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Executive Summary

Highlights

o lIran’s land suitability for agriculture (million ha): very good 0.6 (0.4%), good 3.6
(2.2%), medium 12.8 (7.9%), poor 18.5 (11.4%), very poor 10.2 (6.3%), unsuitable 97.4
(60%), and excluded areas 19.3 (11.9%).

o Current distribution of croplands among suitability classes (% of total croplands):
very good 2%, good 12%, medium 34%, poor 30%, very poor 5%, unsuitable 17%.

o 5.5 million ha of croplands (cultivated and uncultivated) were found in unsuitable
and very poor classes; cropping in such lands can result in low yields, or represents
an unsustainable practice.

o Informed redistribution of croplands could potentially improve crop yield and
sustainability of agriculture in Iran.

Besides the rapid population growth over the past few decades, water scarcity and soil
degradation have intensified the challenges faced by the Iranian agriculture sector to ensure
food security over the long term. Despite its paramount importance, the extent to which the land
and water resources of Iran can meet the nation’s future food demand is not well understood.
Herein, we systematically evaluated the capacity of Iran’s land for sustainable agriculture based
on the soil properties, topography, and climate conditions relevant to crop production.

Our objectives were to:
i) Quantify and map the suitability of Iran’s land resources for cropping

ii) Examine if further increase in production can be achieved through agriculture expansion
or the redistribution of cropping areas

When evaluated based on the soil and topographic variables only, Iran’s land suitability for crop
cultivation can be classified as (million ha): very good 0.7, good 5.1, medium 17.2, poor 24.8, very
poor 55.7, and unsuitable 39.7. Inland water bodies, protected areas, urbanized areas, natural
forests, and rangelands, collectively occupying 19.3 million ha of Iran’s land, are recognized in
this study as excluded areas. When climate variables (precipitation and potential
evapotranspiration) were included in the analysis, the distribution of lands among suitability
classes were (million ha): very good 0.6, good 3.6, medium 12.8, poor 18.5, very poor 10.2, and
unsuitable 97.4. The spatial distribution of these lands is shown in Figure ES-1. Among the
considered soil and terrain attributes, low soil organic carbon, steep slope, and high soil sodium
content were identified as the most frequent factors limiting the suitability of lands for cropping.
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Figure ES-1. Map of
Iran’s land suitability for
cropping evaluated
based on soil properties,
topography, and climate
variables.
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Our analysis also revealed that 30%, 5%, and 17% of the current agricultural lands (cultivated
and uncultivated) are located in poor, very poor, and unsuitable areas, respectively. Cultivation
in very poor or unsuitable lands can be partially avoided as there exist unused lands with at least
a medium level of suitability for substitution that can improve the overall sustainability of the
agriculture sector in Iran. Our estimation of the proportion of unused lands within each
suitability classes shows that almost all available lands with high suitability have been exploited
for agriculture, but there exist about 4.2 million ha of medium quality lands, mostly located in
western Iran, for future expansion. However, only a small portion of these unused lands can be
practically deployed for agriculture because of their low spatial connectivity and limited
accessibility. We estimated that cultivating rainfed wheat in 1 million ha of these unused lands
could potentially result in the production of 0.8 million ton of wheat per year - adding up to 5%
to Iran’s current cereal production level.

Whilst the insufficiency of water resources has long been realized as a major impediment to
developing a productive agriculture in Iran, our study highlights the additional limitations
caused by the paucity of suitable land resources. Our analysis does not consider groundwater
availability for agriculture and precipitation is the only component of surface water availability
considered in this study.
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Evaluation of Land and Precipitation for Agriculture in Iran

Introduction

Agriculture constitutes one of the major pillars of Iran’s economy by contributing approximately
9% to the gross domestic product (GDP) and providing 18% of the total employment [1]. It
supplies about 90% of the domestic food demands and accounts for 92% of the freshwater
consumption in the country [1]. Figure 1 shows the changes in Iran’s harvested land area,
average crop yield [2][3][4], population, and net international trade over the past 25 years [5].
While the total cultivated cropland area has been fluctuating around 12 million ha over the past
25 years, the average crop yield has increased from 2.8 to 6.4 ton/ha — giving rise to an increase
in the annual crop production from 29 to 74 million ton between 1990 and 2015. Nevertheless,
the yield and production tonnage of the cereals — which account for 80% of the harvested
croplands — have virtually stayed flat and the rise in the average crop yield and total production
is solely due to the increase in the production of vegetables (sabzijat and jalizi) and fodder. This
marked shift in cropping pattern has significantly exacerbated Iran’s water problems as majority
of these crops are highly water demanding. In addition to the field crops, horticulture and
orchards encompass 2.6 million ha of Iran’s land with an average yield of 6.4 ton/ha, supplying
about 16 million ton of orchard products per year.

