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Abstract: A comprehensive framework for revealing the jeopardization between SDGs 2 and 6 is
provided in this study. Along with a water footprint (WF) assessment, the 30-years pattern of agricul-
tural WFs and its hydro-environmental, social, and ecopolitical (SEP) consequences were quantified
for the major food producer regions of Iran, as it is a water-bankrupted country under socioeconomic
drought. In addition, the enforced impacts of major water/food-related policies on environmental
sustainability were analyzed through an institutional assessment. During 1986–2016, BWS and GWD
raised with annual average rates of 5% and 44%, respectively. Consequently, SEP status prospered
along with an 18% increase in irrigated area, 198% in added-value by crop production and 5% by
staple-crop exports, and 51% in the number of agricultural workers. The Pearson correlation analysis
revealed a significant tradeoff between self-supplied food availability and SEP. A 54% increase in food
production occurred at the cost of 80% overexploitation in blue water resources and quality degra-
dation. An annual average increase of 1.1% in P/ETo indicates the dominant role of anthropogenic
interventions in such deteriorations. The institutional assessment demonstrated that environmental
sustainability policies have never been applied as promoting policies to boost self-sufficiency in food
production. According to the results, hydrological sustainability requires a transformative vision in
national policies to exploit limited water and soil resources while preserving the environment.

Keywords: blue water scarcity; cash-scarce community; food insecurity; hydrological sustainability;
intensive agriculture; environmental deteriorations

1. Introduction

In 2015, the United Nations General Assembly adopted 17 sustainable development
goals (SDGs), which are supposed to be achieved by 2030. While addressing different
pillars (i.e., socioeconomic development and environmental protection), these goals are
deeply intertwined and should be implemented in an indivisible framework [1]. Indeed,
separate persuasion of one goal may cause losing the other ones. For instance, progress
towards ending hunger (SDG 2) over the past decades almost occurred at the cost of
unsustainable water consumption and pollution, which is against SDG 6 (i.e., clean water
and sanitation). Target 6.3 under SDG 6 denotes that water quality should be improved by
reducing pollution in water bodies by 2030. On the other hand, target 6.4 emphasizes on
reducing the number of people who face blue water scarcity in the world. However, human
appropriation of freshwater resources caused the number of people who face severe water
scarcity at least one month of a year to increase to four billion people in the world [2]. On
the other hand, nitrogen assimilation capacity of freshwater resources is exceeded in 17% of
the world’s land area where 48% of global population are living. Such pollution is mainly
caused by the excessive application of nitrogen in agricultural lands [3–6]. Phosphorous
applications also caused P-related grey water footprint to exceed a basin’s assimilation
capacity in 38% of land area in the world that contributes 37% in global river discharge
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and is occupied by 90% of the global population [7]. Cereals contribute the most either in
nitrogen or in phosphorous load to water bodies in the world [8].

While reconciling food security in the world jeopardized SDG 6, the statistics reported
by FAO also demonstrate that the SDG 2 indicators are not properly met. Based on the FAO
report on the status of food security and nutrition in the world, the number of people who
experienced food insecurity (moderately or severely) increased by 44%, from 1645.5 million
in 2014 to 2368.2 million in 2020. In addition, the prevalence of moderate or severe food
insecurity increased from 22.6% in 2014 to 30.4% in 2020 [9]. Such results indicate that there
is still limited understanding of potential tradeoffs and synergies between different SDGs.

Countries behaved differently to address such coherences. For instance, half of the
people who face water scarcity are living in China and India [2]; however, the government
of these two countries adopted a different approach to address food security challenges [10].
During 2002–2007, China’s net virtual water (VW) export increased by 75% from 39 to
68 billion m3 y−1. While such international trade pattern improved the economic status
of the country, it caused the ratio of net VW exports to local water availability in water-
scarce North-China to increase from 3.6% to 5.1%, which resulted in exacerbating water
scarcity status there [11]. From 2012–2018, however, the government launched several
national policies, all of which emphasized the sustainable development of agriculture and
water resource management. These policies, which included increasing the number of
trading partners for importing water-intensive crops, supporting sustainable agriculture,
following land conservation targets, and reducing groundwater consumption, resulted in a
considerable reduction in environmental deterioration in China [12,13]. In contrast, India
is still supplying its domestic food demand within the nation, and only 3% of its water
footprint (WF) locates out of the county [14]. The inter-state VW flow direction is from
water scarce regions to water-abundant ones, which caused most of the northern states to
be under red zone due to groundwater overexploitation [15]. Indeed, VW flow direction is
mainly dictated by per capita harvested area and access to a secured market rather than by
water endowment in India. Economic interests caused the country to be a net VW exporter
as well, resulting in the exacerbation of water scarcity. Nevertheless, water-related issues
do not place at the top of the political agenda in India. While Indian irrigation water use is
83% higher than one in the rest of the world, the government has not planned to improve
irrigation water use efficiency yet.

Iran is also among the countries with severe water scarcity and environmental deterio-
ration challenges. Karandish [16] reported that the entire country faces severe water scarcity
during May-September period. The agricultural sector in this country represents more than
90% of the total freshwater use [17]. Roughly 71% of Iranians live in areas which are at
high risk of land subsidence due to groundwater overexploitation. Such overexploitations
mainly occurred in the agricultural sector, which is stressed by the government to assure
Iran’s self-sufficiency in food production. A consequence of Iran’s food self-sufficiency
policy was the exhaustion of water resources in rural areas and the consequent climate-
migration of rural residents to the surrounding cities, resulting in the intensification of
water shortage in capitals.

Recently, an ongoing farmers’ protest formed against water shortage, particularly in
areas like Khuzestan province, which are the backbones of Iran’s agriculture. Possessing
30% of national surface water resources, Khuzestan supplies 14% and 62% of total cereals
and sugar crops productions in Iran, respectively [18]. Nevertheless, an inefficient and
unsustainable water consumption pattern within this province on the one hand and the
implementation of inter-basin water transfer projects on the other hand seriously affected
farmer’s livelihood and the environment in downstream regions, and it increased tensions
between water donating and receiving provinces [19]. Annually, a total of 1.3 billion m3

y−1 water is physically transferred from the Karun and Dez rivers in upstream regions to
central water-scarce provinces of Iran, which consequently reduces water flow to Khuzestan
province. Such improper policies are not only a threat to Khuzestan’s socioeconomic and
environmental structures, but also is a threat to national food security. In addition, major
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oil exploitation industries are located in Khuzestan province, and, therefore, the water
shortage is a great threat to the continuation of these industries’ activities, to which the
large share of Iran’s GDP is dependent. It is worth noting that Khuzestan has geopolitical
significance as well since it is a border province which shares the Persian Gulf with Iraq.
Hence, a lack of proper control over internal conflicts in Khuzestan province can flare
international water tensions [20].

Due to the significant geopolitical position of Khuzestan province and its agricultural
role in the national economy, we tried to find out possible synergies and/or trade-offs
between the main objectives of SDG 2 (zero hunger) in terms of food availability and SDG
6 (clean water and sanitation) in terms of water scarcity in this province. With this aim, we
carried out a comprehensive green, blue, and grey WF assessment of the agricultural sector
in the Khuzestan province from 1986 to 2016. We made a long-term assessment to analyse
how changes in political strategies affected the sustainability and efficiency of water use in
the study area. Since Iran’s policy/decision makers are about to write Iran’s 7th 5-years
development plan program, the outcomes of this study can help them with implementing
a sustainable plan by providing a deep understanding of the main roots of the current
socioeconomic and environmental unsustainability in this province, which has been caused
through the past 5-year programs.

