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Strategic sustainability practices 
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This paper reports a realistic analysis of a region using Grounded Theory (GT) to provide a sustainable 
model for family farming systems based on the intercropping system in rural communities of Iran. 
Furthermore, the fuzzy analytic hierarchy process (FAHP) was applied to assign weights to the criteria 
and sub-criteria of intercropping and monocropping systems. According to the model, the main 
phenomenon was “sustainability in the family farming system based on intercropping”. In this model, 
the causal factors were found to include behavioral and attitudinal motivators. Micro- and macro-
factors were identified as the interfering factors in family farming systems based on intercropping. 
Social factors, economic components, and environmental potentials were the contextual factors 
of this system. Finally, the consequences included the conceptual development and evolution of 
sustainability, socioeconomic transformation, and ecological-environmental transformation. The 
results of FAHP showed that the environmental criterion was ranked the first among all criteria 
underpinning the sustainability of the intercropping system.

In the last century, agricultural development negatively affected the earth’s ecosystem due to technical growth 
and the use of chemical inputs. Especially, in developing countries, the surpass of population growth from food 
production and conventional intensive farming have led to food insecurity1,2 and environmental degradation3–5. 
In this situation, sustainable agriculture is not only worth pursuing but also inevitable6 because the relationship 
between agricultural development and the environment is a bilateral relationship, and neglecting the environ-
ment will inhibit the achievement of development goals7.

Sustainable development of agricultural systems is crucial for ensuring global food security8, natural resource 
conservation9, and social resilience10. Therefore, the coordination of food production, eco-environment, and 
farmers’ well-being is a core element in achieving sustainable development goals11. The goal of the sustainable 
development strategy is to create sustainable systems of systematic production that do not conflict with environ-
mental, economic, and social interests and emphasize the conservation of resources12. In a sustainable agriculture 
system, farmers can increase crop supply in line with population growth and economic growth and with respect 
to environmental considerations13.

So far, different systems have been proposed for improving economic performance and environmental con-
servation, including organic farming, mixed crop-livestock farming, precision agriculture, and conservation 
agriculture14. Among the sustainable farming systems, the intercropping system is of particular importance. It 
has been a promising promotion in farming in developing countries15–17 and is an option for stakeholder farm-
ers in risky situations18. Intercropping is considered one of the pillars of sustainability in crop systems. The use 
of natural principles of plant diversity at farms and good pest and weed management practices are more fruitful 
and sustainable in intercropping systems than in monoculture systems19,20. Intercropping as the association of 
different species at the same time and in the same space has been proposed to counteract the negative side effects 
of intensive monocropping21.
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In other words, conventional farming through monocropping systems threatens the sustainability of agricul-
tural production systems because it depends mostly on the use of chemical fertilizers and pesticides for higher 
crop yields and crop protection against pests and diseases with subsequently serious on-site and off-site environ-
mental problems22. Conventional monocropping as a strategy for increasing crop yields has been associated with 
the degradation of the agroecosystems due to less biodiversity, water and soil pollution, high erosion rates, and 
so on21. The priority in post-modern agriculture is to ensure productivity and minimize negative environmental 
impacts23. So, sustainable agricultural production systems characterized by crop diversification, intercropping, 
and less use of chemical fertilizers and pesticides have been established as an important option for sustainable 
food production22. Intercropping systems aim to create ecological balance, increase quantitative and qualitative 
yields, reduce damage by pests, diseases, and weeds, and reduce farmers’ dependence on pesticides24. Intercrop-
ping has been suggested as a solution to increase production in sustainable agriculture and adaptation to climate 
change by increasing the number of species per unit area25,26. In this regard, scholars27 have suggested to farmers 
and government suitable spatial arrangements of an intercropping system that can be adopted to promote the 
development of sustainable agriculture. The broccoli-fava bean intercropping system could be an agroecologically 
viable alternative for sustainable agriculture22. Some scholars22 concluded that maize intercropping at a rate of 
75% of the plant density with an improved Gachena variety enhanced the productivity and economic return of the 
system. Research28 determined that intercropping increased crop yields and reduced runoff and soil degradation. 
Intercropping also increases soil nitrogen and carbon and has a positive impact on the activity of soil enzymes29.

Intercropping systems have been widely applied worldwide due to their high economic benefits and land-use 
efficiency27, e.g., in Germany30, China31, and Brazil32. Several studies have shown that compared to monocrop-
ping, crop diversification and intercropping can effectively increase the resistance and resilience of agroecosys-
tems to drought and disease incidences33, reduce the risk of crop loss34, reduce the use of external fertilizers, 
increase soil fertility35, optimize plantation structure36, improve land use efficiency35, and improve water use 
efficiency, nitrogen use efficiency, and field productivity37,38.