The increase in agricultural productions over the past quarter century has not been able to keep
pace with the increasing demands caused by rapid population growth, resulting in a downward
trend in the net international trade of the country in this sector (Figure 1). In rough terms, the
net value of agricultural import (i.e. ~ $5B) is equal to 14% of Iran’s current oil export gross
revenue [6].
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Figure 1. Time variation of Iran’s cultivated area and yield (left), and the population and net value of
international trade of the agricultural products (right).
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Iran is located in a dry climatic zone and is currently experiencing unprecedented water
problems which adversely, and in some cases irreversibly, affect parts of the country, ecosystem,
economy, and lives of many people [7][8]. The mean annual precipitation is below 250 mm in
about 70% of the country, and only 3% of Iran’s land area (i.e. 4.7 million ha) receives above 500
mm/y precipitation (Figure 2). The precipitation pattern in Iran is heavily affected by the Alborz
and Zagros mountain ranges: the Zagros mountains prevent the Mediterranean moisture
bearing systems from reaching the center, and the Alborz mountains capture the moisture
originated from the Caspian Sea.

The geographical distribution of Iran’s croplands (Figure A1, Appendix A), to a large extent, is
correlated with the spatial distribution of rainfall. An overwhelming majority of Iran’s cropping
activities take place in the west, northwest, and northern parts of the country where annual
precipitation exceeds 250 mm (Figure 2). However, irrigated cropping is practiced in regions with
precipitations as low as 200 mm/y, or even below 100 mm/y.
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Figure 2. Distribution of mean annual precipitation in Iran. Geospatial data obtained from [9].

In spite of some efforts to modernize the sector, agriculture in Iran is associated with poor
performance and unsustainability. The excessive use of surface water along with depletion of
groundwater resources and soil degradation have raised formidable concerns about the future
of food provision for Iran’s growing population. As such, it is of vital importance for Iran to
properly use its agricultural lands, improve water use efficiency and productivity, optimize crop
pattern distribution, and adopt modern cultivation techniques.

Here, we quantitatively evaluate the suitability of Iran’s lands for crop production taking into
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account soil attributes, topography, and climate conditions. The analysis was carried out using
a large number of geospatial datasets at resolutions of 850 m (for soil properties and climate)
and 28 m (for topography). The presented results can help identify suitable but uncultivated
lands as well as existing cropping areas that can be inefficient or unsustainable because they
occur on low quality lands. Our results will be also useful for estimating Iran’s future food
production capacity and hence have profound implications for Iran’s food security and
international agricultural trade.

Results and Discussion

We classified Iran’s land into six suitability categories based on the soil, topography, and climate
variables (precipitation and evapotranspiration) known to be important for practicing a
profitable and sustainable agriculture; these suitability classes were unsuitable, very poor, poor,
medium, good, and very good (see Methods for details). This classification provides a relative
measure for comparing potential crop yields across different lands.

Four major land uses that were excluded from the suitability analysis comprised 19.3 (12%)
million ha of Iran’s land (Table 1), leaving 142.8 million ha available for agricultural capability
evaluation (Table 2). When land suitability was evaluated solely based on the soil and
topographic constraints (i.e. excluding climate variables), 120 million ha (74%) of land were
estimated to have a poor or lower suitability (Table 2). Under this scenario, lands with a medium
suitability cover 17.2 million ha (11%) whilst high quality lands (good and very good classes) do
not exceed 5.8 million ha (4%) (Table 2).

Table 1. Excluded lands from the suitability analysis.

Land Cover Area (million ha) % of country area
Inland water 1.1 0.7
Protected areas 11.4 7.1
Urbanized areas 0.5 0.3
Natural Forest and Rangelands 7.6 4.7
Total 19.3* 11.9

* Note that because of the geographical overlap between some land cover types total excluded area is slightly
smaller than the mathematical summation of the individual excluded area components.

Table 2. Suitability distribution of Iran’s lands based on three suitability analysis criteria (million ha).

o Soil + Topography Soil + Topog-raphy Soil + Topography +

Suitability Class + Rainfed Climate Climate
(Figure 3) (Figure 7) (Figure 8)