2. Methods and Data
2.1. Study Area

Khuzestan province in the southwest of Iran lies between 29◦57′ N to 33◦00′ N latitudes
and 47◦40′ E to 50◦33′ E longitudes, and it spans an area of 62,818 Km2 (i.e., roughly 4%
of Iran’s area) (Figure 1). There are a total of 27 counties in the province with a dominant
arid climate condition [20]. Based on the de-Martonne climate classification method, the
dominant climate condition in Khuzestan province is an arid climate [5]. The province
has only 37 rainy days with an average annual precipitation of 24.8 mm. The average
temperature is about 30.24 ◦C, which is roughly 12% higher than the country average. Long-
term annual averages of minimum and maximum temperatures and relative humidity are
24.2 ◦C, 34.7 ◦C, and 24%, respectively.

The province possesses about 30% of Iran’s surface water resources and, therefore, is
the backbone of Iran’s agriculture. About 9% of Iran’s croplands are located in Khuzestan
province, in which 13% of the country’s crops are produced. While 20% of total employees
are occupied in the agricultural sector, they only produce 7% of the provincial GDP (i.e.,
gross domestic production).

Figure 2 shows the temporal and spatial variation of the harvested area and total
production in Khuzestan province over the period 1982–2019 [18]. Along with a 39%
increase in the total harvested area (HA) over the study period, the total crop production
(TP) increased by 282%. Such a high increase in TP attributes to changes that occurred in
the cropping pattens and the highlighted increase in crop’s yield over the study period.
Irrigation plays a major role in crop production in the study area. Roughly 99% of the total
production in Khuzestan province is supplied from irrigated croplands, which contributes
84% in the total harvested area. While the north and north-east of the province contribute
the most in the total harvested area, the eastern parts of the province contribute the most in
total crop production since crops with higher yields are cultivated there.
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Figure 1. The location of Khuzestan province in Iran (a), and the contribution of different counties to
total harvested area (b) and crop production (c) in the Khuzestan province. Numbers in the figures
denotes the contribution of irrigated croplands/production in total.

In this study, which was conducted for the period 1986–2016, we selected 32 crops and
classified them into 10 groups including cereals, vegetables and melons, root and tuber,
sugar crops, temporal oil crops, fodder crops, nuts, permanent oil seeds, (sub-)tropical
fruits, and other fruits. Crops under each crop category are summarized in Table 1.
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Figure 2. Temporal growth of (a) harvested area and (b) total production of different crop categories
in the Khuzestan province over the period 1986–2016.

Table 1. Selected crops under each crop category, and their overall contributions in total harvested
area and production in the Khuzestan province over the period 1986–2016.

Crop Category Selected Crops
in the Category Crop Type Contribution in Total

Harvested Area (%)
Contribution in Total

Production (%)

Cereals Wheat, barley, rice, maize Staple 73.84 15.04

Vegetables/cucumber-
family crops

Tomato, cucumber, onion,
melon, watermelon Staple 6.54 16.33

Fodder crops Sorghum and alfalfa Cash 3.93 13.67

Fiber crops Potato Staple 0.30 0.40

Tropical/semi-tropical fruits Date, fig, jujube Cash 0.16 0.06

Nuts Walnut Cash 3.48 1.15

Other fruits

Apple, apricot, peach,
grape, orange, grapefruit,
sour orange, mandarin,

lime, lemon, pomegranate

Cash 0.01 0.01

Temporally oil crops Canola, sesame Cash 0.56 0.03

Permanent oil crops Olive Cash 0.01 0.01

Sugar crops Sugar beet, sugar cane Cash 11.17 53.31
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2.2. Water Footprint Accounting
2.2.1. AquaCrop Modeling

The AquaCrop model per crop per province was used to simulate the green and blue
evapotranspiration (ET). A daily water balance equation is adopted by the AquaCrop
model to simulate soil water dynamics as follows [21]:

S[t] = S[t−1] + P[t] + I[t] + CR[t] − ET[t] − RO[t] − DP[t] (1)

where, S[t] and S[t−1] are the water content in the soil at the end of day t and t − 1,
respectively; P is precipitation; I is irrigation; CR is capillary rise; ET is evapotranspiration;
RO is surface runoff; and DP is deep percolation on day t. All flows are expressed in mm
day−1. P and I were considered as green and blue water, respectively. The contributions of
green (P) and blue (I) water to RO were calculated based on the ratio of P and I, respectively,
to the sum of P and I. The fraction of green and blue water in the total soil water content at
the end of the previous day was applied to calculate green and blue DP and ET. Following
Hoekstra [22], green (Sgreen) and blue (Sblue) soil water contents were calculated as [21]:

Sgreen[t] = Sgreen[t−1] + P[t] − RO[t] ×
P[t]

P[t] + I[t]
−
(

DP[t] + ET[t]

)
×

Sgreen[t−1]

S[t−1]
(2)

Sblue[t] = Sblue[t−1] + I[t] − RO[t] ×
I[t]

P[t] + I[t]
−
(

DP[t] + ET[t]

)
×

Sblue[t−1]

S[t−1]
(3)

The overall green, blue, and total (green + blue) water consumption (green, blue, or
total WFoverall, m3 y−1) for a specific crop was calculated by multiplying its green or blue
WFprod by the crop’s total production (t y−1).

A quantitative sensitivity analysis was first done to determine the most sensitive
parameters based on the procedure suggested by Xing et al. [23]. In this method, each of
the 42 crop parameters embedded in the crop file were changed, one by one, in the range of
±20% of its initial value, and the corresponding change in the selected outputs (i.e., here,
crop yield) was monitored. Sensitive parameters were selected as those which were the
most influential on the crop’s yield. These parameters were then optimized through the
calibration process in order to improve the accuracy of the model. The calibration process
was done against observed yield collected over the period of 2006–2016. Afterwards, the
calibrated AquaCrop model was validated against the observed yield data collected for
the period of 1986–2005. The performance of the model in the calibration and validation
processes were assessed based on three indices including normalized root mean square
error (nRMSE), normalized mean bias error (MBE), and Nash-Sutcliff model efficiencies
(NSE) as follows [24]:

nRMSE =

√
∑n

i=1(Oi−Pi)
2

n

O
× 100% (4)

nMBE =
∑n

i=1(Oi − Pi)

n×O
× 100% (5)

NSE =

(
1− ∑n

i=1(Oi − Pi)
2

∑n
i=1
(
Oi −O

)2

)
× 100% (6)

where Oi, Pi, and O are, respectively, the observed, model-simulated, and average of the
observed data, and n is the number of the observations.

2.2.2. WF Components

The green, blue, and grey water footprints were estimated per crop, per county, and
per year. The seasonal green and blue ET were calculated by aggregating daily simulated
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values during crop’s growing season. Thereafter, green and blue WFs were accounted by
dividing seasonal green and blue ET by crop’s yield, respectively.