The literature shows that in Iran which is located in an arid-semiarid climatic zone, agriculture develop-
ment is facing serious challenges in resources, the social sector, the economic sector, and physical resources 
management39. The environment in this country has suffered severe threats such as desertification, degrada-
tion of forests and pastures, land use change, low groundwater levels, and land drainage40,41. Besides adverse 
environmental conditions, the unsustainability of the family farming system in Iran, which has emerged as low 
economic productivity of this system in producing some crop42, its low adaptability to climate change40, and the 
instability to supply the food security of Iranian families, has made many researchers to suggest intercropping 
as an appropriate strategy for sustainable agriculture development in Iran because it can efficiently use inputs 
such as water and nutrient elements and prevent environmental degradation43–45.

Therefore, concerning the fundamental problem of instability in Iranian family farming systems, the main 
purpose of this study is to model sustainable development in these systems based on the intercropping system. 
In this regard, this study was conducted with a realistic analysis of the region and data collected through survey 
and Grounded Theory (GT) to provide a sustainable model for family farming systems based on the intercropping 
system. GT is a structured, yet flexible methodology. This methodology is appropriate when little is known about 
a phenomenon; the aim being to produce or construct an explanatory theory that uncovers a process inherent 
to the substantive area of inquiry. One of the defining characteristics of GT is that it aims to generate a theory 
that is grounded in the data46,47. GT is also defined as a set of integrated conceptual hypotheses systematically 
generated to produce an inductive theory about a substantive area48.

Furthermore, the fuzzy analytic hierarchy process (FAHP) was applied to assign weights to the criteria and 
sub-criteria of intercropping and monocropping systems (sustainability dimensions: environmental, economic, 
and social). The analysis is a multi-criteria technique that provides useful support in the choice among several 
alternatives with different objectives and criteria. The FAHP method has been used in determining the weights 
of the criteria by decision-makers and then ranking the methods determined by the conventional AHP method. 
The procedure of building a fuzzy AHP model follows establishing a comparison matrix, aggregating multiple 
judgments, measuring the consistency, and defuzzifying the fuzzy weights.

Research method
This research is a developmental and applied study in terms of purpose and a qualitative study in terms of para-
digm in which grounded theory was used as the method. Grounded theory is a qualitative method introduced 
by Glaser and Strauss46. This method is a kind of field research that examines and describes phenomena in their 
natural position. Another key feature of this method is the continuous comparison analysis in data collection 
and analysis47. The research population included intercropping stakeholders in Fars province, Iran. The dominant 
crops of the region are wheat, barley, and corn. In regions where intercropping is exercised, various types of 
cultivars are cultivated with wheat, barley, and corn. The research used first snowball and then theoretical sam-
pling techniques. A total of 91 farmers participated in the first phase. The data collection was continued through 
unstructured interviews and group discussions until data saturation (theoretical saturation). Unstructured inter-
views were conducted with follow-up questions and continued until theoretical saturation was achieved48,49. 
Theoretical saturation refers to the point in data collection when no additional issues or insights emerge from 
data and all relevant conceptual categories have been identified, explored, and exhausted47. Before the start of 
each interview, the farmers were informed about the research goal, the confidentiality of the information, and the 
recording of the interviews. The interviews began with open questions. Then, the following questions were asked 
to access more enriched data based on the type of responses provided by the participants. The average interview 
time was approximately 35 min. All interviews were transcribed word by word in 24 h. Data were analyzed by 
coding through the three stages of open coding, axial coding, and selective coding47. It was also necessary to use 
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the sweeping process during the coding process. Open coding is the analytic process by which concepts (codes) 
are attached to the observed data and phenomenon during qualitative data analysis. Axial coding is the second 
step of coding that follows open coding. In contrast to open coding where it breaks the data into discrete parts, 
axial coding begins to draw connections between codes. Axial coding organizes the codes it developed in open 
coding. Selective coding is the last step in grounded theory, where it connects all categories together around 
one core category. In doing so, it defines one unified theory around the research47. In the reciprocating step, the 
researchers should go back to the previous coding stages to revise them.

To ensure validity and reliability, the data were collected and analyzed through long-term contact with the 
participants and spending time with them. Also, multiple methods were used to collect information. The data 
were collected through interviews and field memos. The encoded interviews were also reviewed by the partici-
pants. As such, after encoding the interviews, some of them were returned to the participants to ensure that the 
codes corresponded with their experiences. To ensure the stability of the data analysis process, the codes were 
peer-reviewed. In this regard, the text of interviews, codes, and the collected classes were sent to the research 
committee and people familiar with qualitative research to collect their views on the accuracy of the analysis and 
the interpretation process. Also, when coding the interviews, a reference was made to the previously encoded 
interviews to revise the codes. To increase the transferability of the findings, with the accurate and targeted 
description of the research process, it was also possible to follow the research process for others.