Excluded Areas 19.3 19.3 19.3

Unsuitable 39.7 112.9 97.4

Very Poor 55.7 3.6 10.2

Poor 24.8 8.8 18.5

Medium 17.2 12.4 12.8

Good 5.1 4.8 3.6

Very Good 0.7 0.7 0.6
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The spatial distribution of suitability classes shows that the vast majority of lands in the center,
east and, southeast of Iran have a low potential for agriculture irrespective of water availability
and other climate variables (Figure 3). As shown in Figure 4, the potential agricultural
productivity in these regions is mainly constrained by the low amount of organic carbon (OC)
and high levels of sodium contents (ESP). In general, Iran’s soil is poor in organic matters with
67% of the land area estimated to have less than 1% OC. Saline soils, defined by FAO [10] as soils
with EC>4 dS/m and pH <8.2, are common in 41 million ha (25%) of Iran. Although many plants
are adversely affected by the saline soils (EC > 4 dS/m), there are tolerant crops such as barley
and sugar beet that can grow almost satisfactorily in soils with ECs as high as 20 dS/m [11], which
was used as the upper limit of EC in this analysis. Although sodic soils (ESP > 15 and pH > 8.2 as
per FAQ’s definition [10]) are less abundant in Iran (~ 0.5 million ha), soils that only have high
ESP (i.e. regardless of pH) covers ~30 million ha (18% of lands). We used 45% ESP as the upper
limit for cropping since tolerant crops such as sugar beet and olive can produce acceptable yield
at such high ESP levels [11]. As shown in Figure 4, EC is not listed among the limiting factors,
while we know soil salinity is a major issue for agriculture in Iran. This discrepancy can be
explained by prevalence of soils with ESP > 45 as compared to those with EC>20 dS/m resulting
in saline soils being masked by potentially sodic soils. That is, the total area of soils with EC > 20
dS/m was estimated to be about 6.4 million ha (4% of lands), while soils exceeding the ESP
threshold of 45 constituted ~12 million ha (7%) i.e. almost double the size of saline soils.
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Good J
Excluded Area Very Good
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Figure 3. Iran’s land suitability for agriculture based on soil and topographic variables. See Methods for
the definitions of suitability classes.
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Iran’s high quality lands for cropping (good and very good classes) are confined to a narrow strip
along the Caspian Sea (Golestan, Mazandaran and Gilan provinces) and few other provinces in
the west and northwest (e.g. West Azerbaijan, Kurdistan, and Kermanshah) (Figure 3). In the
latter provinces, the main land limitations are high altitude and steep slopes (Figure 4) as these
regions intersect with the two major mountain ranges in the north (Alborz) and west (Zagros).

fic Soil and Terrain Limiting Factors for Agriculture

oC
Slope
ESP
pH
X AWC
Elevation Elevation
ESP Stony
AWC Gypsum
pH
0 10 20 30 40 50 60
ocC
Area (million ha)
Gypsum
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Excluded Area
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Suitability > 0.4 Iranian-studies.stanford.edu/iran2040

Figure 4. Geographical distribution of the limiting soil and topographic factors for lands classified as
unsuitable, very poor, and poor as shown in Figure 3. Suitability > 0.4 refers to as medium, good, and very
good lands. See Nomenclature for the definitions of limiting factors shown in the legend.

Thus far, the land suitability analysis was based on soil and terrain conditions only, reflecting
the potential agricultural productivity of Iran’s without consideration of the additional
limitations imposed by the water availability and climatic variables. However, Iran is located in
one of the driest areas of the world where water scarcity is a main constraint for agricultural
production. Based on aridity index [12], we classify 98% of Iran as hyper arid, arid, or semi arid
(Figure B1, Appendix B). August and January are the driest and wettest months in Iran,
respectively, as shown in Figure 5. Over half of the country experiences hyper arid climate
conditions for five successive months starting from June (Figure 5). This temporal pattern of
aridity index has dire consequences for summer grown crops as the amount of available water
and/or the rate of water uptake by the crop may not meet the atmospheric evaporative demand
during these months, giving rise to very low yields or total crop failure. There is high degree of
overlap between regions that experience wetter conditions for most of the year (Figure 5) and
those identified as suitable for agriculture based on their soil and terrain conditions (Figure 3).
This suggests that some of the land features relevant to cropping might be correlated with the
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climate parameters. It must be noted that the high ratio of precipitation (P) to potential
evapotranspiration (PET) in humid regions could also result from low temperature rather than
high precipitation.

To incorporate climate variables into our land suitability analysis we used monthly precipitation
and PET as measures of both general availability and temporal variability of water. We derived,
from monthly precipitation and PET data, the length of the growing period across Iran (Figure
6). Growing period was defined as the number of consecutive months wherein precipitation
exceeds half the PET [13]. As shown in Figure 6, areas where moisture conditions allow a
prolonged growing period are predominately situated in the northern, northwestern, and
western Iran with Gilan province exhibiting the longest growing period of 9 months. For over 50%
of the lands in Iran, the length of moist growing period is too short (< 2 months [11]) to support
any cropping unless additional water is provided through irrigation (Figure 6). However, these
areas, located in the central, eastern, and southeastern Iran, suffer from the shortage of surface
and ground water resources to support irrigated farming in a sustainable manner. Taking into
account daily climate data and all types of locally available water resources can improve the
accuracy of the length of growing period estimation.

Maps of Monthly Aridity in Iran @ stanford Iran 2040 Project

Iranian-studies.stanford.edu/iran2040

I Hyper Arid Arid Semi Arid Dry Sub-Humid Humid

Figure 5. Temporal and geographical distributions of aridity classes in Iran
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By incorporating annual precipitation and length of the growing season into our land evaluation
analysis, we were able to account for both the total amount and the temporal distribution of
precipitation. The productivity of rainfed farming is also affected by the selection of planting
date [14], which often depends on the timing of the first effective rainfall events. This factor (i.e.
planting date) has been indirectly considered in the analysis when calculating the length of the
growing period. For this joint soil-terrain-climate analysis, all regions with a growing season of
two months or shorter were assigned a suitability value of zero and thus classified as unsuitable
for agriculture. We then evaluated the capacity of land for rainfed farming by using a
precipitation cut-off of 250 mm/y, which is often regarded as the minimum threshold for the
rainfed farming (see Figure C1, Appendix C).

