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A B S T R A C T

Availability of sufficient and clean freshwater has become a growing constraint to sustainable agricultural de-
velopment in many countries. We explore two pathways that hold the potential to reduce water consumption
and pollution related to cereal production in Iran: reducing food waste and changing cropping patterns. Hereto,
we first evaluated the green, blue and grey water footprint (WF) associated with production of wheat, barley and
rice. Next, we assessed resulting water scarcity and pollution levels at the provincial scale, for the period
1980–2010. Both total WF and its blue water share were found to have increased considerably from 1980 on. For
the year 2010 (a representative hydrological year), results show that the national total green–blue WF of pro-
duction of these major cereals is 43 × 109 m3. Regarding the grey WF of production, 30 × 109 m3 was required
to take up surplus N loads to water bodies. Resulting blue water scarcity and water pollution levels are highest in
the arid and semi-arid provinces, caused in part by cereal production destined for export to other regions.
Exploring reduction pathways showed that bridling cereal waste allows a potential reduction in both the
green–blue WF and grey WF of production of up to 5% each. Relocating production areas and modifying cereal
trade patterns from water-abundant to scarcer provinces could save up to 3.5% in the green–blue WF of pro-
duction and up to 25% in the grey WF.

1. Introduction

Matching a growing per capita demand for freshwater with a con-
siderable reduction in per capita availability due to population growth,
economic development and climate change forms one of the most
pressing global challenges for the coming decades (Kummu et al., 2016;
WWDR, 2015). Looming water crises and its detrimental socioeconomic
and environmental outcomes are particularly felt in the arid and semi-
arid regions of the world (Madani, 2014). In response, water manage-
ment in the agricultural sector has received particular scrutiny, as
agriculture is the biggest freshwater consumer in most countries and
responsible for 92% of freshwater consumption globally (Hoekstra and
Mekonnen, 2012). Within the agricultural sector, cereals account for
the largest share of total water consumption (Mekonnen and Hoekstra,
2011). Exploring pathways to reduce cereals’ water consumption, par-
ticularly in (semi-) arid developing countries, is therefore a key factor in
mitigating water scarcity.

In exploring such pathways, the water footprint (WF) concept can
be instrumental, as it provides a multi-dimensional indicator of water
consumption along entire value chains (Hoekstra et al., 2011). More-
over, the emerging field of Water Footprint Assessment (WFA) has
yielded a methodology that enables a comprehensive assessment of
water consumption and pollution either from a production perspective,
or from a consumption and trade perspective (Hoekstra, 2017). A WFA
encompasses four stages: Scoping the assessment, WF accounting, sus-
tainability assessment, and response formulation. To date, most atten-
tion in WFA has been paid to the former three stages. Examples of
studies focusing on WF accounting abound, taking either a production
(Chukalla et al., 2015; Zhuo et al., 2016) or a consumption perspective
(Hoekstra and Chapagain, 2007; Hoekstra and Mekonnen, 2012). Re-
garding sustainability assessments, Van Oel et al. (2009) were the first
to place the external WF of national consumption in the context of local
water availability to identify critical scarcity hotspots for a case study in
the Netherlands. In a recent global study, Mekonnen and Hoekstra
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(2016) revealed that worldwide about four billion people live in such
water scarcity hotspots. Liu et al. (2012) and Mekonnen and Hoekstra
(2015) demonstrated that in many river basins around the world, grey
WFs (either related to N or P pollution) were also found to exceed the
basin’s assimilation capacity, forming pollution hotspots.

Formulating appropriate responses to unsustainable WFs, however,
is a stage of WFA research that is underemphasized in current discourse.
Setting a WF cap at the basin level or trying to meet WF benchmarks
(i.e. plausible amounts of water used per water-using activity) are
promising recent suggestions (Mekonnen and Hoekstra, 2014; Chukalla
et al., 2018; Karandish et al., 2018; Hogeboom et al., 2020). Building on
these insights, in this study we explore two alternative pathways that
hold the potential to reduce WFs: reducing food waste and changing
cropping patterns.

