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Sustainability of wheat production in Southwest
Iran: A fuzzy-GIS based evaluation by ANFIS

Ehsan Houshyar'*, Pete Smith?, Mahmood Mahmoodi-Eshkaftaki' and Hossein Azadi?

Abstract: The sustainability of agricultural production is one of the most important
issues in today’s farming. A combination of analytical hierarchy process and fuzzy
modeling was used with the combination of geographical information system (GIS)
to develop a reference base that evaluates sustainability of winter wheat within

the Fars province, Iran. Bio-physical (soil and climatic, agronomic, and machinery),
and socio-economic factors (benefit-cost ratio, farmers’ knowledge and experience)
were taken into consideration in the assessments. Results showed that amongst
bio-physical, soil salinity and annual precipitation were the main obstacles of the
sustainable production. The total land suitability scores represent “medium” to “very
high” levels of sustainability. The highest sustainability score was obtained from

the socio-economic category, followed by machinery and agronomic categories.
Over-fertilization and high water consumption were found as the main reasons of
low agronomic sustainability. Almost all the sustainability scores were higher in the
central region of the study area while the overall sustainability was “medium” in
more than half of the area. The extension trainings, prevention laws and govern-
ment provided credit to buy necessary farm machines are recommended to reduce
fertilizer, pesticide and water consumption. The results also showed that larger
farm sizes, coupled with suitable farm machinery, particularly on smaller farms are
expected to enhance machinery sustainability scores. The study also concluded that
ANFIS is as a capable tool to predict sustainability indices obtained from GIS. The
developed ANFIS models could estimate sustainability indices with minimum errors
to be amended by GIS.
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1. Introduction

Sustainability in agriculture is critical since it guarantees continued food production for the growing
population (Cahya, 2016; Pretty, Toulmin, & Williams, 2011). However, it can be a vague term which
could be considered as almost too complex to measure. The vagueness has led to a multitude of
definitions instead of a clear and comprehensive definition (Sabiha, Salim, Rahman, & Rola-Rubzen,
2016). Although the sustainability concept includes many dimensions, two main dimensions are
generally considered for it as “bio-physical” and socio-economic (Larson et al., 2011; Pearson,
Pearson, & Pearson, 2011). A comprehensive indicator should include all these dimensions, besides
managing the embedded uncertainties. Adding further to this complex task, these functions can be
analyzed and evaluated at a wide range of analytical scales, ranging from global to individual farms
households (Borrelli, 2016). Given diverse farming conditions, a developed indicator for a given
country may not be applicable to others. In other words, specific local indicators are necessary for
different regions to represent the sustainability status (Hayati et al., 2010).

Wheat is a strategic crop in Iran, mainly used for flour and bread production. The average annual
area of planted cereals is around 9,000,000 hectares (70%), of which wheat occupies 6,200,000 ha
(69%) in 2015 (Ministry of agricultural-Jihad, 2016). Iran has predominantly relied upon the importa-
tion of wheat for decades (FAO, 2015). Although wheat is a staple crop in Iran, the sustainability of
the crop has not yet been clearly evaluated in the country. Consequently, the main goal of this study
is to determine the sustainability of wheat production considering both bio-physical (agronomic,
machinery, soil and climate) and socio-economic (benefit- cost ratio, farmers’ knowledge and expe-
rience) factors. To achieve the goal, a decision-making technique known as analytical hierarchy pro-
cess (AHP) and fuzzy modeling are integrated in the Geographic Information System (GIS) to obtain
appropriate scores indicating the sustainability status of the wheat production. In addition, an adap-
tive neuro-fuzzy inference system (ANFIS) is employed to infer sustainability indices from GIS.