Length of Growing Period (months)
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Figure 6. Spatial distribution of the length of the growing period (months) in Iran.

As shown in Table 2, the inclusion of the length of growing period and precipitation into the
analysis only slightly reduced the total area of high quality lands (good and very good classes)
from 5.8 to 5.4 million ha. This implies that most lands with suitable soil and terrain conditions
also receive sufficient amount of moisture to sustain a productive rainfed agriculture. On the
contrary, the area of unsuitable lands increased from 39.7 to 112.9 million ha when precipitation
and duration of growing season thresholds were superimposed on the soil and topographic
constraints. Thisincrease in unsuitable acreage was mainly driven by the demotion of lands from
the very poor class to the unsuitable class (Table 2). The addition of moisture constraints also
reduced the area of medium suitability lands by 4.8 million ha. In summary, for the rainfed
farming scenario, 125 million ha (77%) of Iran’s land might be classified as poor or lower ranks
whilst only 18 million ha (11%) meet the required conditions for the medium or higher suitability
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classes (Table 2).

The geographical distribution of these land classes is mapped in Figure 7. Almost the entire
central Iran (Yazd, Semnan, Markazi, and Esfahan), and the vast majority of land area in the
eastern (South Khorasn and the southern part of Khorasan Razavi), southeastern (Sistan and
Baluchistan, and Kerman) and southern (Hormozgan and Bushehr) provinces were found to be
unsuitable for rainfed cultivation. Almost half the area of Khuzestan and three quarters of Fars
provinces were also characterized unsuitable. Over the entire east, only in the northern part of
Khorasan Razavi, is there a belt of marginally suitable lands satisfying the requirements of a
potentially prosperous rainfed agriculture.

Land Suitability for Rainfed Agriculture
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Figure 7. Iran’s land suitability with potential for rained agriculture based on soil properties, terrain, and
precipitation threshold of 250 mm/y.

In the next step of the analysis, the suitability of land was scaled with the annual precipitations
over the range of 100 mm/y (minimum level) to 500 mm/y (optimal level). The lower limit (i.e.
100 mm/y) is deemed to exclude the desert areas for agricultural use [15] whilst the upper limit
(i.e. 500 mm/y) represents a benign moisture environment for the growth of many crops [11][16]
(see Figure C1, Appendix C). Here, we made no assumption as to whether the cropping practices
rely on rainfall or irrigation for satisfying crop water requirement. The same minimum length of
growing period (= 2 months) and soil/topographic constraints as with the previous methods
were used in this analysis.

Compared to the rainfed agriculture analysis, the precipitation scaling method mainly changed
the distribution of lands within the lower suitability classes (Table 1). For example, a great
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proportion of lands within the unsuitable class was shifted up to the very poor and poor classes.
The majority of high quality lands (i.e. good and very good), which also retain sufficient levels of
moisture (i.e. good and very good classes) are located in the western and northern provinces of
Iran (Figure 8). Kermanshah accommodates the largest area (763,000 ha) of such lands followed
by Kurdistan (644,000 ha). High quality lands were estimated to cover 33% and 21% of these two
provinces, respectively. Other provinces with high percentages of high quality lands were Gilan
(24%), Mazandaran (16%), West Azerbaijan (14%), and Lorestan (14%). For 17 provinces,
however, high quality lands covered less than 1% of their total area.

Soil, Terrain, and Precipitation Suitability
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Figure 8. Iran’s agricultural land suitability based on soil properties, terrain, and climate conditions.
Contrary to rainfed agriculture analysis (Figure 7), in this analysis the suitability of land increases with
annual precipitation over the range of 100 to 500 mm/y.

To estimate the total area of croplands within each suitability class, we visually inspected 1.2
million ha of Iran’s land by randomly sampling images from Google Earth. We found that the
proportion of land used for cropping increased almost linearly with the suitability values
obtained from the precipitation scaling method (Figure 9). Total cropping area (harvested,
fallow, and abandoned) in Iran was estimated to be about 24.6 million ha, which is far greater
than the reported value (i.e. 14.5 million ha) by Iran’s Ministry of Agriculture [3][4]. This authority
reports the harvested area; hence, the fallow or abandoned lands (i.e. those that might have
once been cultivated) are not included in their calculation of active agricultural area. Our visual
method, however, captures all lands that are currently under cultivation or had been used for
croppinginthe near past that are now in fallow or set-aside (but have yet retained the cultivation
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landmarks such as furrows).

The relative distribution of croplands amongst the suitability classes (Figure 9) shows that about
52% (13 million ha) of the farmed areas are located in lands with their suitability classified as
poor or lower ranks based on precipitation scaling method. Particularly concerning are the 4.2
million ha of lands (i.e. 17% of total agricultural area) that fall within the unsuitable class.
Approximately 3.4 million ha (i.e. 14%) of cropping areas occur in good and very good lands
(Figure 9), however, no agricultural expansion can be practiced in these areas as all available
lands in these suitability classes have already been fully exploited. Medium quality lands
comprise 12.8 million ha of Iran’s land surface area (Table 2), of which about 8.6 million hectares
have been allocated to agriculture (i.e. 34% of total agricultural area). However, due to their
sparse spatial distribution and lack of proper access, only a small portion of the unused lands
with medium suitability (i.e. 4.2 million ha) can be practically deployed for agriculture.