Food waste (or more specifically: losses and waste that occurs along
the food supply chain) closely relates to water waste and is moreover
substantial. Gustavsson et al. (2011) calculated the food losses occur-
ring along entire food chains, including food waste at the consumer
level, and estimated that 33% of global meat-related and crop-based
products are wasted. They also found that the most significant food
waste occurs at the consumption stage in medium- and high-income
countries, at the production stage of food supply chain in industrialized
countries, and during the production, storage and transportation stages
of the food supply chain in low-income countries. Segré and Gaiani
(2012), studying global food chains including crop production, post-
harvest/storage, processing, food distribution, food consumption and
food disposal stages, provide even a waste figure of 50% for global food
production. FAO (2011) carried out a global study and considered the
entire food cycle, including crop production, post-harvest/storage,
processing, food distribution, food consumption and even food disposal
stages in their analysis. They estimated that one-third of all foods
produced for human consumption (i.e. 1.6 × 109 t of primary product
equivalents, 81% of which are edible parts) is lost or wasted (FAO,

2013). This wasted food represents 70 × 109 US$, consumes an esti-
mated 250 × 109 m3 y-1 of water resources (i.e., cereals contributed
52% in this total), 23% of total fertilizer use in the world (FAO, 2011)
and occupies 1.4 × 109 ha of crop land in the world – primarily for
cereal production (FAO, 2013). Kummu et al. (2012) provided a similar
water loss figure of 215 × 109 m3 y-1 considering agricultural, post-
harvest, and processing losses, and distribution and consumption
wastes (but excluding animal products). This latter estimate is
equivalent to ~15% of global water consumption (Doll et al., 2012).
Cereals contributed 57% to total food losses and wastes, and - together
with fruits & vegetables – account for 75% of reported water loss
(Kummu et al., 2012). All above studies highlight the dominant con-
tribution of cereals in overall water, cropland, and fertilizer losses as-
sociated with food waste globally. None of the above studies estimated
grey WFs associated with food waste.

Alternatively, cropping patterns could be changed such that WFs are
reduced. In one of the few detailed studies available, Schyns and
Hoekstra (2014) found for a case study in Morocco that strategically
relocating twelve crops based on their WF could result in a 67% blue
water saving. For an example in the USA, redistributing eleven major
food crops based on their actual evapotranspiration showed a reduction
in agricultural green–blue water demand by 5% (Davis et al., 2017a). In
their global study, Davis et al. (2017b) found for fourteen major food
crops that reshaping the current cropping pattern may result in a 14%
and 12% reduction in worldwide blue and green WFs, respectively. As
with reducing food waste, none of these studies estimated grey WF
reduction potential by chancing cropping patterns.

This study builds on these previous insights, by exploring two
pathways that hold the potential to reduce WFs – both green–blue,
green and blue separately and grey WFs – for a case study of cereals
production in Iran. Hereto, we first collect data on the green, blue and
grey WF related to production of major cereals (i.e. wheat, barley and
rice) in Iran following a WF assessment approach done by Karandish

Fig. 1. Provinces and climate zones in Iran.
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and Hoekstra (2017), and Karandish (2019). Next, we identify local
water scarcity and pollution hotspots associated with production of
these cereals by carrying out a WF sustainability analysis. Lastly, we
formulate and quantify the two proposed reduction pathways in terms
of water saving and pollution reduction potential.

2. Methods and data

2.1. Study area

Fig. 1 shows the study area (Iran), classified into five climate zones
based on De-Martonne’s climate classification (De Martonne, 1926).
Provinces located in the arid and semi-arid climate zones are the
backbone of Iran’s agriculture, where most lands are under irrigation.
Of all cereals grown in Iran, wheat, barley and rice were selected since
these are the most relevant crops in terms of harvested area (HA) and
total production (TP) in Iran (Fig. 2). In 2010, 10.5 × 106 ha of total
arable land in Iran was under selected cereal cultivation, of which 75%
wheat, 21% barley and 4% rice. These lands yielded 19.1 × 106 t of
produce, of which 71% wheat, 19% barley and 10% rice. Over the
period 1980–2010, cereal harvested area and total production grew by
31% and 36%, respectively, mainly driven by expansions in wheat and
barley.

2.2. Blue, green and grey WF of production

The WF of a crop is comprised of three main components: a green,
blue and grey component. The green and blue WF measure water
consumption, from green and blue resources respectively, where green
water is defined as rainwater insofar it does not become runoff, while
blue water refers to groundwater and surface water (Hoekstra et al.,
2011). The grey WF is a measure for water pollution and is defined as
the volume of water required to assimilate pollution loads to freshwater
bodies (Hoekstra et al., 2011).