The grey WF was estimated for nitrogen, which is the most critical agrochemical in
the agricultural sector of Iran [25]. It was estimated as follows [26]:

Grey WF
(

m3t−1
)
=

αAR
(Cmax − Cnat)Y

(7)

where α is the leaching-runoff fraction, AR is the chemical application rate to the agri-
cultural soils (kg ha−1 y−1), Cmax and Cnat are, respectively, the ambient water quality
standard (i.e., maximum allowable concentration in kg m−3) and its natural background
concentration in receiving body (kg m−3), and Y is crop yield (kg ha−1).

The different components of the WF related to crop production within a county were
calculated by aggregating the WFs of all crops cultivated in the considered county in a year.
Provincial WF related to crop production in a year was then calculated by aggregating the
county-level values.

2.3. Synergies between SDG 2 and SDG 6

Synergies and/or trade-offs between food availability and water scarcity were assessed
in this research. Food availability was assessed by quantifying per capita food production
and the contribution in national food export volume from the study area.

SDG 6.4.2 indicator defines blue water scarcity (BWS) as the ratio of total freshwater
consumption to available freshwater resources taking into account the environmental flow
requirements. However, neither groundwater depletion nor water pollution is considered
under this indicator. While closely linked with surface water, groundwater acts consider-
ably different from the other hydrological components in its flux, storage, and residence
time [27]. On the other hand, water pollution is another major obstacle for sustainable
development and is dealt with in SDG 6. Hence, we selected three indicators to measure the
progress toward target 6.4 under SDG 6, including BWS, groundwater tale decline (GTD),
and water pollutant level related to nitrogen (WPL).

Vanham et al. [28] emphasized that BWS should be calculated either based on blue
water withdrawal or based on blue water consumption. Even if the overexploited water
returns to water resources through water loss, such a withdrawal pattern may induce
water scarcity at the time of abstraction when it goes beyond sustainable water withdrawal
level or may raise water scarcity when lost water does not return to its origin source of
abstraction. Hence, we selected two BWS indicators: (i) BWS1, which was calculated
by dividing total water withdrawal by BWA, and (ii) BWS2, which was quantified by
dividing blue WF (m3 y−1) by blue water availability (BWA, m3 y−1). BWA was estimated
by subtracting environmental flow requirements (EFR) from natural runoff. There are no
comprehensive EFR studies in Iran. Hence, adopting from Richter et al. [29], EFR was
considered as 80% of natural runoff. A BWS > 1 demonstrates that current blue water
consumption is beyond its sustainable level.

Annual GTDs were estimated based on the measured groundwater table depth statics
reported for all observation wells in Khuzestan province by IWRM [30]. The WPL indicator
was used in this research to measure the nitrogen-related anthropogenic pollution of water
bodies in the study area over the period of 1986–2016. As expressed in Equation (3), the
WPL compares the grey WF (m3 y−1) with the BWA (m3 y−1) to assess the remained
assimilation capacity in water bodies [26]. A WPL > 1 denotes that loaded pollutants are
beyond the waste assimilation capacity of local water resources.

WPL =
Grey WF

BWA
(8)

In the next step, synergies and/or tradeoffs between food availability and water
scarcity in Khuzestan province were measured by assessing the correlation between annual
growth of BWS and the corresponding changes in GTD, WPL, and (staple/cash) crops
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production. This assessment was carried out based on the Pearson correlation method,
which is the most frequent parametric test used for assessing the strength of the corre-
lation between two numerical variables [31]. The Pearson correlation coefficient varies
between −1 and 1; while zero means no correlation, −1 means total negative correlation,
and +1 means total positive correlation. Boslaugh and Watters (2008) stated that a correla-
tion value of 0.7 (i.e., 70%) between two variables indicates a significant positive correlation.

Finally, we tried to find out the major driving factors that have contributed to the
current food security and water scarcity status by carrying out a Pearson correlation
assessment. In this assessment, we correlated the annual growth of selected indicators
(i.e., BWS, GTD, and WPL) to the corresponding relative change in the added-value from
agriculture, relative change in the contribution of irrigated lands in total harvested area,
relative change in added-value obtained from a staple crop export, and relative change in
the number of the employees in the study area.

2.4. Institutional Assessment

Over the past 41 years after the Islamic revolution in 1978, Iran implemented a total
of six 5-year development plans (DV5) including (i) first DV5 for the period of 1989–1993;
(ii) second DV5 for the period of 1995–1999; (iii) third DV5 for the period of 2000–2004;
(iv) fourth DV5 for the period of 2005–2009; (v) fifth DV5 for the period of 2011–2015;
(vi) and sixth DV5 for the period of 2017–2021. These plans provided certain targets for
economic, social, and cultural development in the next five years after the implementation
of the program. Agricultural growth and water consumption patterns are two components
that are highly affected by these targets. In this study, we discussed how the first six DV5
raised trade-offs between the main targets of SDG 2 and SDG 6 in Khuzestan province.
Major water/food-related policies and targets in Iran’s five-years economic, social, and
cultural development plans (DV5) are summarized in Tables 2 and 3.

Table 2. Relevant policies/targets in first to 5th 5-year development plans (DV5) for enhancing food
self-sufficiency, financially supporting agricultural development, and developing international trades [32].

DV5 Period
Relevant Policies and Targets

Self-Sufficiency Financial Support International Trade

First 1989–1993

Constructing 7 agro-industries in 84,000 ha for
producing sugarcane

Increasing harvested area by 200,000 ha
Supporting the production of oil crops,

cottonseed, sugar beet, sugarcane, and cereals
Supporting national productions through

supplying required inputs and machineries,
developing manufacturing industries

Preventing land fragmentation in order to
improve agricultural management efficiency

and crop yield
Achieving self-sufficiency in producing strategic

crops (i.e., cereals, oil crops, sugar
crops, cottonseed)

Reducing the available gap between production
and consumption with an annual closure rate

of 5.8%
Achieving an annual growth of 6.1% in

added-value supplied by the agricultural sector

Financing full costs of implementing
sugarcane agro-industries

Developing agricultural
products export
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Table 2. Cont.

DV5 Period
Relevant Policies and Targets

Self-Sufficiency Financial Support International Trade

Second 1995–1999

Continuing the construction of sugarcane
production agro-industries

Compensating farmers for 50% of
production losses

Setting agricultural sector as the main core of
economic development in order to increase

self-sufficiency in crop production
Supporting economic growth of the agricultural
sector through providing on-time and sufficient

supply of required inputs and machineries,
developing manufacturing industries, and

economic support from increasing
crop production

Financing 30% of required costs for
implementing agricultural projects by

the government
Allocating 25% of all banking facilities to

agricultural development projects
Exempting agricultural sector from taxes
Developing contract farming for strategic
crops (i.e., announcing guaranteed price

for the products)
Exempting agricultural sector from

annual increase of 20% in energy price
Subsidizing agricultural inputs (i.e.,

fertilizers, pesticides, seeds, etc.)