In the second phase, FAHP was used to assign weights to the criteria and sub-criteria of sustainability. It 
was, indeed, applied to pairwise comparison and ranking of the criteria and sub-criteria of intercropping and 
monocropping systems. In this phase, 205 farmers (62 farmers in intercropping systems and 143 farmers in 
monocropping systems) were selected by stratified random sampling with the proportional allocation as the 
research sample (the sample size was determined using Krejcie and Morgan’s (1970) table). In other words, 
criteria and sub-criteria of sustainability were ranked by farmers in intercropping and monocropping systems, 
separately. FAHP facilitates the process of competitive advantage selection and is used to perform a series of 
sensitivity analyses. It can adequately handle the inherent uncertainty and imprecision of the human decision-
making process and can provide the flexibility and robustness needed for the decision-maker to understand the 
decision priorities in intercropping and monocropping systems. The details of the FAHP implementation include:

1.	 Weighting the criteria and sub-criteria: After the main criteria, Fi (F1, F2, …, Fn), and sub-criteria, Cj (C1, C2, 
…, Cn), are specified, their weights (WCij and WFi) are determined.

2.	 Determining the fuzzy relative importance of each individual alternative versus each individual sub-criteria: 
The alternatives, A1 (A1, A2, …, Ak), are assessed with respect to each criterion, Cj (C1, C2, …, Cn). Finally, 
their fuzzy relative importance, ijAC1, is determined.

3.	 Since the sub-criteria may differ in value (positive or negative), they need to be made dimensionless before 
their application. In other words, the positive sub-criteria with the highest value should be ranked the high-
est and the negative sub-criteria with the lowest value should be ranked the lowest. To transform into fuzzy 
dimensionless sub-criteria, their relative weight (ACij = lij, mij, uij) with a positive value is applied.

In a comparison matrix, which was presented by Saaty and Vargas50, the comparisons are made on a 1–9 scale. 
If the comparison matrix is inconsistent, we will have the following relation:

Theoretically talking, the membership scale is derived from Saaty’s scale by the following equation. After 
Saaty’s scale was transformed into a fuzzy number by rij =

aij
aij+1

 , the membership scales were calculated for each 
individual criteria and sub-criteria. Then, the following equations were used to calculate and prioritize the 
weights.

Also, the consistency ratio (CR) of the comparison matrix was tested by the following equation.

Research questions
In general, the research aimed to answer the following questions:
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•	 What are the contextual factors for the sustainable development of intercropping-based family farming 
systems?

•	 What causal factors influence the sustainability of intercropping-based family farming systems?
•	 What are the intervening factors for the sustainable development of intercropping-based family farming 

systems?
•	 What strategies are there for the sustainable development of intercropping-based family farming systems?
•	 What will the consequences of developing intercropping-based family farming systems be?
•	 How are the sustainability dimensions ranked from the perspective of farmers based on intercropping and 

monocropping?

Results
To derive a theory from the real characteristics of the family farming system based on intercropping, attempts 
were made to understand the internal structure of the participants’ values, attitudes, and experiences. The core 
of the discussion (sustainability in family farming systems based on intercropping) was discovered during the 
interviews because all the participants explained the main theme, i.e., sustainability, in different dimensions of 
economic, social, and environmental. The collected data were analyzed by open, axial, and selective coding. In 
the first stage of open coding, the original sentences, called concepts, were first extracted from the transcripts of 
the interviews, and each was assigned a code with the letter W. In the next step, similar concepts were classified 
into different categories. In the next step, axial coding was done according to which the extracted categories were 
categorized into conditional, equilibrium, and consequential categories51.

In this model, the focus of the participants’ attention was on the main phenomenon; that is, the sustainability 
of this type of farming system. In other words, they argued how intercropping would lead to sustainability in 
family farming systems. Participants explained this phenomenon through its causal factors and stated what fac-
tors influenced the process of its formation, what the nature of the process was, and which intervening factors 
could affect it. Finally, the relationship between the main theme and the subthemes, the sustainability strategies, 
and their consequences in this system were identified. From the interviews, a total of 416 initial conceptual 
propositions were derived in the open coding stage and 52 theme-specific propositions in the axial coding step.

The conditional themes that are, in fact, the inputs to the model included behavioral and attitudinal moti-
vators, macro- and micro-factors, social constructors, economic components, and environmental potentials. 
Interactive process factors (strategies) included intergroup social capital and sustainable resource management. 
Eventually, the consequences included the conceptual development and evolution of sustainability, socio-eco-
nomic transformation, and ecological-environmental transformation. After the axial coding step, selective coding 
was used to combine and integrate the categories from the previous steps to design the conceptual framework 
of the research (Fig. 1).