Green and blue WFs related to crop production (m3 t−1) in Iran, per
crop, province and year in the period 1980–2010, were taken from
Karandish and Hoekstra (2017). In their study, they used FAO’s
AquaCrop model to estimate seasonal evapotranspiration from the crop
field, which they divided by reported provincial crop yield statistics to
obtain aggregated green–blue WFs. The distinction between green and
blue WFs was then made following the approach by Hoekstra (2019). In
this approach, first green and blue ET are estimated by tracing the share
of each component in the soil water. Next, green and blue WFs are
obtained by dividing green and blue ET by crop yield, respectively.

The grey WF (m3 t−1) related to N and P loads to water bodies were
obtained from Karandish (2019). They estimated grey WFs based on the
procedure proposed by Hoekstra et al. (2011):

=
−

−grey WF m t αAR
C C Y

( )
( )max nat

3 1
(1)

here, α is the leaching-runoff fraction, ARis the chemical application
rate to agricultural land (kg ha−1 y-1), Cmax the ambient water quality
standard (i.e., maximum allowable concentration) (kg m−3), Cnat the
natural background concentration in the receiving water body (kg
m−3), and Y crop yield (kg ha−1). αAR is the pollutant load.

To calculate N-related grey WFs, α was set to 0.1, as proposed by
Franke et al. (2013). Cnat and Cmax were set to 1.5 mg l−1 and 3.0 mg l−1,
respectively, following Liu et al. (2012). To calculate P-related grey
WFs, α was set to 0.03, as proposed by Franke et al. (2013), andCnat and
Cmax to 0.52 mg l−1 and 0.95 mg l−1, respectively, following Liu et al.
(2012). Y was taken from Karandish and Hoekstra (2017), while AR is
taken from IMAJ (2017).

2.3. Identifying water scarcity and pollution hotspots

We carried out a sustainability analysis for the reference year 2010.
This year was chosen because 2010 is hydrologically a normal year that
therefore can be considered as representative for the whole period, and
secondly because data on blue water availability is not available for
each year in the study period 1980–2010.

Hotspot provinces were identified using two indices: blue water
scarcity (BWS) and water pollution level (WPL) associated with N and
P. Per province, BWS was calculated by dividing the annual blue WF of
26 major crops by local water availability. These 26 considered crops
are the most commonly cultivated crops in Iran, accounting for over
95% of the national production. Their water consumption is assumed to
be representative of total water consumption by the agricultural sector
in the country. Local water availability was calculated as the local an-
nual natural runoff minus environmental flow requirements (Hoekstra
et al., 2011), for the year 2010. Data on WFs of 26 major crops in Iran is
obtained from Karandish and Hoekstra (2017), while natural runoff at
the province scale is taken from Iran’s Water Resource Management
Company (WRM, 2016). Environmental flow requirements were as-
sumed at 80% of natural runoff following Richter et al. (2012). WPLs
related to N and P are calculated per province, by dividing the total
annual grey WF of 26 major crops by local annual actual runoff gen-
erated within the province. Data on grey WFs of 26 major crops is
obtained from Karandish (2019). Actual runoff is calculated by sub-
tracting overall blue WFs from natural runoff (Hoekstra et al., 2011).
The decisive provincial WPL is based on the WPL associated with the
pollutant (N or P) with the highest grey WF.

A province is labelled a hotspot if BWS > 1 and/or WPL > 1.
BWS > 1 means that more water is used than there is sustainably
available (viz. the WF is sustained by using environmental flow re-
quirements), while WPL > 1 indicates that there is not sufficient as-
similation capacity within the provincial water system to take up the
pollution generated. Crops with the largest blue and grey WFs that are
grown in hotspot regions are labelled priority crops.

In addition to BWS and WPL, green water scarcity (GWS) is an in-
dicator green water hotspot regions (Hoekstra et al., 2011; Quinteiro

Fig. 2. The share of different crop categories in total crop production in tonne per year, for 1980 and 2010.
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et al., 2017, 2018; Schyns et al., 2019). However, lack of data led us to
exclude GWS in this research.

2.4. Formulating WF reduction pathways

With the hotspots known and identified, we quantified the blue and
grey WF reduction potential of two pathways: reducing food waste and
changing cropping patterns within the country.