Having an annual average increase
of 8.4% in agricultural product
export in order to increase the
contribution of export-related
added-value in national GDP

Third 2000–2004

Addressing main obstacles for increasing
self-sufficiency in crop production (i.e.,

supplying agricultural machineries, constructing
relevant infrastructures for increasing harvested

area, improving water productivity and
applying saved water for expanding

harvested area
Compensating farmers for 50% of

production losses

Allocating part of annual budget of the
government to Agriculture Bank of Iran

to support agricultural
development projects

Allocating 1% of Iran’s Central Bank
deposit for agricultural development

Allocating 25% of all banking facilities to
agricultural development projects
Foreign resources mobilization for

agricultural projects which has
socioeconomic justification

Continuing the subsidization of
agricultural inputs (i.e., fertilizers,

pesticides, seeds, etc.)
Contract farming for sugar beet and

strategic crops (i.e., announcing
guaranteed price for the products)

Expanding agricultural product
export while prioritizing oil-crops,

horticultural crops and olives

Fourth 2005–2009

Achieving self-sufficiency in producing
strategic/essential crops

Compensating farmers for 50% of production
losses

Issuance of land ownership documents
Developing horticultural lands on one million

ha of steep lands
Increasing agricultural added-value

Compensating farmers for 50% of production
losses

Allocating 1% of Iran’s Central Bank
deposit for agricultural development

Allocating 25% of all banking facilities to
agricultural development projects
Allocating 10% of annual foreign

exchange reserves to Bank of Agriculture
in order to support agricultural projects

which are economically justified
Subsidizing agricultural energy

consumption (i.e., consumed energy in
pumping stations, in agricultural

machineries, etc.)

Tax exemption for agricultural
product export

Increasing none-oil exports (i.e.,
including agricultural commodities)
from 23.1% in 2005 to 33.6% in 2009

Fifth 2011–2015

Achieving self-sufficiency in producing crops
and livestock products, including cereals, oil

crops, sugar crops, white/red meat, milk,
and eggs

Improving added-value by agriculture with an
annual rate of 7%

Compensating farmers for 50% of
production losses

Issuance of land ownership documents
Encouraging private sector contribution to

invest in agricultural sector
Preventing land fragmentation

Tax exemption for inputs required
in agriculture

Land integration for improving crop
yield and water productivity

Allocating 35% of added-value by
agriculture for developing this sector
Developing rural-based agriculture

through financially supporting
small/average agricultural production

units in rural area

Tax exemption for agricultural
product export

Supporting national products
through setting proper tax for

similar foreign products
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Table 3. Relevant policies/targets in first to 5th 5-year development plans (DV5) for developing
water-related projects and conserving environment [32].

DV5 Period
Relevant Policies and Targets

Water Environment

First 1989–1993

Supplying resources for constructing four large dams
in order to increase irrigated croplands

Developing irrigation and drainage networks
Subsidizing agricultural water consumption

No considerations for the environment

Second 1995–1999

Prioritizing the construction of four large dams in
order to develop irrigated agriculture

Improving water productivity through expanding
irrigation and drainage networks

Substituting chemical pesticides and fertilizers
with biological ones

Third 2000–2004

Developing volumetric delivery of water to
the agriculture

Developing local water markets
Developing participatory water management
Developing irrigation and drainage network
Developing small and large dams in order to

physically address water shortage for the
agricultural sector

Sustainable development based on the ecological
potential of the regions

Enforcing the production units to follow
environmental regulations and to reduce their

loaded pollutions to the environment
Removing sea sides from croplands

Fourth 2005–2009 Expanding irrigation and drainage networks in 2
million ha of croplands

Substituting chemical fertilizers with composts,
and biologically controlling pesticides in order

to reduce diffuse pollutions loaded from
agricultural sector to the environment

Removing sea sides from croplands
Implementing sustainable
development regulations

Fifth 2011–2015

Alleviating groundwater budget deficit by 25%
Improving water productivity with an annual rate of

1% in order to use saved water for
agricultural development

Improving water productivity and water
use efficiency

Developing volumetric water delivery
Improving irrigation efficiency by 40%

Determining allowable rate for fertilizer and
pesticide applications in agriculture

Developing irrigation and drainage networks
Substituting 35% total chemical fertilizers by

biological one until 2015
Developing integrated pest management

Substituting fossil fuels with renewable energies

2.5. Data Sources

Table 4 shows the type and source of datasets being used in this study. Agricultural
data was received from IMAJ [18]. All meteorological data was provided for the period of
1986–2016 from IRIMO [33], on which daily values of reference evapotranspiration (ETo)
were estimated using the FAO-Penman-Monteith equation (Allen et al., 1998). Soil physical
and hydraulic properties were collected from Batjes [34] and Steduto et al. [35], respectively.
Water and irrigation management datasets were received from IWRM [30]. Required data
for estimating grey WF, including leaching-runoff fraction, ambient water quality standard,
and its natural background in the receiving bodies, was obtained from Karandish [25].
Food balance information was collected from Karandish et al. [36] and FAOSTAT [37].

Table 4. Type and source of data.

Type of Data Sources

Agricultural data

- Rainfed and irrigated cropping system
information including total production,
harvested area, crop’s yield

- Cropping calendar
- Agricultural practices including

agrochemical application rates and types,
plowing, and etc.

[18]

Water and irrigation management data [30]
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Table 4. Cont.

Type of Data Sources

Weather data

- Minimum, maximum and mean
temperature

- Relative humidity
- Sunshine hours
- Wind speed
- Precipitation

[33]

Reference evapotranspiration (ETo) Estimated based on FAO-Penman-Monteith
equation

Soil data

- Soil texture
- Soil water holding properties

[34]

Soil hydraulic parameter

- Soil water content at field capacity
- Soil water content at permanent wilting

point
- Soil saturated soil water content
- Soil total available water
- Saturated hydraulic conductivity

[35]

Required parameters for estimating grey WF

- Leaching-runoff fraction (α)
- Ambient water quality standard (Cmax)
- Natural background of the considered

pollutant in receiving water bodies (Cnat)

[16]

Food balance information

- Food availability
- Per capita consumption
- International food trades

[16,36,37]

3. Results
3.1. Performance of the AquaCrop Model
3.1.1. Sensitivity Analysis

Figure 3 shows the sensitivity coefficients (SC), which indicate relative changes in a
crop’s yield (Y-SC) or evapotranspiration (ET-SC) in response to a ±1% change in each
of the 42 crop parameters defined in the crop-file of the Aqua-Crop model. The average
Y-SC and ET-SC varied in the range of (−17.8–+8.3)% and (−9.1–+9.1%), respectively.
The crop’s yield was the most sensitive to “flo” (i.e., GDD from sowing to flowering),
“Psen” (i.e., Upper threshold of soil water depletion factor for canopy senescence), and
“utemp” (i.e., Upper temperature above which crop development no longer increases with
an increase in temperature). A ±1% change in these parameters caused an average change
of −17.7%, −8.6%, and +8.6% change in crop’s yield. ET-SC, however, had the largest value
(i.e., in absolute term) for “Kcb” (i.e., Crop coefficient when canopy is complete but prior
to senescence), “evladc” (i.e., Effect of canopy cover in reducing soil evaporation in late
season), and “hipsflo” (i.e., possible increase of HI due to water stress before flowering).
Relevant ET-SC shows that a ±1% change in these parameters caused an average change of
−9.1%, 9.1%, and 8.7% in ET, respectively. The significant effects of these parameters on the
crop’s yield and/or ET has been reported by earlier researchers as well (e.g., [22,28,52,55]).
It is worth mentioning that either Y-SC or ET-SC were affected by the crop type and
geographic location, which resulted in a range of estimated values for these coefficients.
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Such variability is also supported by other researchers (e.g., [38,39]). Hence, we calibrated
the model per crop per county and selected the most sensitive parameters accordingly.