Using FAQ’s spatial data on rainfed wheat yield in Iran [17], the mean yield for the six suitability
classes were estimated (Table 3). As shown, the yield of the rainfed wheat increases
proportionally with improving suitability index. Using the yield-suitability relationship, we
estimate that 0.8 million ton of wheat grain might be produced per year by allocating 1 million
ha of the unused lands from the medium suitability to rainfed wheat cropping.

Redistribution of croplands from the low quality lands to more suitable ones has potentials to
improve crop yields in Iran and thus represents a viable strategy to increase agricultural
production without a need for cropping land expansion. Inefficient agricultural practices in
unsuitable lands need to be avoided as they produce little yields at the cost of exacerbating land
degradation and water scarcity problem. As was shown above, a small acreage of 1.0 million ha
from the medium suitability areas may worth 5.5 million ha of lands in unsuitable or very poor
areas in terms of the capacity for rainfed wheat production. Although this conclusion may not
hold for other crops grown in Iran, the wheat crop could be a good candidate to make such a
generalization as it is the most widely cultivated crop in the country (50% of total harvest
area [3]) and is considered as a very low demanding plant, which has adapted to a broad range
of contrasting environments.

Redistribution of croplands, however, will not be a trivial task for both the Iranian decision
makers and stakeholders due to different regional, societal, demographic, logistic, institutional,
economic, and policy barriers. Lands found suitable for agriculture may not be easily accessible
if scattered sparsely or occur in remote areas. Practicing certain industrial agriculture methods
in the unsuitable lands might be a viable strategy to sustainably maintain these lands in the
agricultural sector while avoiding the potential economic, social, and political costs associated
with redistribution of agricultural lands and farming populations. For example, greenhouse
facilities can be established at some of these locations to cope with both land suitability and
water availability constraints. Climate in most areas identified as unsuitable can be
characterized by sunny and warm days that are conducive to the development of a fruitful
greenhouse farming. For example, there are areas in Sistan and Baluchestan, one of the driest
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regions in the southeast, multiple cropping can be practiced under greenhouse conditions
because of a prolonged growing period of over 10 months. While water insufficiency is a major
limiting factor for both field and greenhouse farming in this region, the latter will be affected to
a lesser extent.

Table 3. Rainfed wheat yield for different land suitability classes estimated based on georeferenced
data from FAO [17].

Suitability Rainfed wheat yield (ton/ha)
Unsuitable 0.09
Very Poor 0.34
Poor 0.47
Medium 0.84
Good 1.17
Very Good 1.43
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Figure 9. Distribution of Iran’s agricultural lands (cultivated or uncultivated) among different suitability
classes corresponding to Figure 8. The left figure shows the percentage of the land within each of the
suitability classes that have been used for cropping. The donut chart (right) shows the proportion of Iran’s
total agricultural area that falls within each suitability class.
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Concluding Remarks

We examined the capacity of Iran’s land for agriculture based on a large number of soil attributes
and terrain and climate conditions at a very high resolution. We found that:

1- On top of the well-known water limitations, land resources also pose significant barriers
to the sustainable development of agriculture in Iran.

2- Asizeable acreage of farmlands occurs in unsuitable and very poor suitability ranks. The
production from these lands not only is low, but also can cause environmental damage
and hence subject to further decline in the future.

3- Land expansion is unlikely to add significantly to Iran’s food production capacity.
However, redistribution of lands from lower suitability ranks to more suitable lands can
somewhat improve the overall sustainability of Iran’s agriculture.

4- Increased food production capacity can be achieved through adoption of certain modern
agricultural practices (e.g. greenhouse farming) in areas where land suitability is not
necessarily high.

This study used precipitation as the only water availability factor. Including surface and ground
water availability can further improve the analysis results. Given the good correlation between
water availability and land suitability for agriculture, the general findings of this study are not
expected to change significantly by the inclusion of water availability conditions. Nevertheless,
due to the current water shortage constraints across the country, the potential agricultural
capacity of the country is likely to decrease when water availability is added to the analysis. The
next study will more closely look into the distribution of crops patterns and discuss the future of
Iran’s agriculture in the contexts of freshwater consumption and the monetary value of
products.
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Methods

We evaluated the potential suitability and limitations of Iran’s land for crop production using a
parametric method. According to FAO [18], crop production is defined as the “actual harvested
production from the field or orchard and gardens”. We therefore used “crop” in a broader sense
than that of the Iranian Ministry of Agriculture (Vezarat-e-Keshavarzi) by excluding any
specifications regarding the plant’s taxonomy, life cycle, type of use and commodity. For
example, Iran’s Ministry of Agriculture distinguishes field crops [3] (e.g. wheat and rice) from the
horticultural crops [4] (e.g. orchards and vegetables) and provides separate reports for each of
these two categories. Our analysis made no such a distinction. Throughout this report we used
cropping and agriculture interchangeably, although agriculture has a broader definition and also
includes the practice of animal production such as fishery and livestock.