1.1. Why using fuzzy logic, AHP and GIS?

Sustainability assessments may contain errors or uncertainties, based on the attributes and meth-
ods employed (An et al., 2017; Arodudu, Helming, Wiggering, & Voinov, 2017). In the non-stochastic
method, for instance, the errors in measuring attributes and uncertainty about the relationship be-
tween attributes cannot be considered. Despite the better accounting for errors in measuring at-
tributes in the stochastic method, it needs the probability distributions of attributes (Prato, 2009).
Fuzzy logic is one of the most useful methods to manage these limitations, especially uncertainties
in sustainability measurements (Lamastra, Balderacchi, Di Guardo, Monchiero, & Trevisa, 2016). This
concept implies that the line between “yes” and “no” or “good” and “bad” is not very strict. The fuzzy
technique, developed by Zadeh, Fu, Tanaka, and Shimura (1975), as a practical and flexible method,
is mainly used in studies including ill-defined and vague components like sustainability assessments
(Houshyar et al., 2014; Joolaie, Abedi Sarvestani, Taheri, Van Passel, & Azadi, 2016). Thus, a vague
term such as sustainability can be more effectively dealt with by application of fuzzy modelling.
Besides, GIS has increasingly been used in sustainability assessments due to certain capabilities as:
(1) The sustainability criteria from several pillars with different weights, i.e. social, economic and
environmental factors can be integrated into its software (Graymore, Wallis, & Richards, 2009;
Leman, Ramli, & Khirotdin, 2016), (2) The specific data and detailed information regarding one or
more locations can be visualized and overlaid in the GIS in such a way that geographical changes are
easily understood by regional managers and decision makers (Hellwig et al., 2017), and (3) GIS also
allows us to find out what is happening inside a specific area or areas within close proximity (Wang
etal., 2013).

Sustainability includes not only the environmental aspects but also the economic and social as-
pects. The significance of each of the aspects regarding sustainability is not equal. In other words,
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different aspects have different impacts/weights on sustainability. Accordingly, the weight of each
factor considered in this study is determined using the AHP technique. AHP is a decision-aided meth-
od to handle multi-criteria decision-making which de-composes a complex multi-factor problem
into a hierarchy structure, while each level is composed of specific elements (Craheix, Angevin, Doré,
& de Tourdonnet, 2016; Pandey & Kumar, 2017). Indeed, the capability of AHP is used to determine
the suitable weights of factors considered in this study. GIS is mainly applied to combine and visual-
ize different special data in which the power of fuzzy logic is employed to manage the uncertainties
in the sustainability evaluations.

1.2. Why using ANFIS?

The integration of different maps in GIS can show the border of the sustainable area in a given re-
gion. However, it is a time-consuming process especially when other methods like fuzzy and AHP are
applied in GIS (Ma & Cheng, 2016). Accordingly, ANFIS is employed to examine whether or not the
sustainability indices which are determined by GIS can be estimated.

ANFIS is a powerful tool to predict one or more outputs according to one or more inputs in a
learning procedure. The basic principles of ANFIS is not described in details here, but the details can
be found in Bektas Ekici and Aksoy (2011). In brief, ANFIS uses a combination of the best features of
fuzzy logic systems and neural networks. This system consists of if-then rules and uses neural
network learning algorithms in a training process. Five layers are used in a typical ANFIS system to
predict outputs. The first layer contains fuzzy membership functions. Each node of this layer stores
the parameters to define a bell-shaped membership function. The mathematical multiplication is
employed in the second layer which is known as “firing strengths of the rules”. Each node of this layer
acts as the connective operation “AND” within the rule antecedent to determine the corresponding
firing strength. The normalization of the firing strengths is done by the nodes of the third layer. The
output of layer four is the linear combination of the inputs multiplied by the normalized firing
strengths. The node of this layer is adaptive with output. Layer contains the final output which is the
weighted average of all rule outputs (Bektas Ekici & Aksoy, 2011). The main advantage of this system
is that it can overcome the drawbacks of fuzzy logic (to determine correct membership functions and
rules in a time-consuming procedure) and neural networks (difficulties in determination of proper
size and optimal structure of the neural net, and in manipulating parameters for learning and
convergence). Thus, ANFIS is employed to estimate sustainability indices of agronomic, machinery
and socio-economic factors. In other words, it simplifies the procedure of using GIS, AHP and fuzzy
logic to obtain sustainability indices.

2. Methodology

The sustainability of irrigated wheat production was measured in the farming year 2015 in the cen-
tral region of the Fars province, Southwest Iran. This region was chosen since it contains the best-
irrigated wheat production area in the country with the highest average yield of 5-6 ton/ha (Ministry
of agricultural-Jihad, 2016).

Using a simple random sampling method without replacement, 350 farmers were selected for the
study from a total of 3,935. The required sample size was calculated by Equation (1) (Amidi, 2005):

n=(NxZ*xpxq)/(Nxd®+Z*xpxq) (1)

where, nis the required sample size, N is the number of holdings in target population, Z is the reliabil-
ity coefficient (1.96 which represents the 95% reliability), p is equal to 0.5, g is equal to 0.5, d is the
precision (X — X) which is equal to 0.05 in this study.