2.4.1. Food waste control
Per crop, country and year, FAO provides food waste statistics (FL, t

y-1) as a percentage of food supply (FS, t y-1) in their Food Balance
Sheets (FAO, 2016). These FLs comprise the volume of food lost oc-
curred during the food production, storage and transportation stages.
Pre-harvest and harvesting loss as well as food waste during the con-
sumption at the household level are excluded in these national statis-
tics.

FS denotes the total available food for domestic use within a nation,
which may be supplied either by national production or by import from
other countries. Hence, part of FL can be attributed to international
food imports, which in our calculation process were therefore excluded
in assessing the potential of FL control on national water saving. To do
so, we first estimated a national food supply coefficient (ɳFS), by di-
viding the nationally produced food supply (FSn) by the total volume of
food supplied for domestic use, i.e. including imports, (FS). Next, we
multiply this coefficient with FL to obtain a proxy for FL from national
production (FLn):

= × =FL η FL where η FS
FSn FS FS

n
(2)

After calculating FLn at the national level, the contribution of each
province in FLn was calculated. Hereto, we first calculated the pro-
vincial contribution coefficient (CCp) by dividing the volume of food
produced by that province (FSp) by the volume of national food pro-
duction (FSn). Next, we multiplied this coefficient with nationally
produced FLn:

= × =FL CC FL CC
FS
FS

wherep p n p
p

n (3)

Provincial blue water loss through food waste (BWLp m3 y-1) was
estimated by multiplying blue WFs found in the accounting phase of
this study by FLp. Summing over provinces, national Iranian blue water
loss (BWLn) is thus obtained. Provincial and national green (GWLp) and
grey (GrWLp) water loss were found using the same logic:

⎧
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(4)

here, blue WFpi, green WFpi, and grey WFpi are provincial blue, green
and grey WFs per unit of crop production (m3 t−1) for crop i, respec-
tively. blue WLni, green WLni, and grey WLni, are the national blue,
green and grey water losses that occurred through food loss of crop i
(m3 y-1), respectively.

Note that this procedure accounts for water loss related to all do-
mestic food waste as informed by the above steps and FAO’s food bal-
ance sheets. It thereby foregoes on the discussion of the feasibility of
attaining zero waste.

2.4.2. Changing cropping patterns
In the second pathway, we modified cropping patterns of cereals by

reallocating lands to wheat, barley, and rice within each province along
two different rationales, after which we assessed their respective WF
reduction potential. The first rationale is to keep total national pro-
duction in tonnes per crop equal to production (for the reference year
2010). The second rationale keeps total national production in kcal per
crop equal to production in the reference year 2010. We chose these
rationales such that national food security from cereals would stay the
same as in the reference year 2010. In both modifications, total har-
vested area of cereals per province was kept the same as under current

Table 1
WFs of cereal production per climate zones, for 1980 and 2010 (i.e., all provinces with the same climatic condition are considered as a climate zone).

Product Climate zone 1980 2010

Green-blue WF
(109 m3 y-1)

Green-blue WF
(m3 cap-1 y-1)

Blue to Green-blue WF
(%)

Blue WF
(m3 y-1 cap-1)

Green-blue WF
(109 m3 y-1)

Green-blue WF
(m3 cap-1 y-1)

Blue to Green-blue WF
(%)

Blue WF
(m3 y-1 cap-1)

Wheat Hyper arid 0.51 187.3 67.0 125.5 1.34 206.5 85.3 176.2
Arid 7.66 347.8 27.7 96.30 14.8 337.6 52.5 177.2
Semi-arid 7.85 797.7 14.0 111.8 13.7 811.8 36.4 295.5
Dry sub-humid 0.22 240.3 – – 0.97 549.5 36.8 202.4
Humid 0.14 40.09 – – 0.27 48.51 2.23 1.080
Iran 16.4 420.9 21.8 91.55 31.1 417.2 45.9 191.5

Barley Hyper arid 0.12 42.74 66.7 28.50 0.34 53.14 85.3 45.34
Arid 2.18 98.84 30.0 29.63 4.74 108.2 53.0 57.30
Semi-arid 1.60 162.8 16.7 27.24 3.33 197.2 41.5 81.90
Dry sub-humid 0.05 52.00 – – 0.29 166.4 19.7 32.69
Humid 0.05 13.55 – – 0.10 18.80 2.35 0.440
Iran 3.99 102.5 25.0 25.65 8.81 118.3 48.2 57.05