Data

Georeferenced data related to soil properties (~850 m resolution), topography (~28 m
resolution), climate (~850 m resolution), and land cover (~300 m resolution) were collated from
various sources as listed in Table 4. Provincial data on agricultural crop production, area and
yield were extracted from the latest reports provided by Iran’s Ministry of Agriculture [2][3][4].

Inland water bodies, protected areas, urbanized areas, and natural forests and pastures are
excluded from the analysis. We used 15 major soil properties that characterize the fertility (e.g.
cation exchange capacity, CEC), toxicity (e.g. CaCOs), salinity (e.g. electrical conductivity, EC),
sodicity (e.g. exchangeable sodium percentage, ESP), workability and rooting conditions (e.g.
soil texture), and the water holding capacity of the soil (available water content, AWC). These
soil parameters are known for their large effects on plant growth and have been used in previous
land evaluation studies [19][20].

Terrain was characterized by the slope and elevation. Steep terrains are not suitable for cropping
as they can limit the functionality of machinery and pose high risks for soil erosion. For each grid
cell, we estimated the maximum slope from a digital elevation model (DEM, see Table 4) using
QGIS (version 2.14.3 Essen). We used altitude merely as a surrogate for mountainous areas
(rather than a limiting factor per se) and assumed that areas with elevation greater than 2,750 m
above mean sea level are unsuitable for agriculture.

Aridity index, Al, (annual and monthly) was estimated from precipitation and potential
evapotranspiration (PET) data using [12]:

Precipitation
Al = —— |
PET

which was then classified into five categories according to UNESCO [12]: hyper arid Al < 0.03,
arid 0.03 <Al < 0.2, semi arid 0.2 <Al < 0.5, sub-humid 0.5 <Al < 0.65, and humid A/ > 0.65. Both
precipitation and PET data are based on long-term (1960-1990) mean annual data (Table 4).
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Table 4. List of GIS data used for the suitability analysis of Iran’s land for crop production.

Data Source

Land cover

Excluded areas
Inland water bodies
Forests and natural pastures
Protected areas
Urban areas
Cultivated areas

Soil properties

pH (H20)

Cation Exchange Capacity, CEC (cmol./kg)
Organic carbon, OC (%)

Coarse fragments (%)

Texture

Calcium carbonate, CaCO3 (%)

Gypsum (%)

Base saturation, BS (%)

Electrical conductivity, EC (dS/m)
Exchangeable Sodium Percentage, ESP (%)
Available Water Content, AWC (mm/m)

Topography

Elevation (m)
Slope (%)

Climate

Mean annual precipitation (mm)
Potential evpotranspiration, PET (mm)

GlobCover 2009 [21]
GlobCover 2009 [21]
The World Database on Protected Areas (WDPA) [22]
GlobCover 2009 [21]
GlobCover 2009 [21]

SoilGrids [23]
SoilGrids [23]
SoilGrids [23]
SoilGrids [23]
Derived from SoilGrids
The Global Soil Dataset for Earth System Modeling [24]
The Global Soil Dataset for Earth System Modeling [24]
The Global Soil Dataset for Earth System Modeling [24]
The Global Soil Dataset for Earth System Modeling [24]
The Global Soil Dataset for Earth System Modeling [24]
The Global Soil Dataset for Earth System Modeling [24]

NASA LP DAAC [25]
Derived from the elevation data (DEM)

WorldClim version 1. [9]
CGIAR-CSI Global-Aridity and Global-PET Database [26]

Aridity (mm) Derived from precipitation and PET data

Suitability Analysis

We first evaluated land suitability based on the soil and topographic variables only, which
reflects the potential capacity of land resources for cropping. The limitation imposed by climate
was then incorporated into land suitability analysis by using both annual and monthly
precipitation and PET data. From the monthly precipitation and PET data, we determined the
length of the growing period, LGP, as the number of consecutive months wherein precipitation
exceeds half the PET [13]. The use of LGP enabled us to account for both the total amount of
precipitation as well as its distribution over time, which might be equally important for a
productive farming. We assumed an LGP <2 months to be too short to let a crop to complete its
life cycle. Thus, the analysis assigned a suitability index of zero to all regions with such short
LGPs. There are only very few crops, such as radish, that can mature within a growing period of
2 months [11]. To evaluate the suitability of land for rainfed farming we used a mean annual
precipitation cut-off of 250 mm/y, which is often considered as the minimum precipitation
required for practicing a satisfactory rainfed cropping (see Figure C1, Appendix C). All regions
with precipitation lower than 250 mm/y were therefore characterized as unsuitable for rainfed
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farming whilst the suitability of the remaining lands (i.e. those with precipitation greater than
250 mm/y) was evaluated based on their soil and topographic properties. In addition to the
rainfed cut-off method, we also used a more general modelling approach wherein the suitability
of land was assumed to increase progressively with the mean annual precipitation following a
stepwise function as in Figure 10. We used 100 mm/y as the lower limit of precipitation for
cropping as this threshold is deemed to delineate the desert areas in Iran [15]. For most crops
evaluated by FAO [11][16], a minimum of 500 mm/y is required to achieve reasonable economic
yields. We therefore used this value as the upper threshold in our stepwise function (Figure 10).
The same LGP threshold (= 2 months) and soil/topographic constraints were used in this
analysis.