The necessary data was gathered through face-to-face interviews using several questionnaires
(open and close ended). The questions related to the agronomy, machinery and socio-economic fac-
tors (see Section 2.1.1) were embedded within the questionnaires. The validity of the questionnaires
was assessed by a panel of agricultural experts affiliated with either universities or agricultural
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organizations. The reliability of the questionnaires was assessed using Cronbach’s alpha coefficient.
Revising the questionnaires, all of the final coefficients were estimated above 0.81 which confirmed
the highly reliable questions of the questionnaires.

2.1. Sustainability assessment using AHP, GIS and fuzzy modeling

2.1.1. The AHP and GIS

The sustainability of wheat production was determined considering five main criteria, i.e. soil, cli-
mate, agronomy, machinery and socio-economic factors. Each criterion contained several factors
(Figure 1) as follows:

(a) Soil factors: (1) salinity (ds/m), (2) alkalinity (%) and (3) depth (m),

(b) Climatic factors: (1) mean annual precipitation (mm/year) and (2) mean temperature of the
growing cycle (°C),

(c) Agronomic factors: (1) fertilizers (kg/ha), (2) agrochemicals (kg/ha), (3) water (m3/ha) and (4)
yield (kg/ha),

(d) Machinery factors: (1) fuel consumption in farm operations (L/ha), (2) total waiting time for
farm operations (day) and (3) farm size (ha),

(e) Socio-economic factors: (1) farmers’ knowledge, (2) farming experience (year) and (3) benefit
to cost (B/C) ratio.

To analyze soil suitability, a basic soil map (1:25,000) containing 356 sampling points from the Fars
Agricultural Organization, covering 1,453 km? (145,300 ha), was used. This detailed soil map was
essential to provide valid sustainability indices. The climatic data were obtained from four meteoro-
logical stations in the region. The other data used in the study was gathered from the farmers via
face-to-face interviews. To evaluate farmers’ knowledge, a questionnaire containing 10 questions
related to agricultural sustainability was designed. The farmers were asked to answer the questions
using a five-point Likert scale (ranging from “very low” “low”, “medium”, “high” and “very high”),
respectively (Likert, 1961). Therefore, the knowledge score ranged between 5 and 50. As Figure 1
shows, the criteria and sub-criteria are put into a hierarchical structure. A layer was developed in GIS
for each factor. The soil criteria, for instance, included three layers, i.e. salinity, alkalinity and depth.
The geospatial data related to each factor was converted to grids (25 X 25 m?) by interpolation. The
new grid layers were then fuzzified based on the experts’ knowledge as described in the next section.
Afterwards, the fuzzified layers were integrated to reach the final criteria maps.

A primary sustainability index was obtained from each factor which led to the 15 sustainability
indices from all the factors (sub-criteria). Next, five secondary sustainability indices were obtained
from the five main criteria. The main land suitability index was assessed by combination of the soil
and climatic suitability indices. Finally, the total sustainability index was developed by combination
of the land suitability index and agronomic, machinery and socio-economic indices, that represents
the total sustainability of wheat production. To find the suitable weights the AHP technique was
used by asking 26 agricultural experts affiliated with either universities or agricultural organizations
to make the pairwise comparisons between the criteria and sub-criteria. Almost all experts that
were available in the region participated in the study without sampling. The experts’ knowledge can
be considered as a valuable source of knowledge to support environmental monitoring (Giordano &
Liersch, 2012). Experts are those who are best placed to assess ecological changes and contribute
relevant information and actions to solve environmental problems (Azadi, Shahvali, van den Berg, &
Faghih, 2007; Hambly & Angura, 1996). The comparisons were done using a standard scale devel-
oped by Saaty (1994): 1=equal importance; 3 = moderate importance; 5 = strong importance;
7 = very strong importance; 9 = extreme importance, and 2, 4, 6, and 8 as intermediate values to
reflect compromise.
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Table 1. The ranges of suitability classes for wheat production