Causal factors
The causal factors are those that directly contribute to sustainability in intercropping-based farming systems. 
They are composed of two categories: behavioral motivators and attitudinal motivators.

Behavioral motivators
Behavioral motivators are factors that lead stakeholders to specific crop behaviors or activities, such as inter-
cropping. For example, as long as the stakeholders believe that this type of crop activity has no added value to 
them as economic, social, or biological sustainability, they will not be motivated to use it. In other words, this 
cropping system must have the necessary effectiveness for farmers. Creating full-time employment for the entire 
household, making more money than the monoculture system, diversifying the household basket, providing 
livestock products using product remnants, needing no product storage and ensuring the quick sale of products, 
replacing degraded products with alternative products, having simple and low-cost access to energy resources, 
supplying water from wells, and supplying power are the most important sub-themes of behavioral motivations 
in intercropping for farmers. For example, a participant (Farmer No. 9) said, ‘The use of crop residues as fodder 
provided an incentive to change our cropping method into intercropping’ (W13). Another participant (Farmer No. 
51) said, ‘When you have cultivated several crops and you’ll need less space for the storage, you’ll have the motiva‑
tion to change your cultivation method’ (W43).

Attitudinal motivators
Attitudinal motivators refer to farmers’ mental expectations for the sustainable farming of the family farming 
system. In other words, this cultivation system should guarantee sustainability aspects for stakeholders logi-
cally. For example, cash sales of the crop by cultivating different crops (cucumber, beans, watermelon, corn, and 
sunflower), stakeholders’ protection from economic risks (replacement of a product for a degraded product), 
improving the quality of life, reducing poverty and socioeconomic vulnerability, and creating cultural develop-
ment opportunities for households (continuing education of children in higher education) provide the necessary 
rationale in the mindset of the farmers for an intercropping system. For instance, as a farmer (Farmer No. 79) 
asserted, ‘When I apply intercropping in my farm, I feel that I’m posed to less economic risk. This changes my view 
on changing my farming method to intercropping’ (W71). Also, Farmer No. 52 added, ‘Since I realized that I can 
grow crops that I can sell in cash, my view on the traditional farming system was changed’ (W49).
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Contextual factors
Such a phenomenon as the sustainability of intercropping-based farming systems can be achieved in specific 
environmental conditions provided that the appropriate conditions are available, not in a vacuum. The contex-
tual conditions consist of three categories: (1) structural social components; (2) economic components; and (3) 
environmental potentials of the region.

Structural social components
Structural social components are the most important constructs in the sustainability of intercropping-based 
farming systems. Stakeholders’ satisfaction with their jobs, the use of synergistic force of participation in crop 
processes, and the exchange of information and technical knowledge among other farmers are the social char-
acteristics of farmers who are bound by the sustainability of the system. For example, an intercropping farmer 
(Farmer No. 66) noted, ‘The support of experts and pioneering farmers made me think about changing my cultiva‑
tion method’ (W203).

Economic components
The sustainability of the inter-cropping system is also dependent on economic indicators and material benefits. 
Increasing crop yields per unit area, increasing household incomes, reducing production costs, and reducing 
production waste have been the economic sub-themes in the sustainability of the intercropping system. Farmer 
No. 1, for example, said, ‘In the first year of intercropping, I produced more crops and this made me keep on inter‑
cropping in the next year’ (W12).

Contextual Conditions
- Social components (4 sub-

themes)
- Economic components (4 

sub-themes)
- The region’s environmental 

potential (6 sub-themes)

Causal Conditions
- Behavioral motivators 

(10 sub-themes)

- Attitudinal motivators 
(5 sub-themes)

Intervening conditions
- Macro factors (2 sub-themes)

- Micro factors (4 sub-themes)

Phenomenon
Sustainability of 
family farming 

systems based on 
intercropping

Consequences
- Conceptual development and evolution 

of sustainability (3 sub-themes)
- Socio-economic transformation (3 sub-

themes)
- Ecological-environmental 

transformation (2 sub-themes)

Strategies
- Intergroup social capital

- Sustainable resources management
(5 sub-themes)

Figure 1.   The paradigm model of sustainability of family farming systems based on intercropping.
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Environmental Potentials of the Region
Undoubtedly, the sustainability of an intercropping system in the region requires fitting environmental character-
istics and potentials with the characteristics and requirements of this farming system. Subcategories such as the 
suitability of land drainage, the health of the mechanical texture of the soil due to the lack of tillage operations, 
the suitability of soil texture in terms of the combination of soil elements due to crop rotation, the suitability of 
the physical texture of the soil due to the non-burning of the crop residues, the suitability of the chemical texture 
of the soil due to the use of animal fertilizers, and high soil production capacity due to limited use of chemicals 
(herbicides, fungicides, and chemical fertilizers) have been among the most important environmental sub-themes 
in the sustainability of intercropping systems. For example, Farmer No. 62 pointed out, ‘Experts checked my land 
and said that its soil was suitable for intercropping and I could implement it’ (W379).