Three types of mathematical functions were used to transform each individual soil, topographic
and precipitation variable (Table 5) to a suitability value that varied from 0 (unsuitable) to 1
(optimum or highly suitable) (Figure 10). Mathematical expression of these functions can be
found in Appendix C while the threshold values for the soil, topographic and precipitation
variables are shown in Table 5. The suitability of each of the 12 soil textures as related to nutrient
availability, workability and rooting conditions were obtained from FAO [27] (Table C1 in
Appendix C). Soil textures of Iran’s land were derived from the soil sand, silt and clay
contents [23] according to the USDA soil classification system [28].

Once the suitability of a grid cell with respect to individual soil, topographic and precipitation
variables, S(V;), was calculated, the overall suitability of the cell was estimated based on the
Liebig’s law of the minimum. That is, the growth is controlled by the scarcest resource or most
limiting factor [29]:

SI; = min (S(V)))

where ST; is the suitability value for grid cell i over all variables, V;, with j = {1, ..., n} and n being
the total number of variables used in the analysis. The variable with the lowest suitability value
was identified as the most limiting factor for cropping (Figure 4). Although S/ provides a relative
measure for comparing the suitability of different lands for cropping, the productivity and
sustainability of agriculture are expected to decline with decreasing SI. The suitability index (S/)
was then classified into six categories as shown in Table 6.
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Fig. 10. Three response shapes used for relating soil and topographic properties to suitability index: (a)
Z (Eqg. 1, Appendix C), (b) mirrored-Z shape (Eq. 2, Appendix C) and (c) dent shape (Eq. 3, Appendix C).

We verified the adequacy of our land evaluation approach by investigating the relation between
the suitability index and estimated crop yields. We obtained georeferenced data on rainfed
wheat yield in Iran from FAO [17] and calculated the mean crop yields for each of the six
suitability classes. As shown in Table 3, the yield increases proportionally with improving land
suitability, implying that our suitability values translate to the crop performance very well. Our
visual estimation of agricultural areas (see below) shows that there are unused lands in the
medium suitability class. We therefore used the relationship between land suitability and crop
yield to estimate the potential gain in wheat production if a specific portion of these lands are
used for rainfed wheat cropping.

As there is no reliable georeferenced data on agricultural areas in Iran (see Figure A2, Appendix
A), the distribution of croplands among the suability classes was determined by randomly
inspecting 1.2 million ha of land images from the Google Earth. We have visually estimated the
proportion of each image occupied by agricultural areas and summed them up to estimate the
portion and the total area of croplands and horticulture within each suitability class.

Our suitability assessment is based on a general set of requirements known to affect the
productivity of a large number of crops, but there are also limited example of crops with
exceptional adaptive traits that can grow under less favourable conditions. Although we used
the most updated geospatial data at the finest available resolution, the result of our suitability
analysis should be interpreted in commensuration with the reliability and quality of the original
data. For example, whereas the GlobCover database [21] reliably maps the distribution of forests
and rangelands in Iran, our visual inspection of satellite images (see Figure A2, Appendix A)
showed that sometimes their utilized method lacks the required precision to distinguish
cultivated from uncultivated croplands. Inclusion of other water resources (e.g. surface and
groundwater) can further improve the adequacy of the land evaluation model. Although soil
erosion was not directly incorporated into our analysis, the use of slope at the very high
resolution (~28 m) implicitly accounts for this effect. Interaction between variables and the
quality of subsoil are among other factors that can be considered in the future studies.
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Table 5. Shape of response function and threshold values used for measuring the suitability of soil and

land variables.

Soil or land variable Response shape Viin Vo Von  Vinax
pH (H20) Dent shape (Eq. 3) 4.5 6.5 7.1 8.5
Cation Exchange Capacity, CEC (cmol./kg) Mirrored-Z shape (Eq. 2) 4 16 - -
Organic carbon, OC (%) Mirrored-Z shape (Eq. 2) 0.2 1.8 - -
Coarse fragments (%) Z shape (Eq. 1) - - 10 55
Calcium carbonate, CaCOs (%) Z shape (Eq. 1) - - 5 50
Gypsum (%) Z shape (Eq. 1) - - 2 25
Base saturation, BS (%) Mirrored-Z shape (Eq. 2) 20 50 - -
Electrical conductivity, EC (dS/m) Z shape (Eq. 1) - - 2 20
Exchangeable Sodium Percentage, ESP (%) Z shape (Eq. 1) - - 4 45
Available Water Content, AWC (mm/m) Mirrored-Z shape (Eq. 2) 35 100 - -
Slope (%) Z shape (Eq. 1) - - 5 30
Precipitation (mm) Mirrored-Z shape (Eq. 2) 100 500

The threshold parameters were derived from [10][11][16][27].