Rice Hyper arid 0.004 1.460 95.2 1.390 0.02 3.610 97.5 3.520
Arid 0.15 6.620 86.3 5.720 0.80 18.25 96.3 17.57
Semi-arid 4.70 477.4 88.4 422.0 0.17 9.830 88.9 8.740
Dry sub-humid 0.02 21.58 72.3 15.59 0.18 101.1 96.1 97.14
Humid 0.28 81.54 59.1 48.16 1.70 309.1 64.3 198.8
Iran 5.15 132.4 86.7 114.8 2.87 38.52 76.9 29.62

Cereals Hyper arid 0.63 231.5 67.1 155.4 1.71 263.3 85.5 225.1
Arid 9.98 453.3 29.0 131.7 20.3 464.0 54.3 252.1
Semi-arid 14.2 1438 39.0 561.1 17.2 1019 37.9 386.2
Dry sub-humid 0.28 313.9 4.97 15.59 1.44 816.9 40.7 332.2
Humid 0.46 135.18 35.6 48.16 2.07 376.4 53.2 200.3
Iran 25.5 655.9 35.4 232.0 42.8 574.1 48.5 278.2

F. Karandish, et al. Journal of Hydrology 586 (2020) 124881

4



conditions (the base case). Only the relative contribution of wheat,
barley and rice in this total was changed. In addition, we didn’t relocate
a crop to a new place where this crop is not originally grown in. This
ensure producing crops in the places which have suitable edafo-climatic
characteristics for them.

In the first modification, where total national production in tonnes
per crop is kept equal to production in 2010, the cropping pattern of
cereals was redistributed based on a crop’s blue WF: per province, the
crop with lowest blue WF takes preference until its total production
meets national reported production for that crop. Then, the next most
efficient crop in terms of its blue WF is assigned to the province at hand.
In the second modification, we followed a similar procedure, but here
we kept the national production in kcals to be produced with the most
efficient crops in terms of their blue WF equal to kcal production in
2010.

3. Results and discussion

3.1. WF accounts

3.1.1. Green and blue WF of cereal production.
Along with a 136% increase in national cereal production, the as-

sociated green–blue WF rose by 68% to 43 × 109 m3 y-1 over the study

period (Table 1). This WF growth is driven by wheat and barley, as rice
WFs reduced by 44%. The absolute WF growth is caused mostly by
increases in yield, as WFs per tonne of product dropped by 18%, 17%
and 76% for wheat, barley and rice, respectively (see Fig. 3).
Throughout the study period, the highest share in the green–blue WF of
cereals is located in arid and semi-arid provinces of Iran. Wheat, being
the largest crop in terms of both harvested area and production, also
boasts the largest share in the national green–blue WF, at 31 × 109 m3

y-1 in 2010. Compared to 1980, the share of national blue to green–blue
WF increased by 13% in 2010, to 21 × 109 m3 y-1, with rice being the
crop with the highest average blue water fraction (77%).

3.1.2. Grey WF of cereal production
At the country level, 30 × 109 m3 y-1 is required to dilute N surplus

to the maximum threshold, of which 76% is needed in arid and semi-
arid provinces (Fig. 4). The P-related grey WF amounts to 23 × 109 m3

y-1, with the arid and semi-arid provinces responsible for 75%. Wheat
production is responsible for the highest share in both the P- and N-
related grey WF throughout Iran’s provinces, except for N-related grey
WFs in humid provinces where rice production’s contribution is domi-
nant. Across provinces, rice has the largest grey WFs related to both P
and N per tonne of crop, except for hyper-arid provinces where N-re-
lated grey WFs are largest for wheat.

Fig. 3. Weighted average green–blue WF per tonne of cereal per province, and the share of individual crops per climate zone, for 1980 (top) and 2010 (bottom). The
numbers shown for each province denote the percentage of blue WF in the total green–blue WF. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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3.2. Water scarcity and pollution hotspot locations

Fig. 5 shows blue water scarcity (BWS) and Fig. 6 shows water
pollution level (WPL) per province. BWSs vary considerably across
provinces, with 29 provinces qualifying as hotspot (BWS>=1). The
majority of high BWS provinces is classified as either arid or semi-arid.
Rice production is responsible for driving BWS in the humid provinces,
while wheat is mostly the priority crop in most other high BWS pro-
vinces. Eleven predominantly arid provinces have a WPL>=1, parti-
cularly due to wheat and barley production and in arid and semi-arid
provinces. While dense farming, particularly of wheat, and high N-
fertilizer application are the main causes of high WPLs (WPL > 2) in
Khuzestan and Golestan provinces, low water availability is the main
cause of high WPLs in the other provinces (i.e., Qom, North-Khorasan
and South-Khorasan provinces in the arid region and Hamedan in the
semi-arid region). Reduction efforts may thus be particularly effective if
targeted at reducing WFs in wheat production in arid and semi-arid
provinces.