Strategies
Although the causal and contextual factors provide the necessary conditions for the sustainability of intercrop-
ping farming systems, they are not considered sufficient. In fact, in the absence of appropriate strategies, the 
causal and contextual factors may not be able to produce the phenomenon. Strategies cover two themes: (1) 
intergroup social capital and (2) sustainable resource management.

Intergroup social capital
The continuity and sustainability of a particular cultivation method, first of all, require the group normative, 
solidarity, and responsibility spirits. Family cohesion in using the physical power and skills of all household 
members in the process of cultivation, interaction, and support of household members in the timely harvest of 
the crop to prevent the loss of crop quality, the existence of strong links between household members and their 
commitment, and accountability to each other are some requirements for creating inter-group social capital 
which ensures the sustainable production process in intercropping-based family farming systems. For instance, 
a farmer (Farmer No. 39) stated, ‘Intercropping caused me to ask my family members to give me a hand both in the 
planning and the harvesting steps’ (W119).

Sustainable Resource Management
Comprehensive and rational management strategies in human resources management, energy resources, ecologi-
cal and climate resources, and market demand management are among other factors contributing to the conti-
nuity and sustainability of productivity in intercropping-based farming systems. Cropping diverse and seasonal 
products for the purpose of employing full-time members of the household, optimal use of energy resources 
(water, electric motor power, crop residues as a fuel, and energy generation source), flexibility in changing the 
cropping pattern in terms of creating ecological balance, the proportion of cultivation with rainfall pattern and 
climatic conditions of the region, and changing crop type in accordance with market demand are some of the 
most important management sub-themes in the sustainability of intercropping-based family farming systems. 
For example, Farmer No. 59 stated, ‘In the intercropping system, the crop is selected in accordance with the market 
and rainfall to, as the experts said, allow for sound management of the farm’ (W251).

Intervening factors
Intervening factors constitute effective and interactive actions in the sustainability of intercropping-based family 
farming systems. Intervening factors consist of two categories: (1) macro-factors and (2) micro-factors.

Macro‑factors
Although the sustainability of intercropping-based family farming systems is influenced by causal factors, con-
textual factors, and specific strategies, the role of human agency and actors should not be ignored. They can 
facilitate the processes with their interventions. In fact, actors act as mediators of change. This theme at the macro 
level includes the sub-themes, such as facilitator services and extenders of the Agricultural Jihad Organization 
(counseling services, educational services, and financial services such as low-interest loans and crop insurance). 
A farmer (Farmer No. 15), for example, said, ‘If experts did not visit the farm and guide us, we would stick to our 
traditional farming method’ (W169).

Micro‑factors
The sustainability of intercropping-based family farming systems requires the presence of factors at the micro 
level or at the level of system stakeholders. Traditionalism and the desire to preserve the traditions of fathers 
in agricultural management, the religious beliefs of farmers, and the indigenous knowledge of local people are 
among the themes raised by the respondents as effective regional catalysts for adherence to these systems. For 
instance, Farmer No. 16 pointed out, ‘If we were to do farming as per our ancestors’ traditions, we would have to 
abandon this profession by the next years because water and soil are destroying and other agricultural inputs, such 
as fertilizers and pesticides, are very expensive’ (W191).

Consequences and results
Grounded Theory follows an “if, then, then” pattern in explaining the processes that have an impact on the 
sustainability of intercropping-based family farming systems. That is, if there are appropriate actions for environ-
mental conditions and contextual conditions, the causal factors of the occurrence of the phenomenon (sustain-
ability) are provided and we will then see the consequences of the occurrence of the phenomenon. The conse-
quences include three themes: (1) conceptual development and evolution of sustainability, (2) socio-economic 
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transformation, and (3) ecological-environmental transformation of sustainable intercropping-based farming 
systems.

Conceptual development and evolution of sustainability in family farming systems
The reconstruction of the concept of sustainability and the correct understanding of the nature and reasons for 
sustainability in intercropping-based family farming systems have been emphasized because sustainability is a 
holistic concept and is not merely limited to the non-use of chemicals, but, in a farming system as a system with 
all its constituent elements, it includes human, social, economic and environmental aspects. Such a view in the 
farmers of the farming system is the foundation of sustainable development that guarantees the endurance and 
sustainability of the aforementioned cropping system. For example, an interviewee (Farmer No. 64) noted, ‘So 
far, I’ve thought that sustainable farming only means less chemical fertilizer and pesticide use, but I have realized 
that sustainable income is also a component of sustainable agriculture’ (W301).