Figure 3. Sensitivity coefficients (SC) for corresponding yield (Y SC) or evapotranspiration (ET SC)
change along with ±1% change in selected crop parameters. i.e., red circles show average values for
Y-SC and ET-SC for each crop parameter.

3.1.2. Calibration and Validation

Figure 4 compares observed and model-simulated crop yields (Y) per crop category
(i.e., averaged over the entire province) for the calibration period, which indicates the
capability of the AquaCrop model in capturing temporal and spatial trends of Y. Generally,
simulated Y agreed well with the observed one with a R2 ranging from 0.97 to 0.99. The
close match between the observed and the AquaCrop-simulated Y was also observed in
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other studies for different crops [23,38,40]. We also quantified the agreements between
observed and AquaCrop-simulated yields during the calibration and validation periods
using nRMSE, nMBE, and NS-EF (Table 5) in addition to visual inspections. The average
values of nRMSE, nMBE, and NS-EF varied in the ranges of 0.36–8.96%, (−0.83)−1.97%,
and 0.73–1 during the calibration period, and in the ranges of 0.37–9.1%, (−1.25)−2.23%,
and 0.68–0.98 during the validation period. These results indicate that the AquaCrop model
can be successfully used for WF accounting in the study area.

Figure 4. A comparison of temporal variation of the observed and AquaCrop-simulated yields for
different crop categories in the study area during the calibration period (2006–2016) (figures in the
left sides) and the related scatter plots (figures in the right sides). i.e., grey boundary denotes the
spatial variations of yields in different counties of the Khuzestan province. The numbers within the
figures denotes the relative changes (%) between the observed and AquaCrop–simulated values.
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Table 5. Average of evaluation criteria including normalized root mean square error (nRMSE),
normalized mean bias error (nMBE), and Nash-Sutcliff efficiency coefficient (NS-EF) during the
calibration (2006–2016) and validation (1986–2005) periods.

Period Parameter Staple Crops Cash Crops All Croos

Calibration
nRMSE (%) (0.35)–(11.7) (0.73)–(7.93) (0.36)–(8.96)

nMBE (−0.61)–(3.45) (−1.75)–(1.88) (−0.83)–(1.97)
NS-EF (0.87)–(1) (0.51)–(1) (0.73)–(1)

Validation
nRMSE (0.33)–(10.8) (0.76)–(9.9) (0.37)–(9.1)
nMBE (−0.64)–(5.51) (−1.82)–(2.96) (−1.25)–(2.23)
NS-EF (0.75)–(0.99) (0.52)–(0.99) (0.68)–(0.98)

3.2. Food Availability

Figure 5 shows the temporal growth in staple and cash crop production, expressed
as t ha−1 and kg cap−1, over the study period (1986–2016). The staple crop’s yield (kg
ha−1) increased by 72%, from 4.1 t ha−1 in 1986 to 7.0 t ha−1 in 2016. Such an increase was
mainly attributed to the excessive use of agrochemicals [25] and converting rainfed lands
to irrigated ones over the study period, which resulted in an 84% increase in total staple
crop production (t y−1) despite a slight increase of 8% in their harvested area. Nevertheless,
the positive impact of yield improvement was overridden by a 77% increase in population
and a 50% increase in their per capita staple crop consumption during 1986–2016. Hence,
only a 5% increase occurred in staple crop availability, from 591 kg cap−1 y−1 in 1986 to
620 kg cap−1 y−1 in 2016.

Figure 5. Evolution of cash/staple crop production per area (kg ha−1, (a)) and per capita (kg cap−1,
(b)), and per capita staple/cash crop consumption (b) in the Khuzestan province over the period
1986–2016 [18].

Cash crop’s yields, however, followed slightly a decreasing trend with an average
annual reduction slope of 0.66 t ha−1 y−1 over the period of 1986–2016. Such a reduction
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corresponded with a 57% and 60% increase in cash crops’ total production and harvested
area in the same period. Consequently, cash crop availability decreased by 12%, from
2100 kg cap−1 in 1986 to 1890 kg ha−1 in 2016 despite an 18% increase in cash crop demand
in this period.

3.3. Water Footprint Profile of Khuzestan Province
3.3.1. Consumptive Water Footprint

Compared to 1986, and along with a 63% increase in all crop production (staple
plus cash crops), the total blue WF increased by 80%, from 1.82 billion m3 y−1 in 1986 to
3.27 billion m3 y−1 in 2016. The unit blue WF also increased by 53%, from 3700 m3 ha−1 in
1986, to 5660 m3 ha−1 in 2016. The increasing blue WF trend was observed for either staple
or cash crops in the study area. The average annual increase in the unit blue WF of these
crop categories was 810 m3 ha−1 y−1 and 302 m3 ha−1 y−1, respectively. The increased blue
WF mainly occurred at the cost of overexploiting groundwater resources. In 1986, a total of
125 million m3 of groundwater resources were used in agriculture, which contributed 11%
in total blue water consumption in this sector. Such consumption increased to 1161 million
m3 in 2016, which contributes 33% to the total agricultural blue water consumption. The
considerable reduction in the blue WF in 2007–2008 growing season was due to a severe
drought that occurred in this period.

Figure 6 shows that despite a slight increase of 12% in the total green WF related to
crop production in the study area (i.e., from 2.78 billion m3 y−1 in 1986 to 3.14 billion m3

y−1 in 2016), the green water contribution to the consumptive water footprint decreased
from 60% in 1986 to 48% in 2016. In addition, the green crop water use (m3 ha−1) followed
a decreasing pattern with an average annual reduction of 180 m3 ha−1 y−1.

Figure 6. Evolution of total (green or blue) WF (m3 y−1) and crop water use (m3 ha−1) related to
staple (a), cash (b), or all (c) crop production in the Khuzestan province over the period 1986–2016.
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Figures 7 and 8 show the spatial distribution of blue and green crop water use (m3 ha−1)
and WFs (total m3) in 1986 and 2016. In 1986, different counties consumed 2–485 million m3

y−1 of blue water in the crop production process, roughly 52% of which was consumed
in Ramshir county. In 2016, the blue water consumption at the county level increased to
20–572 million m3 y−1, and different counties had a contribution of 0.6–18% in this total.
Roughly 60% of the counties (13 county) experienced a blue crop water use increase, and
the other 9 counties experienced a reduction. Moreover, green water consumption for
crop production in different counties increased from 1.47–381 in 1986 to 7.8–1305 in 2016.
In two-thirds of the counties (i.e., 15 out of 22 counties), green crop water use increased
in 2016.

Figure 7. Spatial variation of total (m3 y−1) (a–c,g–i) and unit (103 m3 ha−1) (d–f,j–l) blue WF related
to staple/cash crop production in the Khuzestan province in 1986 and 2016.