3.3. WF reduction pathways

3.3.1. Food waste reduction
Table 2 shows WFs associated with cereal waste in 1980 and 2010.

In 1980, 9.7 kg cap-1 y-1 of domestically produced cereals were wasted,
which increased by 23% in 2010. In absolute terms, most food waste
occurs in arid and semi-arid provinces, while per capita waste is highest
in dry sub-humid provinces. If food waste can be mitigated or even
prevented, substantial amounts of water can be saved or prevented
from getting polluted. The green–blue WF associated with current food
waste is 2.0 × 109 m3 in 2010, of which 27% is blue water. The P- and
N-related grey WF associated with cereal wastage is 1.2 × 109 m3 y-1

and 1.6 × 109 m3 y-1, respectively. Over 90% of the green–blue, blue, P-
related and N-related grey WF is located in arid and semi-arid pro-
vinces, particularly due to wheat. Only in humid provinces, rice was
responsible for the largest share in all cross-sections of the WF related to
cereal waste.

3.3.2. Cropping pattern modification
Previous research by Karandish and Hoekstra (2017) found that the

direction of the net interprovincial cereal trade was mainly from semi-
arid and arid to other provinces, especially for wheat trade. For wheat,
even humid provinces are net importers. The current cropping and
trade pattern within Iran therefore cause substantial amounts of water
to be virtually exported from water-scarce provinces to more water-
abundant provinces in the country.

Table 3 quantifies the WF reduction potential of modifying the crop

Fig. 4. Weighted average grey WF to surface water per tonne of cereal per province, and the share of individual crops per climate zone, for N-related (top) and P-
related pollution (bottom).
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production pattern and shows that blue water can be saved across crops
and provinces in both modified configurations. Modifying cropping
patterns while maintaining national production in tonnes shows a blue
WF decrease of 9.6%, and a reduction in N-related and P-related grey
WF of 25% and 17%, respectively. The largest saving is possible in the
dry-sub-humid region, where based on the modification rice is sub-
stituted by barley. That being said, the remaining rice production in this
modification still yields a 26% blue WF increase, and 19% and 17% N-
related and P-related grey WF increase, respectively. This modification
results in a slight increase of 2% in green WF to 22 × 109 m3 y-1.

Under the second modification, where national total production in
kcals is maintained, we find that blue WF can be reduced by 6.7%,
while green WF may slightly increase by 1.5% to 22 × 109 m3 y-1. On
the other hand, configuration this comes at the cost of rice production
increase in humid region, which result in an overall increase of 3.5%
and 6.3% in N-related and P-related grey WFs.

4. Discussion

This study explored two pathways that hold the potential to reduce
WFs of cereals based on an extensive WFA in Iran. The first pathway of
reducing food waste is based on statistics reported by FAO (2016).
Ideally, we hereto has used more accurate or local data on food waste at
the national or even provincial level than FAO’s global databases, but
this data was unavailable. Moreover, this pathway quantifies water
savings in the optimistic scenario where all food waste along the value
chain is prevented. While it goes to show the potential water saving
associated with preventing food waste, it is an extreme assumption.
Practically achievable water savings will thus likely be lower than the
maximum values reported here. We propose further research to assess
reasonable waste reduction percentages at each of the various stages of
the value chain, from pre-harvest, harvesting and post-harvest stages, to
processing, distribution, household consumption. Promising practical
prevention strategies to reach reduction goals may include improving
farming practices; boosting governmental financial support to poor
farmers (Kader, 2005; Rolle, 2006; Stuart, 2009; SEPA, 2008); ensuring

Fig. 5. Blue water scarcity (BWS) per province related to blue water consumption in rice, barley and wheat production alone. BWS levels are higher if blue water
consumption from other crops and other sectors is included. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

F. Karandish, et al. Journal of Hydrology 586 (2020) 124881

7



timely market access (Kader, 2005); improving infrastructure and
transportation networks (Stuart, 2009; Rolle, 2006; Choudhury, 2006);
capacity building (Stuart, 2009; Rolle, 2006); collecting discarded
foodstuffs that are still safe for human use (Stuart, 2009); and raising
public awareness of the consequences of food waste (SEPA, 2008).