Socioeconomic transformation
Today, the role of sustainable crop systems in the socio-economic development of stakeholders is not overlooked 
given the scarcity of available welfare facilities, the trend of youth migration, the escalation of unemployment, 
and the occurrence of socioeconomic abnormalities. The dissemination of indigenous experiences and knowl-
edge of farmers about the development of intercropping in order to enjoy the benefits of this system in the 
region and the emphasis of the stakeholders and the cooperation of government agencies and authorities on the 
formation of a network of farmers in the form of cooperatives and private associations to provide services to 
the stakeholders from crop production to crop sale stages have been the other important consequences in this 
research. These consequences will lead to significant socioeconomic transformations, including the creation of 
employment for households and, therefore, the prevention of immigration and the sustainable livelihoods of the 
family. Indeed, Farmer No. 90 stated, ‘The shift to intercropping activated our rural cooperation and all farmers 
gathered around it’ (W381).

Maintaining ecological balance
The overuse of the land, the excessive use of pesticides and fertilizers, and the inappropriate methods of exploit-
ing soil and water resources to gain higher yields will pose major challenges in the long run although they 
may be plausible in the short run and may lead to an acceptable income. Some of these challenges include soil 
alteration, water and soil contamination, biodiversity loss, the prevalence of pests, diseases, and weeds, soil ero-
sion, and production decline. Undoubtedly, considering the decrease in incomes from traditional agricultural 
activities and short-term monoculture systems and the lower productivity of production factors, the economic 
aspect of agricultural production will be challenged in the future. Therefore, given its role in crop diversification 
and its specific features, the development of an intercropping system will have numerous consequences such as 
less prevalence of pests, diseases, and weeds, farmers’ lower dependence on pesticides, optimal use of natural 
resources, stabilization of soil elements due to the use of legumes in cultivation diversity, balance in soil ele-
ments, biomass increase, soil surface protection due to vegetation, and soil protection against wind and chilling 
in autumn crops, which would contribute to maintaining ecological equilibrium as another significant result 
emphasized by Grounded Theory in the present study. For example, Farmer No. 22 said, ‘After several years of 
using intercropping, the soil at my farm has become more fertile, which is delightful’ (W81).

Ranking the criteria and sub‑criteria of intercropping and monocropping systems
In the second phase of this study, the consequences (environmental, social, and economic) of the intercropping-
based family farming systems were ranked as criteria and sub-criteria of sustainability dimensions. The criteria 
and sub-criteria of sustainability dimensions are illustrated in Table 1. The findings indicated that the criteria of 
environmental sustainability included eight sub-criteria: fertilizers, pesticides, efficient irrigation systems, crop 
diversity, water balance, conservation tillage, electrical conductivity, and crop rotation. Economic sustainability 
encompassed five sub-criteria of economic risk, the dependence of farmers on state aid, the level of employment, 
the gross value of production, and crop yield. Furthermore, four sub-criteria were derived for social sustainabil-
ity. These sub-criteria include literacy, population density, education, and courses for sustainability promotion. 
Criteria and sub-criteria of sustainability were ranked by farmers in intercropping and monocropping systems, 
separately.

Table 2 shows the weighted value of criteria and sub-criteria in intercropping systems. The results revealed 
that the environmental criterion was ranked the first among all criteria underpinning the sustainability of the 
intercropping system. It was given a weighted importance of 0.445. The second and third ranks were for the 
economic criterion with a weighted importance of 0.387 and the social criterion with a weighted importance 
of 0.369, respectively.

Table 3 shows the weighted value of criteria and sub-criteria in monocropping systems. The results illus-
trated that the economic criterion was ranked the first among all criteria underpinning the sustainability of 
monocropping systems. It was given a weighted importance of 0.487. The second and third ranks were for the 
environmental criterion with a weighted importance of 0.305 and the social criterion with a weighted importance 
of 0.269, respectively.

To determine the final importance score of each criterion, the weighted importance of the sub-criteria was 
multiplied by that of the criteria. It should be noted that all items had Inconsistency Ratio (IR) < 0.01. In other 
words, IR is a measure of whether there is consistency between the pairwise comparisons in the questionnaires. 
It can be used to measure the consistency of the responses provided by participants for the assessments and pair-
wise comparisons. The results indicated that the intercropping system was ranked first versus the monocropping 
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system (Table 4). It can be argued that the intercropping system was in line with sustainability. It should be 
mentioned that closeness (CLi) is the relative proximity index and score indices (Si + /−) is defined as distance 
from the positive/negative ideal option.