3.3.2. Degradative Grey Water Footprint

In contrast to the consumptive WF, the grey WFs related to all crop production in
terms of m3 ha−1 and total (m3 y−1), followed by a decreasing trend with average annual
reduction rates of 140 m3 ha−1 y−1 and 0.17 billion m3 y−1, respectively (Figure 9). Such
reduction mainly occurred within cash croplands. The total grey WF related to cash crops
production decreased by 99%, from 9.7 billion m3 in 1986 to 0.1 billion m3 in 2016; such
reduction occurred with an annual average reduction of 3940 m3 ha−1 y−1 in grey WF in
cash croplands. Nevertheless, the grey WF related to staple crop production increased by
293%, from 1.6 billion m3 in 1986 to 6.3 billion m3 in 2016, along with an annual average
increase of 260 m3 ha−1 y−1 in grey WF.
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Figure 8. Spatial variation of total (m3 y−1) (a–c,g–i) and unit (103 m3 ha−1) (d–f,j–l) green WF
related to staple/cash crop production in the Khuzestan province in 1986 and 2016.

Figure 9. Evolution of total (m3 y−1, (a)) and per capita (m3 cap−1, (b)) grey WF related to cash/staple
crop production in the Khuzestan province over the period 1986–2016.
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Depending on the available cropping pattern, different counties had a different grey
WF (m3 ha−1), and different contributions in the total grey WF (m3 y−1) related to crop
production in the study area. In 1986, about 85% of the total grey WF originated from
the three counties of Ahvaz (29%), Andimeshk (28%), and Ramshir (28%), and the other
19 counties had a total contribution of 15% in the total grey WF (Figure 10). In 2016,
Andimeshk stood as the main grey WF producer, with a large contribution of 40% in total.
Nevertheless, the grey WF per hectare in different counties was reduced by 61–99% in
different counties in this year. The only exceptions were Masjed-Soleiman and Lali counties,
in which the grey WF per hectare increased by 266% and 95%, respectively. Such an increase
was mainly due to a considerable increase in staple crop production in 2016.

Figure 10. Spatial variation of total (m3 y−1) (a–c,g–i) and unit (103 m3 ha−1) (d–f,j–l) variation
of total (m3 y−1) and per capita (m3 cap−1) grey WF related to staple/cash crop production in the
Khuzestan province in 1986 and 2016.

3.4. Sustainability Assessment of Water Use

Figure 11 shows the temporal growth of water scarcity indices (BWS1, BWS2, and
GWD) and water pollutions status (WPL) over the period of 1986–2016. Crop production
raised the BWS with an average annual increase of 5% over the period of 1986–2016. In
six years, the BWS exceeded 1, which indicates that blue water consumption at the cost of
violating environmental flow requirements (EFR) in these hotspot years. Spatial hotspots
also increased in the study area. The number of counties with a BWS1 > 1 increased from
one county in 1986 to nine counties in 2016, and the number of counties with a BWS2 > 1
increased from two counties in 1986 to 18 counties in 2016 (Figure 12).
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Figure 11. Evolution of blue water scarcity indices (BWS1 and BWS2), groundwater depth (GWD) and
water pollution level (WPL) (a), and annual variation of precipitation (P), potential evapotranspiration
(ETo) and aridity index (P/Eto) (b) in the Khuzestan province over the period 1986–2016.

Figure 12. Spatial variation of blue water scarcity indices (BWS1 and BWS2) in the Khuzestan
province in 1986 (a,b) and 2016 (c,d).
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Blue water overexploitation also caused the groundwater level to deplete from 1.2 m in
1986 to 17.3 m in 2016. Climate change had less contribution in blue water overexploitation
rather than the other factors since P/ETo had a slight increase of 1.1% over the study period.
Despite the growing BWS, the WPL followed a decreasing trend, as it was reduced by 44%,
from 0.48 in 1986 to 0.27 in 2016. Neither in 1986 nor in 2016 did the WPL exceed one,
which indicates that local water bodies have enough capacity to assimilate the pollutant
loads (Figure 12).

3.5. Synergies/Tradeoffs between SDG Indicators

Scatter plots between the BWS and food production indices show that a unit increase
in staple crop production (1%) was at the cost of a 1.1% increase in blue crop water use
(m3 ha−1), which consequently resulted in a 0.7% increase in BWS (Figure 13). In contrast,
a crop water use increase in cash crop production corresponded with a 0.6% decrease
in unit blue water consumption, which, consequently, caused a 0.5% alleviation in the
BWS in the study area. When assessing scatter plots between the crop production and
BWS (i.e., without disaggregating crops into staple and cash crops), the BWS decreased by
1.2% along with a unit increase in total crop production. Such a result is due to the larger
contribution of the cash crop productions in total. Figure 13, however, shows the negative
impact of groundwater overexploitation on BWS enhancement; a unit increase in GWD
raised the BWS by 1.9% in the study area.

Figure 13. (a–f) Synergies/tradeoffs between SDGs indicators in the Khuzestan province over the
period 1986–2016. i.e., BWS denotes blue water scarcity, and WF denotes water footprint.

Raising the BWS corresponded with some socioeconomic benefits in the study area
(Figure 14). The irrigated, harvested area increased by 18% at the cost of an 80% increase in
BWS, which consequently caused a 198% increase in the added-value from crop production,
a 5% increase in the added-value from the staple crop export, and a 51% increase in the
number of employees in the agricultural sector. Such an assessment per unit harvested
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area also demonstrates that prospering residents’ socioeconomic status occurred at the
cost of environmental deterioration. Compared to 1986, the unit added-value from crop
production (crop’s economic productivity, $ ha−1), unit staple crop export ($ ha−1), and the
number of employees per unit harvested area (cap ha−1) increased by 154%, 28%, and 29%,
respectively, in 2016. Along with such improvement, BWS1 increased from 0.39 in 1986 to
0.70 in 2016, BWS2 increased from 0.97 in 1986 to 1.74 in 2016, and GWD increased from
−1.19 m in 1986 to −17.50 m in 2016.

Figure 14. (a–d) Benefits obtained at the cost of raising blue water scarcity in the Khuzestan province
over the period 1986–2016. i.e., BWS denotes blue water scarcity, GWD is groundwater depletion,
and HA is hectare.

4. Discussion

Along with a comprehensive water footprint assessment, we analysed the sustainabil-
ity and efficiency of water use in food production in the agricultural backbone of Iran over
the period of 1986–2016. Our results indicate a steady growth of blue water scarcity and
groundwater depth depletion along with a rising contribution of an inefficient water foot-
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print in total. In contrast, the region benefited from a 54% increase in total crop production
(staple plus cash crops) over this 30-year period. Such results show trade-offs between food
security (SDG2) and water efficiency/scarcity (SDG6) in the study area. Indeed, questing
for food self-sufficiency imposed remarkable costs to the environment. Supplying food
demand with unsustainable use of Iran’s water resources has been confirmed by other
researchers as well [41–43]. Hence, we made an institutional assessment in order to inves-
tigate the impact of governmental policies and targets on the unsustainable agricultural
growth in terms of water use. The influence of these policies was quantified in terms of
changes in irrigated harvested area, value added from crop production and export, N
application rate, and water productivity (Figure 15). In the following subsections, the status
of the current agroecosystems is discussed in the context of these DV5 to analyse how
political attitudes drove water-related environmental challenges in the study area.