Regarding the modification of the cropping patterns, we found that
blue water saving is possible, even if we keep national production in

tonnes or kcals is kept constant to output by current cropping patterns.
While the savings are significant, implementing these modifications
will not change the hotspot status (either through the BWS or WPL
indicator) of any of the provinces. In order to achieve real sustainable
status for all provinces, more radical measures need to be taken, such as
reducing agricultural area under (relatively water-inefficient) rice cul-
tivation, or reducing wheat cultivation in water-scarce area.

Fig. 6. Highest water pollution level (WPL) per province associated with leaching or runoff of either N or P in the year 2010. Water pollution refers to nutrients from
rice, barley and wheat production alone; WPL levels are higher if water pollution from other crops and other sectors is included.
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Alternatively, the country could rely more on importing cereals through
international trade. While we did not consider international trade
modification to alleviate national blue water consumption, it is shown
to worsen hotspots in the exporting countries in some cases (Gawel and
Bernsen, 2013). Iran’s current rice imports from Pakistan, for instance,
may harm local ecosystems there (FAO, 2016). In drafting policies that
include increased dependency on international trade, it is therefore
worth considering effects of shifted trade on water resources in ex-
porting countries as well.

We excluded a GWS analysis due to the lack of data on green water
availability at the provincial scale for the study period. Schyns et al.
(2019), however, presented a first global GWS assessment showing that
Iran has a GWS of 0.69. This means that actual green WF in Iran is still
31% below the maximum sustainable green water availability level.
Based on their analysis, a 32 × 109 m3 y-1 increase in the overall green
WFs is therefore still allowed to keep GWS below one at the national
level. Our cropping pattern modification pathways may result up to 2%
increase in the overall green WF to 22 × 109 m3 y-1, which is still far
below the this number. While it thus preliminarily follows that Iran is
not a green water scarce country, it would be worth to include GWS

indicator in further research to see how these findings hold at the
provincial level.

5. Conclusion

Current farming practices and cropping patterns associated with
cereal production in Iran lead to water scarcity and water pollution
hotspots in various provinces. Based on an extensive Water Footprint
Assessment, we explored two pathways that hold the potential to re-
duce WFs. Preventing food waste shows the potential to save 5% of
national blue water resources and prevent 5% of grey WFs. Modifying
cropping patterns can save up to 3.5% in the green–blue WF of pro-
duction and up to 25% in the grey WF. While these savings are sig-
nificant, implementing these modifications will not change the hotspot
status (either through the BWS or WPL indicator) of any of the pro-
vinces. In order to achieve real sustainable status for all provinces,
therefore, more radical measures need to be taken, such as reducing
agricultural area under (relatively water-inefficient) rice cultivation, or
reducing wheat cultivation in water-scarce area. By quantitatively ex-
ploring the potential WF savings under these pathways, this study feeds

Table 2
The quantitative effect of cereal waste reduction on reducing green–blue and grey WFs in 1980 and 2010.

1980 2010

Hyper arid Arid Semi-arid Humid Dry sub-
humid

Total Hyper arid Arid Semi-arid Humid Dry sub-
humid

Total

Total waste (1000 t) 13.8 181.5 145.9 9.9 24.2 375.4 32.6 431.6 330.1 31.4 57.3 883.0
Waste per capita (kg cap-1 y-1) 5.1 8.2 14.8 2.9 26.8 9.7 5.0 9.8 19.6 5.7 32.5 11.9
Specificcrop waste Wheat waste (1000 t) 11.7 144.1 115.0 4.2 20.5 295.5 26.8 331.4 264.3 9.6 47.2 679.5

Barley waste (1000 t) 2.2 36.3 24.7 1.2 3.3 67.6 5.7 95.8 65.2 3.1 8.7 178.5
Rice waste (1000 t) 0.0 1.1 6.3 4.6 0.3 12.2 0.1 4.3 0.6 18.7 1.3 25.0