Factor Unit Most suitable Moderately Marginally Currently not | Not suitable
(S1) suitable (52) suitable (S3) suitable (N1) (N2)
Soil factors Salinity ds/m 0-4 4-6 6-8 8-12 >12
Alkalinity % 0-15 15-20 20-25 - >25
Depth cm 75->100 50-75 25-5 - <20
Climatic factors Tota! qnngol mm/year >1,500 1,200-1,500 700-1,200 - <700
precipitation
Mean tempera- °C 18-32 16-18 14-16 - <14
ture of the 32-35 35-40 >40
growing cycle

To avoid inconsistent pair-wise comparisons, the inconsistency index was evaluated, which should
be lower than 0.1 (Diaz-Balteiro, Gonzdlez-Pachoén, & Romero, 2017; Saaty, 1980). Gathering pair-
wise comparisons, the weight of each factor was calculated by Criterium Decision Plus (version 3.0,
Info Harvest Inc., USA). Applying the weights to the layers, each grid layer was calculated as gri-
d, X weigh t, and the final layer as (3 (grid, x weight) (Cetinkaya, Ozceylan, Erbas, & Kabak, 2016).
The equation for the final machinery layer, for instance, is:

Z(gridi x weight,) = (gridg, x weight,, ) + (gridWaiting Time X WeightWaitinfTime) + (9ridg 5126 X Weightey, e )

(2)
2.1.2. Fuzzy modeling in the GIS
To fuzzify the layers in GIS, the fuzzy modeling toolbar in ArcGIS 10 was used. Linear fuzzy modeling
was applied by using experts’ knowledge. To do so, the agricultural experts were asked to define
minimum and maximum values of each factor to define the linear fuzzy function, assuming that the
sustainability index of the farm size lower than 3 ha is 0, and higher than 10 ha is 1. Thus, the cor-
responding fuzzy function is:

0 IF  FS<3
uSI)=52 4 IF 3<FS<10
1 IF  FS>10

The function also shows that the sustainability of 6.5 and 8 ha is 0.5 and 0.714, respectively. By this
fuzzification, all the values are between zero and one. Applying the similar procedure, the fuzzy func-
tions of all the factors were defined. To fuzzify soil and climatic factors, the FAO standard (Sys, Ranst,
Debaveye, & Beernaert, 1993) was used (Table 1). This standard defines five classes of suitability, i.e.
most suitable (S1), moderately suitable (S2), marginally suitable (S3), currently not suitable (N1) and
not suitable (N2). The experts defined the linear fuzzy functions and controlled the outputs based on
the given standard. It is expected that the most “suitable” condition would lead to the most “sustain-
able” production. The standard given by International Union for Conservation of Nature and Natural
Resources (IUCN, 2001) was employed in which the domain of sustainability can be considered as:

+ 0to 0.2: very low (unsustainable),

» 0.2 to 0.4: low (almost unsustainable),

+ 0.4 to 0.6: medium (moderately sustainable),
+ 0.6 to 0.8: high (almost sustainable),

+ 0.8 to 1: very high (sustainable).
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After fuzzification, the result of the GIS was controlled by the experts for their final confirmation
(Zhang, Su, Wu, & Liang, 2015). Some factors like farmers’ knowledge and experience are totally
subjective and needed experts’ control, which is called “expert validation”. In other words, these
factors cannot be tested against real data to find what experience or knowledge is sustainable or
unsustainable. Some other factors like fertilizer or water consumption can be tested in the field to
determine the most sustainable consumption. Nonetheless, performing this task is not feasible in
most agricultural studies and experts’ validation is needed (Sattler, Stachow, & Berger, 2012).
Accordingly, in the current study, all the outputs were controlled by the experts for the final revision
and confirmation. At last, a total consensus of 96% was obtained from the experts’ final check.

2.2. Sustainability forecasting using ANFIS

The main purpose of developing an ANFIS model is the prediction of sustainability indices obtained
from GIS analyses. In GIS, one sustainability index was obtained from each criterion and a final index
was obtained in the second step. Accordingly, five primary ANFIS models for prediction of primary
sustainability indices of five criteria (i.e. soil, climate, agronomy, machinery) and socio-economic
factors (benefit- cost ratio, farmers’ knowledge and experience) were developed (Figure 2). The
ANFIS models were developed and trained to predict sustainability index based on the given inputs.
The input of each ANFIS model is the factors described in Section 2.1. For instance, the inputs of
agronomic ANFIS model is: (1) fertilizers (kg/ha), (2) agrochemicals (kg/ha), (3) water (m3/ha) and (4)
yield (kg/ha), and the output is agronomic sustainability index which is calculated in the GIS.