Discussion
The findings indicate that the causal factors are composed of two categories: behavioral motivators and attitu-
dinal motivators. Some scholars52–54 have considered the role of motivations in accepting various measures of 
sustainable farming by farmers. It is important to recognize the incentives for farmers to choose crop variety55. 
Researchers have considered the formation of attitudes as affecting different behaviors. It has been argued that 
people’s attitudes toward sustainability will be the basis for sustainability behaviors56–59.

The contextual conditions were found in three criteria: structural social components, economic components, 
and environmental potentials of the region. Researchers have also considered different social factors, such as 
participation among farmers60,61, social capacity building62, social support63, and knowledge sharing64 as effective 
in crop activities. Researchers65–67 believe that economic benefits have always been the main factors in selecting 
and adopting sustainability measures by farmers. Some scholars have also mentioned that the environmental 

Table 1.   Criteria and sub-criteria of sustainability dimensions.

Criteria Sub-criteria Definition

Environmental

Z1 Fertilizers Consumption per unit area (kg/ ha)

Z2. Pesticides Consumption per unit area (liters per hectare)

Z3. Efficient irrigation systems The total area of land under modern irrigation

Z4. Crop diversity Formula H- degree of diversity of crop plants

Z5.Water balance Overuse of groundwater

Z6. Conservation tillage Low-tillage and no-tillage farms to total land area

Z7. Electrical conductivity (EC) Percent of total arable land acreage of saline lands

Z8. Observe crop rotation The principles of crop rotation

Economic

E1.Economic risk Lands covered by insurance to total land

E2. The dependence of farmers on state aid The dependence of farmers on state aid

E3. The level of employment The proportion of the population employed in agriculture

E4. The gross value of production The average gross production value per hectare of arable land

E5. Crop yield Yield per hectare (kg)

Social

S1. The literacy The ratio of literate farmers to the farmers in each region

S2. Population density The proportion of the population to the total area

S3. Education The proportion of extension agents to the population

S4. Courses for sustainability promotion The number of sustainability promotion courses

Table 2.   Weighted values of criteria and sub-criteria in intercropping systems.

Criteria and
sub-criteria Weighted value of criteria Sub-criteria Relative weight of sub-criteria Final weight of sub-criteria

Environmental 0.445

Z1 0.142 0.069

Z2 0.141 0.069

Z3 0.152 0.068

Z4 0.117 0.052

Z5 0.127 0.057

Z6 0.115 0.048

Z7 0.068 0.038

Z8 0.132 0.067

Economic 0.387

E1 0.138 0.055

E2 0.177 0.065

E3 0.198 0.077

E4 0.198 0.078

E5 0.297 0.118

Social 0.369

S1 0.227 0.039

S2 0.112 0.019

S3 0.312 0.054

S4 0.341 0.068
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conditions include, for example, soil texture68, crop rotation69,70, maintaining crop residue on the soil surface71–73, 
and using green manure72,74.

The findings lead us to understand that strategies cover two criteria: intergroup social capital and sustainable 
resource management. Researchers61,75–77 have also considered social capital and its elements such as account-
ability and cohesion among stakeholders. Furthermore, issues associated with resource exhaustion and climate 
change continue to worsen, and sustainable resource management is considered a method of resolving these 
problems78. In addition, a suitable approach should be developed for a sustainable resource management model 
that considers the interrelationships and provides a guideline for performance improvement79.

The results indicate that intervening factors consist of two categories: macro-factors and micro-factors. 
Researchers have also emphasized the extension of the role of promoting and providing farmers’ training 
needs80,81, understanding conflicts among them81–83, and knowledge of climate change84. Some scholars85–88 have 
concluded that there was an important role for religiousness, spirituality, and indigenous and local knowledge 
in making decisions about the use of sustainable practices and their management.

The consequences and results also include three criteria of conceptual development and evolution of sustain-
ability, socio-economic transformation, and ecological-environmental transformation of the intercropping-based 
sustainable farming system. Researchers89–93 have stated that there must be a common understanding of the 
concept of sustainability between farmers, policymakers, and researchers. Also, most scholars94–98 have argued 
that many of the environmental challenges could be solved by maintaining ecological-social equilibrium. Others 
also believe that land use efficiency99, tourism development100, human capital101, household income growth102, 
and interaction of internal and external systems93 in rural area leads to environmental sustainability.

Conclusion
Intercropping is a type of sustainable farming practice that entails two or more crops growing in the same field 
side by side in the same or overlapping growing season. The economic and environmental values of intercrop-
ping systems in dually promoting food security and environmental health can serve as a basis for policy con-
sideration as governments and stakeholders explore more sustainable farming options. The results indicated 
that three conditions (causal, intervening, and contextual conditions) can be effective in the sustainability of 
intercropping-based family farming systems. Accordingly, two strategies (intergroup social capital and sustain-
able resources management) should be considered for developing intercropping among family farming systems. 
The sustainability of the intercropping-based family farming system can be ensured by developing intra-group 
social capital at the farmer’s family level via creating a sense of belonging in the individual members to the family 
farming system, reinforcing trust and solidarity at the family level, improving members’ commitment to goals 

Table 3.   Weighted values of criteria and sub-criteria in monocropping systems.