Green-blue WF related to loss (×106 m3 y-1) 31.5 497.5 542.6 13.2 13.5 1098.2 84.9 991.5 857.1 39.8 65.5 2038.8
Green-blue WF related to loss (m3 y-1 cap-1) 11.6 22.6 55.1 3.8 15.0 28.2 13.1 22.6 50.8 7.2 37.2 27.4
Share of blue water (%) 67.0 28.4 23.4 17.5 1.5 26.6 85.4 53.0 37.5 35.3 35.0 46.9
Green-blue WFrelated

to food waste
For wheat waste
(×106 m3 y-1)

25.6 386.7 396.7 6.9 10.9 826.9 67.4 745.0 689.2 13.4 48.7 1563.7

For barley waste
(×106 m3 y-1)

5.8 108.7 80.1 2.3 2.3 199.3 17.2 236.5 165.9 5.2 14.6 439.4

For rice waste (×106

m3 y-1)
0.1 2.0 65.8 3.9 0.3 72.0 0.3 10.0 2.1 21.2 2.2 35.7

% of blue WFrelated to
food waste

For wheat waste (%) 67.0 27.7 14.0 0.0 0.0 21.7 85.3 52.5 36.4 2.2 36.8 45.9
For barley waste (%) 66.7 30.0 16.7 0.0 0.0 25.0 85.3 53.0 41.5 2.4 19.6 48.2
For rice waste (%) 95.2 86.3 88.4 59.1 72.3 86.7 97.5 96.3 88.9 64.3 96.1 76.9

Grey WFrelated to food
waste

N- grey WF
(×106 m3 y-
1)

Wheat 86.7 256.2 156.9 7.8 26.2 519.3 199.3 589.1 360.8 17.9 60.2 1194.1
Barley 5.7 102.9 30.5 2.7 5 135.6 15 271.7 80.4 7.1 13.1 358
Rice 0 1.7 7.7 4.8 0.3 14.3 0.1 6.9 0.8 19.7 1.4 29.3
Cereals 92.4 360.8 195.1 15.3 31.5 669.2 214.4 867.8 442 44.6 74.8 1581.4

P- grey WF
(×106 m3 y-
1)

Wheat 75.9 188.7 150.3 4.4 14.4 421.9 174.4 433.8 345.5 10.1 33.1 970.2
Barley 4.7 59.9 29.4 1.8 3 94.6 12.4 158.2 77.7 4.6 7.9 249.9
Rice 0 1.2 8.2 2.9 0.2 9.4 0.1 4.8 0.8 11.8 1 19.2
Cereals 80.6 249.7 187.8 9 17.6 525.9 186.9 596.7 424 26.6 42 1239.2

Table 3
Green, blue and grey water footprints under current and modified cropping patterns per climate zone.

Year Climate
zone

Base condition Cropping pattern modification by keeping the same
total national production in tonne

Cropping pattern modification by keeping the same
total national production in Kcal

Green WF
(×109 m3

y-1)

Blue WF
(×109 m3

y-1)

N-related
grey WF
(×109 m3

y-1)

P-related
grey WF
(×109 m3

y-1)

Green WF
(×109 m3

y-1)

Blue WF
(×109 m3

y-1)

N-related
grey WF
(×109 m3

y-1)

P-related
grey WF
(×109 m3

y-1)

Green WF
(×109 m3

y-1)

Blue WF
(×109 m3

y-1)

N-related
grey WF
(×109 m3

y-1)

P-related
grey WF
(×109 m3 y-
1)

2010 Hyper-arid 0.25 1.45 4.53 3.88 0.26 1.40 1.27 1.05 0.25 1.44 5.55 4.77
Arid 9.28 11.02 16.95 11.76 9.72 9.19 11.54 8.80 9.42 10.54 17.57 12.67
Semi-arid 10.68 6.52 5.85 5.58 10.64 6.46 7.75 7.73 10.85 5.49 5.78 5.46
Dry sub-
humid

0.83 0.57 0.80 0.64 0.98 0.23 −0.18 0.09 0.98 0.23 −0.18 0.09

Humid 0.98 1.12 1.72 1.21 0.90 1.42 2.04 1.41 0.84 1.59 2.19 1.53
Iran total 21.99 20.71 29.84 23.07 22.46 18.73 22.41 19.09 22.32 19.32 30.89 24.53
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into the ongoing policy debates on how to reduce growing water con-
sumption in agriculture, and to evolve to more water sustainable modes
of cereals production and consumption in water stressed regions.
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