An ANFIS model was designed for prediction of final sustainability index (Figure 2). The input of
this model is the five sustainability indices from previous primary models. The total data from the
farmers were divided into three parts: 70% for training, 15% for validation and 15% for the final test.
The best model was chosen based on the result of the testing step. The performance of the best
ANFIS models was examined using statistical parameters: root mean square error (RMSE) and cor-
relation coefficient (R).

3. Results

3.1. The suitability of land for wheat production

The land suitability map (Figure 3), from the aggregation of final soil and climatic suitability maps
shows that suitability scores are between 0.476 and 0.854; “medium” to “very high” sustainability
levels. The scores in about 50% of the study area are 0.71 to 0.8, which indicate the “high” suitability
of land for wheat production. It is noticeable that although the suitability of land affects the sustain-
ability of wheat production, farmers have little control over these bio-physical factors.

The detailed reclassified soil and climatic maps from GIS are shown in Figures Al and A2 in
Appendix A. The soil salinity, alkalinity and depth maps reveal that around 70 to 99% of the area is
highly suitable (0.91 to 1) for wheat production, whereas the most limiting factor is the soil salinity,
mainly in the southwest and southeast areas. There are almost no limitations caused by soil alkalin-
ity and depth. According to the experts’ pair-wise comparisons, the three soil factors were aggre-
gated with an equal weight to reach the soil suitability map. This map displays that the suitability
scores of around 75% of the study area is between 0.81 and 1 that can be considered as “high
sustainable”.

The mean temperature map (Figure A2 in Appendix A) indicates that the suitability scores in
around 90% of the area are between 0.61 and 0.9; “high” to “very high” sustainability level. However,
the area is not in a suitable condition from the view point of precipitation since the suitability score
in about 60% of the area is lower than 0.5. The highest and lowest precipitations are 528 and
226 mm/year (Table 2) in northwest and northeast areas, respectively. The low precipitation in the
majority of the area suggests that the area is under the risk of water deficiency although suitable soil
and mean temperature are available for wheat production. Currently, near to 90% of the farms use
furrow irrigation systems using a well for each 3-6 ha. The application of modern irrigation systems
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Figure 3. The land suitability
maps.
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coupled to timely irrigation could substantially reduce water consumption and consequently en-
hance sustainability. The climatic suitability map shows that about 75% of the area is “moderately
suitable” (0.51 to 0.6). It is clear that this map receives a negative impact from the precipitation
map, because all the suitability scores in the mean temperature map are higher than 0.501.

3.2. Agronomic sustainability

The detailed agronomic sustainability map is shown in Figure A3 in Appendix A. The fertilizer sustaina-
bility map reveals that all the scores are between “very low” and “low” domains of sustainability (0 to
0.333). The farmers over-fertilize the crop since they use 250 to 450 kg/ha, mostly without considering
soil samples to find the optimum amount of fertilizer to use. Due to the high price of soil sampling and
laboratory analyses, 90% of soil sampling has been conducted every three or five years, usually with the
financial support from the government. The data from the last year of soil samples show that the major-
ity of farms need 150 to 270 kg/ha fertilizers, especially urea. It means that about 100 to 200 kg/ha
extra fertilizer have currently been applied on the farms. Unfortunately, farmers tend to use large quan-
tities of fertilizer, especially nitrogen, which is a harmful element to the environment and reduces the
sustainability of production. Similar finding has also been reported with regard to production of some
other crops, such as corn in Iran (Houshyar, Azadi, Almassi, Sheikh Davoodi, & Witlox, 2012).