Figure 15. Policy impacts on the evolution of cash crops harvested area (HA) (a), value-added by
crop production (b), value-added by crop export (c), water productivity (WP) (d), and N-application
rate (N-app-rate) (e) during first to fifth 5-years development plans (DV5) in the Khuzestan province
over the period 1986–2016.
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4.1. Evolution of Irrigated Harvested Area

Along with the raising thirst for development after the revolution in 1979, the policy
of self-sufficiency in food production was implemented in the first DV5 in 1989 and has
been considered since after. Three major indicators were considered by the government to
evaluate the achievements, including evolution of (i) irrigated harvested area, (ii) value-
added from crop production, (iii) and value-added from crop export. The government
supported the expansion of the irrigated harvested area by implementing some facilitating
tools like constructing small and large dams, expanding irrigation and drainage networks
in a large area, subsidizing agricultural water consumption, and developing local water
markets (Table 3). Such interventions resulted in a 41% increase in the irrigated harvested
area in Khuzestan province over the period 1986–2016 (Figure 2). From 1989–1993 (first
DV5), the country was in the Iran–Iraq war and, therefore, this expansion mainly occurred
within the staple croplands. After, boosting cash crop production was considered, which
resulted in a steady growth in these crops’ harvested area over the period of 1994–2009
(Second to fourth DV5s). Such an increase was mainly encouraged by passing the legislation
for constructing seven sugarcane agro-industries in an area of 84 thousand ha in Khuzestan
province in 1989. Along with that policy, the sugarcane harvested area increased by 240%,
from 26.4 thousand ha in 1990 to 89.6 thousand ha in 2016 (Figure 15). Nevertheless, the
cash crop harvested area was reduced by 5.1% over the period of 2011–2015 (fifth DV5),
although it was supposed to grow by 3% in this period. Such a reduction mainly occurred
within sugar-crops and, temporarily, oilseeds croplands. On the other hand, irrigated
fodder croplands and orchards were significantly expanded during the fifth DV5 period.
While achieving self-sufficiency in crop production was a concern in the first to fourth
DV5, the government planned to achieve self-sufficiency in livestock production as well
in the fifth DV5. Such a policy caused a 22% increase in the irrigated harvested area of
fodder crops. The steady growth of fruits contribution, and particularly nuts, in the total
irrigated harvested area also corresponded with the government’s plan for developing
orchards in the steep lands of Khuzestan province. In 2009, a total of $293 thousand was
allocated to implement such expansions in 23 counties of Khuzestan province during the
fifth DV5 period.

4.2. Agricultural Economic Growth

The agricultural sector was set as the main core of economic development since the
second DV5. Accordingly, relevant policies and targets, like supplying required inputs
and machineries, developing manufacturing industries, compensating farmers for 50% of
production losses, issuing land ownership documents, and providing economic support
for increasing crop production, were implemented in order to gradually move toward
an agricultural-based economic development (Table 2). Such encouragement resulted
in a 199% increase in the value-added from crop production in the study area, from
$574.7 million in 1986 to $1717.6 million in 2016. The annual growth in the agricultural
value-added was slightly less than the organized one in the first DV5 (i.e., 6.1% versus
5.6%). A negative growth was observed from 2000–2004 (i.e., the third DV5) with an
average annual rate of −1.4%. Yield reduction was affected by a severe drought event,
which occurred over the period of 1999–2002, was the cause of the decreasing trend of
agricultural economic growth during this period (2000–2004). In the fifth DV5, such value
was −1.1%, although the government planned to have an annual growth of 7% over the
period of 2011–2015. Not only did it not meet the expected agricultural value-added growth,
but also it did not achieve the other planned programs during the fifth DV5 period; this
was mainly due to restricted international resource mobilization, which roots into the
tightened sanctions placed by the USA over the period of 2012–2015 (i.e., before reaching a
nuclear deal in 2015). Practical complexities, which were induced by sanctions, affected
Iran’s economic growth and environmental status in terms of the following points [41].
(i) Iran’s access to technology, services, and know-how was restricted in official channels,
and its ability to unofficially purchase them in the international markets also decreased
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due to a considerable increase in the relevant costs. Such challenges consequently resulted
in a highlighted reduction in the efficiency of water and agricultural sectors. (ii) The
opportunity of receiving international aid for the surviving environment was lost in this
period (i.e., the World Bank fully stopped their support; only 15% of $4.2 million of the
allocated fundings from the GEF (Global Environmental Facilities) was utilized during
2010–2014; Quercus ceased its support for constructing a 500-million euro solar power plant
which was supposed to have a total capacity of 600 MW; and etc.). (iii) Obstacles for money
transfer restricted international trades and reduced the number of Iran’s trading partners
(i.e., this point raised serious challenges for importing the required inputs for improving
crop production or exporting agricultural products to the other countries, particularly those
which were directly impacted by the USA. Acquiring goods that were exempted from
economic sanctions was also restricted in this period due to the long process for getting
the required licences). (iv) A lot of intergovernmental agencies/organizations who were
supposed to collaborate with developing plans in the agricultural sector closed their offices
in Iran and stopped their supports (i.e., they justified their decision with obstacles that
they faced in transferring funds through the official banking system and stopped their
collaborations without paying any penalties to the country). Part of these supports, for
instance, were to reduce poverty; enhance food, water, and nutritional security; improve
environmental health, and increase the resilience of current agroecosystems to the featured
global challenges like climate change.

Poor economic status during the sanctions caused the country to adopt a low-productive
production system to survive. However, other reasons also caused a gap between what was
planned in the fifth DV5 and what was achieved in reality; the most important challenges
are an imbalance between the planned targets and the ecological potential of the country,
low efficiency and productivity of the resources and inputs due to poor management, and
low technical capacity due to the lack of required infrastructures. The latter was particularly
the case for the first to third DV5s.

4.3. Trade Policies

Since 1986, the government has tried to increase the contribution of export-oriented
crops in total international export by implementing encouraging policies and targets
like tax exemption for agricultural product export, supporting internal products through
setting proper tax for similar external products, setting a target for annual increase in the
contribution of none-oil products export including agricultural commodities, and giving
special attention to the export of oil-crops, horticultural crops, and olives. Such an increase
occurred over the period of 1989–1999 (first and second DV5) and 2005–2009 (fourth DV5),
although it had less annual average growth compared to the planned one (4% versus 8.4%
in the second DV5, and 6.6% versus 10% in the fourth DV5) (Figure 15). Over the period
of 2000–2004 (third DV5), value added from crop export decreased by 1%, which was
mainly attributed to the impacts of the severe drought that happened over the period of
1999–2002. A reduction in the crop-export-related value-added was the largest over the
period of 2011–2015 (−8.9%). As explained before, Iran lost its opportunity to contribute
to the international markets due to money transfer obstacles and the reduced number of
trading partners under tightened sanctions in this period. On the other hand, the country
mainly focused on staple crop production in this period rather than cash crops in order
to address its concerns about food security, which was threatened by the reduced food
imports under sanction status.

