dengesi hesaplamalarinda yogunlasilmistir. Son olarak, su kitlig1 dereceleri,
farkli yonetim stratejileri i¢in karsilastirilmistir. Su kithigr dereceleri hesaplanirken su tiiketimleri ve
tiiketimlerindeki degisimlerinin mevcut su kaynaklarinin orani ile hesaplanmis olup, bu ¢alisma belirli
bitki deseni ¢esitleri i¢in yapildigindan 6tiirii, tiim sektorleri igeren WSI analizine ek olarak daha
hassas sonuglar1 gostermesi adina ¢alisma 6zelinde hesaplamalar da gerceklestirilmistir.

Calisma neticesinde elde edilen bulgulara deginilecek olursa, ilk olarak, AquaCrop modelinin
ET,Y ve WP parametrelerini tahmin etmek igin sofistike bir model oldugu bulunmustur. Farkli sulama
stratejileri farkli verim yanitlar1 gostermis olup, kisintili sulamada (DI) tamamlayict sulamadan (SI)
daha az mabhsiil verimi diistisii gozlemlenmistir. Tam sulama sinirlandirilmamis su kosullarinda en
yiiksek mahsiil verimini gostermistir. Ayrica, malglama uygulamalarmin ET, azaltimi tizerinde olumlu
etkileri gozlemlenmistir. ikincisi, sulama ve tarla ydnetimi uygulamalari Y,'yi belirli stratejiler
dahilinde kapatmay1 miimkiin kilmaktadir. Bununla birlikte, bu uygulamalarin olumsuz sonuglarin
ortadan kaldirmak i¢in ¢evresel kaygilar dikkate alinmalidir. Bu analizin ana bulgularindan biri de tam
sulama yapilan mahsullerin, kisintili sulama gerceklestirilen tiretime kiyasla daha yiiksek potansiyel
mabhsiil verimine ulagmasina ragmen, mithendislik tipi modellerle su tasarrufu saglamakla beraber
mahsiil eldesi diisiislerinin minimizasyonunu hesaplamakta miimkiin olmaktadir. Ugiincii olarak ise;
kuvvetli ve anlasilir bir analiz yapmak icin, farkli sulama ve yonetimsel uygulamalar1 kullanilarak,
AquaCrop modelinden elde edilen su tiiketimi sonuglari ile su biitgesinin analizi ve degisikliklerin
gozlemlenmesi gerceklestirilmistir. Son olarak, ¢alisilan sistemin sinirlart (segilen tarimsal triinleri)
g6z oniinde bulundurularak su kitlig1 derecelerinin analizi ile ilgili olarak ve tiim sektorleri iceren su
kithig1 derecelerinin farkli sulama ve yonetimsel uygulamalar bazinda karsilastirilmalari segilen su
kaynaklari sistemleri i¢in gerceklestirilmistir. Tam sulama (FI): Mal¢lama olmadan (NM) senaryosu
su kaynaklari tizerinde en kotii etkileri gosterirken, tamamlayici sulama (SI): sentetik malg¢lama
(SM) uygulamalar1 ¢alisilan stratejiler igerisinde yiizeysel su kaynagina en diisiik olumsuz etkiyi
gostermistir. Bunlara ek olarak; kisintili sulama (DI): sentetik malglama (SM) stratejisinde daha az
mabhsiil tiretim kaybi ile nemli miktarda su tasarrufu gézlemlenmistir.