Table 2. Inputs for and output of wheat farming

Min Max Average
Soil factors Salinity 0 14 3
Alkalinity 0 25 6
Depth 60 135 126
Climatic factors Mean temperature (°C) 12 17 14
Precipitation (mm/year) 226 528 368
Machinery factors Fuel (L/ha) 90 132 112
Waiting time (day) 0 4 2
Farm size (ha) 2 15 8
Socio-economic factors Farmer’s knowledge (from 50) 20 50 32.5
Farming experience (year) 5 25 15
Benefit to cost ratio (B/C ratio) 2.63 5.58 4.45
Agronomic factors Fertilizers (kg/ha) 250 400 338
Agrochemicals (kg/ha) 0.3 6 3
Water (m?/ha) 5,000 9,100 7,103
Yield (ton/ha) 2.14 7.8 435
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Figure 4. The total
sustainability map.
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The agrochemicals map (Figure A3 in Appendix A) shows that farmers in the southwest, southeast
and central regions use less agrochemicals and their sustainability scores are higher than 0.6. Less
agrochemicals are applied in southwest and southeast farms, generally due to lower weed loads.
However, more agrochemical machinery applicators are used in the central region, which seemingly
leads to their efficient agrochemical use and lower waste, despite higher weed loads. The sustaina-
bility scores lower than 0.4 (low sustainability) indicate that agrochemicals are used extra in around
30% of the area. The detailed analysis showed that farmers use large amount of agrochemicals,
mainly because they do not use suitable, precise farm machinery or equipment to apply agrochemi-
cals properly. Furthermore, some farmers in the area are sufficiently wealthy to buy and waste large
amount of agrochemicals carelessly.

The water sustainability map shows that water is used in “very low” domains of sustainability (0-
0.2) in around 85% of the area. Currently, furrow irrigation systems are used in 90% of farms.
Although farmers are eager to use modern irrigation systems, the financial situation inhibits them
from applying modern, efficient irrigation systems like sprinklers. As discussed, the area is at risk of
water deficiency based on the precipitation map. Accordingly, governmental financial incentives are
necessary to help farmers apply modern irrigation systems.

The highest sustainability indices are found in central and northwest areas in terms of yield sus-
tainability. This is reasonable since southwest and southeast areas contain lower indices, due mainly

to soil suitability limitations (salinity and alkalinity). The average yield is 2 ton/ha lower than in China
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(Zhen, Zoebisch, Chen, & Feng, 2006) and 1-3.5 ton/ha higher than India, Pakistan and Bangladesh
(Ahmad, Chaudhry, & Igbal, 2002; Rasul & Thapa, 2004; Yadav, Dwivedi, & Pandey, 2000), while the
maximum yield is higher than these countries. A study in China showed that irrigation water, farm
yard manure application, and total labor are the main factors that determine the yield of wheat
(Zhen et al.,, 2006), whereas farm yard manure is often used for summer crops; tomato, cucumber
and corn in Iran.

The final agronomic sustainability map indicates that the highest sustainability indices come from
central areas; 0.41 to 0.583 which is a “medium” sustainability level (Figure 4). The score of 0.583, for
instance, belongs to a typical farmer with fertilizers, agrochemicals, water and yield sustainability
scores of 0.33, 0.96, 0.08 and 0.98, respectively.

3.3. Machinery and socio-economic sustainability

Figure A4 shows that wheat production is higher than the “medium” sustainability level with regard
to farm size and waiting time factors. These two maps indicate that waiting time to finish farm op-
erations is higher in smaller farms because most small-scale farmers hire farm machines, whereas
larger farmers own the necessary farm machines and equipment (Rasouli, Sadighi, & Minaei, 2009).
Nonetheless, the higher waiting time in eastern areas show that farm machines for the wheat pro-
duction is currently inadequate, despite having larger farms. The sustainability of fuel consumption
is “very low” almost all over the area, which suggests that farm machines may not be suitable.
Currently, two main types of tractor are used for the primary (plowing and disking) and planting
operations, i.e. 110-170 and 45-75 hp tractors, respectively. The data show that about 70% of the
existing tractors are used with unsuitable equipment, which leads to higher fuel consumption.
Moreover, high power tractors in smaller farms consumed higher fuel due to the short length of
farms and more passes of the fields (Almassi, Kiani, & Lovimi, 2008).

The sustainability scores of factors: planting experience, agricultural knowledge and benefit to
cost ratio are “high” to “very high” since all the scores are higher than 0.61 in around 80% of the area
(Figure A5 in Appendix A). The average B/C ratio (Table 2) is similar to Indian farmers (Yadav et al.,
2000). Comparing the planting experience and agricultural knowledge shows that highly experi-
enced farmers in the northwest and southeast areas do not have a high level of agricultural knowl-
edge. This highlights the necessity of extension programs to improve farmers’ knowledge in these
areas, while Shi and Gill (2005) found that the limited availability of information and low level of
farmers’ knowledge are barriers to the adoption of ecological agricultural practices. The lowest and
highest B/C ratios are 2.63 and 5.58, respectively, whereas the lowest scores are obtained from the
east and southwest areas. Nonetheless, the socio-economic sustainability is higher than agronomic
and machinery sustainability, because all the scores are above “medium” (0.5) in around 85% of the
area (Figure A5 in Appendix A).