4.4. Fertilizer Application

The decreasing trend of N-application in croplands over the period 1986–2011
(Figure 15), along with the reduced WPL in this period (Figure 11) indicates that the country
performed better regarding pollution controls. Some policies like substituting chemical
fertilizers with biological ones, enforcing the production units to reduce their pollution
loads to the environment, and determining allowable rates of fertilization encouraged
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the reduction of diffuse pollution from the croplands to the environment. Nevertheless,
both the N-application rate (1.1%; Figure 15) and the WPL (34%; Figure 11) increased
over the period of 2011–2015 (i.e., the fifth DV5). Under the enforced sanctions, the gov-
ernment decided to defeat its economic recession through unsustainable development.
Hence, boosting the application of chemical fertilization within croplands was considered
as one of the solutions to defeat income and production deficits (Figure 15). While such a
strategy periodically reduced the negative impacts of the sanctions on Iran’s economy, it
created a deteriorating-economy which can result in long-term impacts on the environment.
Pollution loads beyond the assimilation capacity of the environment, and the consequent
increase in the WPL is only one of these cases. Karandish [25] also demonstrated that the
WPL is beyond 1 in more than half of the county due to excessive chemical fertilizer applica-
tion within croplands, indicating that the assimilation capacity in these regions is exceeded.
On the other hand, the lack of access to technologies with environmental standards caused
Iran to produce its fertilizers through unsustainable processes or to import low-quality
fertilizers from a restricted number of its trading partners [44]. Such activism undoubtedly
leads to increased emissions [41]. For instance, the fear of retaliation caused Siemens not
to ship the syngas compressors which were required for the Zanjan Fertilizer Project, and,
therefore, Iran purchased similar products produced by China with lower environmental
standards, resulting in more emissions through the fertilizer production process [44]. This
story indicates that the rate of emissions should be considered in addition to the WPL when
assessing the real environmental impacts of fertilizations. Nevertheless, such estimations
were out of the scope of this paper.

4.5. Water Productivity

Improving water productivity was considered since the beginning of the second DV5
in 1995. Since then, the WP increased by 4.8%, 1.4%, and 6.1% over the period of the second
DV5 (1995–1999), third DV5 (2000–2004), and fourth DV5 (2005–2009). The gap between
the achieved and expected WP was due to less attention to some policies like participatory
water management, prevention of land fragmentation, and the prevention of the cultivation
of water-intensive crops like rice, although it was implemented in all DV5s as well as the
lack of executive laws to ensure the implementation of policies in practice. Our water
scarcity assessment also denotes that the WP improvement in this period did not help to
reduce pressure on blue water resources (Figure 11). Indeed, the benefits from the WP
improvement was offset by using saved water for expanding irrigated croplands in the
study area (the rebound effect or Jevons paradox).

The negative trend of the WP growth over the fifth DV5 was attributed to the recession
economy that occurred under the enforcement of sanctions in this period. Over the period
of 2011–2015, the WP decreased by 1.1%, although it was supposed to increase by an
annual average rate of 1% in the fifth DV5. The government planned to strengthen its
control over water consumption through enriching volumetric water delivery systems,
developing modern and efficient irrigation and drainage networks, developing water-
productive production systems, and setting caps on surface and groundwater withdrawal
(Table 3). Nevertheless, it failed in achieving its targets in the fifth DV5 under the pressure
of tightened sanctions over the period of 2011–2015. Hence, the natural-resource inten-
sity increased in Iran, and economic development occurred at the cost of environmental
degradation. There is some evidence that shows that the persisting value-added from the
agricultural sector in this period occurred at the cost of unsustainably depleting water
resources. For instance, the groundwater budget deficit was supposed to be alleviated
by 25%; however, groundwater consumption increased from 988 million m3 in 2011 to
1161 million m3 in 2015. This result agrees with earlier findings, which indicated the ex-
ploitation of non-renewable groundwater resources for human appropriation (groundwater
mining) in Iran [45–48]. In addition, irrigation efficiency was supposed to increase by 40%
in order to reduce the pressure on the limited blue water resources; however, the BWS
increased by 1.2% along with a 14% increase in blue water consumption. The reduced
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flow of the main rivers in Khuzestan province and the significant reduction in the level of
groundwater resources is proof to this claim [41,49,50].

The positive correlation between the agricultural value-added and blue water con-
sumption in the agricultural backbone of Iran (Figures 13 and 14) indicates that the country’s
economy is extremely dependent on depleting water resources and, therefore, cannot be
sustainable in the long term. According to SDG 6, decoupling economic growth from the
use of natural resources is essential for achieving a sustainable development (FAO and
UNW, 2021). Indeed, water scarcity should not be a constraint for economic and social
growth. However, the prioritization of achieving SDGs depends on the income level of a
country [51]. When a financial crisis becomes a threat to the composition of the national
economy, the environmental sustainability has to compete with other issues like food secu-
rity, employment, national security, etc. [52]. Under such circumstances, the environment is
sacrificed in order to address the other priorities. The lower the income level of a country,
the lower the importance of environmental issues and the less progress on implementing
SDGs [42,53]. Indeed, it is economically costly for a sanctioned country to prioritize its
environment. Hence, it continues its thirst for development with an intensive use of natural
resources and, in many cases, like Iran, can cause irreversible environmental degradation.

The international virtual water trade was introduced as an effective pathway for reduc-
ing such a dependency [54]. Water-intensive and/or economically low-productive crops are
supposed to be imported from the other countries where the same crop is produced with
higher water productivity and with a higher contribution of the green water in the total
water consumption [55]. Nevertheless, involving such trades is restricted under sanction
status due to the restricted number of trading partners on the one hand (i.e., only countries
which do not get direct benefits from the US would dare contribute in such a trade) and
money transfer challenges on the other hand.

Another issue which is loosened in a sanctioned country is its unlikely ratification
of international environmental cooperation and activisms. Under limited access to the
international markets, pursuing unsustainable agricultural policies and activisms in order
to fulfil food demands and to reduce dependency on foreign countries will not let Iran
be committed to international environmental agreements. Hence, the negative impacts of
sanctions will not be limited to Iran and indirectly creates struggles for the other countries
in the world through raising global warming.

5. Conclusions

We have conducted a comprehensive study to reveal the hydrological consequences
of a thirsty quest for achieving self-sufficiency in food production under socioeconomic
drought conditions in Iran, which is a water-bankrupted country with serious environ-
mental challenges. Such an investigation corresponded with revealing the main roots of
hydrological unsustainability in the study area through discussing it in the political and
economic context of the country. Our WF and sustainability assessment revealed a steady
growth of unsustainable water consumption in the agricultural sector over the period of
1986–2016. The Pearson correlation analysis shows a significant correlation between socioe-
conomic benefits and blue water overexploitation. The institutional assessment indicated
that Iran’s economic and political context has not been compatible with the main targets of
the SDG6 over the past 41 years since the implementation of the first 5-year development
plan. Setting the agricultural sector as the main core of economic growth in the DV5s
prospered socioeconomic status in the study area in terms of the expansion of irrigated har-
vested area under cash/export-oriented crops, and consequently, a considerably increased
the added-value from crop production, export, and the number of employed people in
the agricultural sector. Nevertheless, such prosperity occurred at the cost of water scarcity
exacerbations due to the neglection of implementing proper water-related policies in the
DV5s. Hence, considerable trade-offs raised between the main targets of SDG2 and SDG6
under Iran’s thirsty quest for achieving self-sufficiency in food production, which posed
serious challenges for saving the environment. Such deteriorating trends were strengthened
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under the tightened sanctions during the 5th DV5 period, which determined the role of
the economic status on prioritizing the environment. It can be concluded that the lack of
the economic resources and proper environmental policies are the main barriers against
SDG6 implementation in the study area. Hence, policy and decision makers should adopt
a transformative vision for writing the 7th DV5 in which environmental issues are on the
top of agenda rather than a thirsty quest for achieving self-sufficiency in food production.
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