Table 6. Conversion of suitability values to suitability classes.

Suitability index (SI) Suitability class (SC)
SI=0 Unsuitable
0<SI<0.2 Very Poor
0.2<SI<0.4 Poor
0.4<SI=<0.6 Medium
0.6<S1=<0.8 Good
S1>0.8 Very Good
Nomenclature
AWC Available water content
BS Base saturation
CEC Cation exchange capacity
DEM Digital elevation model
EC Electrical conductivity
ESP Exchangeable sodium percentage
FAO Food and Agriculture Organization of the United Nations
ha Hectare
mm/y Millimeter per year
oC Organic carbon
P Precipitation
PET Potential evapotranspiration
ton Metric ton (1000 kg)
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Appendix A: Distribution of Croplands Across Iran

1.Alborz 17 .Kurdistan

2.Ardebil 18.Lorestan

3.Bushehr 19.Markazi

4.Chaharmahal Bakhtiari 20.Mazandaran

5.East Azerbaijan 21.North Khorasan

6.Esfahan 22.Qazvin

7.Fars 23.Qom

8.Gilan 24.RazaviKhorasan

9.Golestan 25.Semnan
10.Hamadan 26.Sistan Baluchestan
11.Hormozgan 27.South Khorasan
12.llam 28.Tehran
13.Kerman 29.West Azerbaijan
14.Kermanshah 30.Yazd
15.Khuzestan 31.Zanjan

16.Kohgiluyeh Boyer Ahmad

Stanford Iran 2040 Project

Iranian-studies.stanford.edu/iran2040

Figure A2. Example of missing agricultural areas in GlobCover [21] land-use databases.
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Appendix B: Mean Annual Aridity Index of Iran

Mean Annual Aridity Index of Iran
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Figure B1. The long-term (1960-1990) mean annual aridity index of Iran based on data from [26] and
classified according to [12].
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Appendix C: Methods

A Z-shaped response function was used for variables that are positively correlated with crop
growth (Figure 10a) such as OC, CEC, and BS (Table 5). The mathematical expression for this type
of relationship can be formulated as follows:

0 if V<Vyun
V—=Vmin .
SWV) = Voi—Vim Uf Vinin <V <V (Eq. 1)
1 ifvV="Vy,

where S(V) is the suitability index as a function of the individual variable V; the parameter V,,,;,,
indicates the minimum value of VV required for crop growth; and V/,, is the lowest optimum value
of IV at or beyond which the highest suitability can be obtained. As an example, a V,,;;, = 0.20 was
used for OC as the soil with OC value of lower than 0.20% is not suitable for agriculture. The
suitability of soil increases with increasing OC (this is assumed to be linear here) and for most
crops an OC content of 1.8% provides the optimal conditions for growth, i.e. V,; = 1.8%.

Where a variable was inversely correlated with growth suitability, e.g. slope and calcium
carbonate content (Table 5), we used a “mirrored-Z” shape response shape (Figure 10b) to
quantify its suitability index:

1 if V<V,
Vmax—V 2
NS T if Von <V < Vinax (Eq. 2)
0 if V= Vinax

where V., is the maximum value of variable VV beyond which no cropping is possible, and V,,
is the highest optimum value of V for cropping. For example, 0 to 5% slope represents a range in
which cropping can be done with no limitation with regard to the steepness; as such, the upper
bound of optimal slope (V,;,) was assumed to be 5%.

For some variables, e.g. pH (Table 2), there is an optimal range below or beyond which the
suitability of the variable decrease by moving toward either of the extreme (Figure 10c). This type
of relationship gives rise to a “dent-shape” response and can be formulated as follows:

V—=Vmin .
m lf Vinin <V <Vy
1 ifVy, <V <V,
sm=1 b U T (Eq. 3)
Vinax=Voh lf oh max
0 else
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Table C1. Suitability index of soil textures for cropping as related to nutrient availability, rooting
conditions, and workability according to FAO’s recommendation [27].

Texture Nutrient availability Rooting conditions Workability
Clay (heavy) 1.00 0.91 0.82
Silty clay 1.00 1.00 1.00
Silty clay loam 1.00 1.00 1.00
Clay loam 1.00 1.00 1.00
Silt 1.00 1.00 1.00
Silt loam 1.00 1.00 1.00
Sandy clay 1.00 1.00 1.00
Loam 1.00 1.00 1.00
Sandy clay loam 1.00 0.99 1.00
Sandy loam 0.90 0.99 1.00
Loamy sand 0.69 0.99 1.00
Sand 0.35 0.98 1.00
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Crop Minimum Water Requirement

Sugarcane
Rice

Sugar beet
Orange
Cotton
Soybean
Cucumber
Apple
Tomato
Rye

Corn
Rapeseed
Watermelon
Alfalfa
Wheat
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Potato
Common bean
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Figure C1. Minimum and optimum water requirements of selected crops and orchards [16][30].
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