3.4. The overall sustainability of wheat production

The combination of land suitability, agronomic, machinery and socio-economic sustainability maps
is shown in Figure 4. The total scores are between 0.262 and 0.651 which shows a range of “low” to
“high” sustainability levels, respectively, but the scores in the majority of area are 0.3 to 0.6. Despite
relatively higher land and socio-economic sustainability scores, particularly in the central areas, the
final map has some negative impacts from low agronomic and machinery sustainability levels. As a
result, the scores in the majority of this area reach only 0.4 to 0.6; the “medium” domain of sustain-
ability. Since soil and climatic characteristics are not under farmers’ control, the socio-economic,
and especially agronomic and machinery factors, need more attention to improve wheat production
sustainability.

3.5. The evaluation of ANFIS models for prediction of sustainability indices

To achieve the best prediction results, several modifications were made via trial and error in the
ANFIS models. MATLAB’s ANFIS editor provides several fuzzy membership functions (MFs) including
triangular, trapezoidal, generalized bell (Gbell) etc. Except in the case of socio-economic ANFIS
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Figure 5. The structure of
ANFIS model for prediction of
machinery sustainability index.
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model, Gbell performs better than other MFs (Table 3). Yet, one of the most challenging modifica-
tions in an ANFIS model is the number of MFs for inputs and outputs. As described in Section 2.1.2,
the sustainability index was considered in five domains based on IUCN’s standard. However, four
MFs were defined for the sustainability index in ANFIS model 6. With three MFs for inputs in ANFIS 1
to 5, best predictions which had least RMSE were obtained. The output was considered linear in all
models. The learning algorithm was hybrid in all the models. This learning algorithm of ANFIS is
composed of the use of a back-propagation learning algorithm and the least squares method
together.

These modifications determine the final structure of an ANFIS model. The structure of ANFIS 3 has
been shown in Figure 5 as an example which indicates that this model includes three inputs where
each input have three MFs. A total of 27 rules are embedded in this model. The optimum number of
epochs are 40 for all the models except in the model for the prediction of the main sustainability
index which needs 60 epochs to reach the best predictions. Table 3 reveals that the lowest accuracy
comes from ANFIS 1 for the prediction of soil sustainability index of R? = 0.886. The best forecast is
obtained from machinery and main the ANFIS models of R?=0.956 and 0.972, respectively. The
graph of correlation between predicted and actual values of these two ANFIS models are shown in

Table 3. The characteristics of best examined ANFIS structures
ANFIS model Type of MF | Number of MF | Epochs | Learning method | R? RMSE

Soil sustainability Gbell 3,33 40 Hybrid 0.886 | 0.125
index (ANFIS 1)

Climatic sustainabil- | Gbell 3,3 40 Hybrid 0.899 | 0.114
ity index (ANFIS 2)

Machinery Gbell 3,3,3 40 Hybrid 0.956 0.056
sustainability index
(ANFIS 3)

Socio-economic trimf 3,3,3 40 Hybrid 0.922 0.089
sustainability index
(ANFIS 4)

Agronomic Gbell 3,3,3,3 40 Hybrid 0.913 0.095
sustainability index
(ANFIS 5)

Total sustainability Gbell [ 60 Hybrid 0.972 0.043
index (main ANFIS)
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Figure 6. Machinery and main
sustainability estimation
performance of ANFIS models.
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Figure 6. Highly accurate, successful predictions are possible, especially for the main sustainability
index and this shows that ANFIS can overcome the difficulties in working with GIS.

4. Discussion and conclusion

This study shows that AHP and fuzzy models can effectively be integrated with GIS to form a suitable
hybrid tool for the sustainability assessment. The GIS provides suitable maps, which are very useful
for farmers and regional managers for monitoring the changes in sustainability. It is important since
almost no technical information is required to use the outputs from the GIS. All the proposed tools
including fuzzy models, the AHP and GIS are cost effective in generating and visualizing information
about the sustainability interactions (Graymore et al., 2009), which is a crucial factor to be consid-
ered, especially in developing countries.

The proposed methodology contains some advantages and drawbacks. One of the main advan-
tages is that the sustainability is measured at a regional scale, which is an appropriate scale for
progressing sustainability, creating a link between national and local policies (Buckingham &
Theobald, 2003; Coelho et al., 2006). In addition, the methodology provided the results at the farm
level, where improvements can be implemented by farmers. Application of fuzzy logic in GIS can be
a superior tool to manage uncertainty embedded in measuring sustainability The fuzzy modeling
allows for the use of all the available sources of knowledge; implicit and explicit, quantitative and
qualitative. It is an important feature, since interactions between human activities and natural sys-
tems can be complex, implicit and qualitative, which may not fully be understood (Page, 2011).
Nonetheless, improving rule-based fuzzy modeling in GIS is strongly recommended, since it enhances
the flexibility and robustness of the tool in sustainability assessments.

Despite several advantages, the methodology also contains several weaknesses. Some parts of
study are based on subjective experts’ knowledge (Mackay, Landsberg, Whitten, & Bond, 2017).
Although 96% consensus was obtained in this study, subjectivity is implicit because each expert in-
terprets according to his or her personal values, which could result in some biases in modeling
(Ormerod, 2014). It should be noted that using experts’ knowledge can be very useful, particularly in
broad studies with time and financial limitations. Another drawback is that the results, especially
subjective results, are not validated against data from the field. In other words, due mainly to extent
of the study areaq, sustainability indices were validated based on the experts’ knowledge.

The result showed that the area cannot be considered totally sustainable from viewpoints of soil
salinity and precipitation. Nonetheless, 75% of the area was designated as “moderate” and “high”
suitability, respectively, with regard to all the three soil and climatic factors. The agronomic sustain-
ability maps showed that fertilizers and water sustainability were in the lowest conditions involving
“very low” to “low” sustainability levels. The extension trainings, are essential to prevent
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unnecessarily high chemical fertilizer and pesticide application. Governmental financial aid in the
form of low interest rate loans are important to help farmers employ modern irrigation systems,
leveling farms and efficient water transfer from wells to farms, that respectively decrease and in-
crease water use and sustainability scores. The machinery sustainability scores could be improved
by increasing size of farms and using suitable machines, especially in smaller farms, although find-
ing the most suitable farm machines (optimum size) for different farm sizes is recommended for
future studies. All the socio-economic sustainability scores were higher than 0.61 (“high” to “very
high”) in around 80% of the area, which shows that the socio-economic factors were in a higher
sustainability condition compared to some bio-physical factors (i.e. agronomic and machinery). The
combination of the two sustainability dimensions—bio-physical and socio-economic—displayed
“medium” sustainability in the majority of the area. To enhance the overall sustainability score, a
focus on the agronomic and machinery factors is essential. Main suggestions to improve wheat pro-
duction sustainability are:

(1) The agronomic sustainability indices are not high due to low indices, particularly from water
and fertilizers maps. Subsequently, it seems that the most important focus should be on these
two factors, to enhance agronomic sustainability level.

(2

-

Extension trainings, coupled with regulations restricting pesticide use would help prevent
farmers from applying agrochemicals unnecessarily. It is also recommended that some suit-
able alternative crop protection methods, like mechanical and biological methods and inte-
grated pest management (IPM), should be examined and introduced to the area, which may,
in turn, reduce pesticide use.

(3

-~

Determining the effect of farm yard manure on wheat yield in the region is also suggested for
future studies. The local agricultural research institutes should represent some alternative
winter crops since wheat is continuously planted in winter on 90% of farms. It is essential to
increase soil and crop biodiversity, which in turn will enhance wheat sustainability (Brussaard,
de Ruiter, & Brown, 2007). Furthermore, suitable seed could improve wheat yield, although its
affect is not examined in this study.

(4) Farm size needs to be increased and suitable machinery should be used, especially in smaller
farms, to enhance machinery sustainability indices. Investigating the most suitable farm ma-
chines and equipment for different farm sizes should feature in future studies.

(5) ANFIS as an alternative method is suggested to provide information on the sustainability of
wheat production. The results confirm that ANFIS can be used as a superior alternative tool for
sustainability predictions. However, the main obstacle is that this kind of models needs to be
trained and validated by a set of data on the ground. Accordingly, it is suggested that the
models are run again using a new set of data every several years.
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Figure A2. The sustainability
maps of climatic factors.
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Figure A3. The sustainability
maps of agronomic factors.
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Figure A4. The sustainability
maps of machinery factors.
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