Criteria and
sub-criteria Weighted value of criteria Sub-criteria Relative weight of sub-criteria Final weight of sub-criteria

Environmental 0.305

Z1 0.124 0.068

Z2 0.125 0.068

Z3 0.135 0.065

Z4 0.112 0.048

Z5 0.123 0.055

Z6 0.112 0.047

Z7 0.064 0.029

Z8 0.135 0.053

Economic 0.487

E1 0.149 0.056

E2 0.168 0.068

E3 0.192 0.073

E4 0.191 0.077

E5 0.297 0.116

Social 0.269

S1 0.228 0.039

S2 0.109 0.017

S3 0.293 0.055

S4 0.332 0.064

Table 4.   Agricultural sustainability ranking.

Farming system Si +  Si- CLi
* Rank

Monocropping 0.054 0.093 0.620 2

Intercropping 0.068 0.108 0.627 1
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and practices of the intercropping system, responding to other members, observing ethics, and being responsible. 
Indeed, reinforcing intra-group social capital increases the participation of the farming system’s members in 
the sound and timely implementation of agronomic practices, which would entail the sustainable enhancement 
of the system’s efficiency. As well, the capability of optimal and sustainable management of physical, financial, 
and human resources can be effective in increasing the productivity of the intercropping-based family farming 
system. Indeed, the limitations of resources and energy, e.g., water, land, and fuel, have necessitated scientific 
management. The enhancement of the knowledge and skills of the family farming system’s members about the 
sustainable management of available resources needs continuous learning from up-to-date information sources. 
Other scholars103–107 also emphasized on continuous and deep learning. These strategies will have many conse-
quences, such as conceptual development and evolution of sustainability, socio-economic transformation, and 
ecological-environmental transformation. Also, the results showed that the environmental criterion was ranked 
first among other criteria. It means that the farmers perceived sub-criteria of environmental sustainability and 
the sub-criteria were the main components for choosing best practices and farming systems.

According to the results, it can be recommended that technical points (e.g. introducing drought-adaptive 
crops and training row intercropping to improve the productivity of fertilization, pesticide use, and harvest 
machinery) must be based on the farmers’ experiences and indigenous knowledge. The technical points can 
improve productivity and develop intercropping systems. Furthermore, farmers are recommended to get 
acquainted with the environmental, economic, and social advantages of intercropping development, which 
would extend the use of sustainability principles at their farms.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 21 June 2023; Accepted: 19 October 2023

References
	 1.	 Muluneh, A., Stroosnijder, L., Keesstra, S. & Biazin, B. Adapting to climate change for food security in the Rift Valley dry lands 

of Ethiopia. J. Agric. Sci. 155(5), 703–724 (2017).
	 2.	 Nyssen, J., Frankl, A., Zenebe, A., Poesen, J. & Deckers, J. Environmental conservation for food production and sustainable 

livelihood in tropical Africa. Land Degrad. Dev. 26(7), 629–631. https://​doi.​org/​10.​1002/​ldr.​2379 (2015).
	 3.	 Morris, R. A., Villegas, A. N., Polthanee, A. & Centeno, H. S. Water use by monocropped and intercropped cowpea and sorghum 

grown after rice. Agronomy J. 82(4), 664–668. https://​doi.​org/​10.​2134/​agron​j1990.​00021​96200​82000​40003x (1990).
	 4.	 Rezaei, R. & Mianaji, S. Using the health belief model to understand farmers’ intentions to engage in the on-farm food safety 

practices in Iran. J. Agri. Sci. Tech. 21(3), 561–574 (2019).
	 5.	 Fenández-Aparicio, M., Sillero, J. C. & Rubiales, D. Intercropping with cereals reduces infection by Orobanche crenata in legumes. 

Crop Protect. 26(8), 1166–1172. https://​doi.​org/​10.​1016/j.​cropro.​2006.​10.​012 (2007).
	 6.	 Hatfield, J. L. & Karlen, D. L. Sustainable Agriculture Systems (CRC Press, 1993).
	 7.	 Azadi, H. et al. Agricultural land conversion: Reviewing drought impacts and coping strategies. Int. J. Disaster Risk Reduct. 31, 

184–195. https://​doi.​org/​10.​1016/j.​ijdrr.​2018.​05.​003 (2018).
	 8.	 Tao, T. et al. Resilience or efficiency? Strategic options for sustainable development of agricultural systems in ecologically fragile 

areas of China. Sci. Total Environ. 881, 163411 (2023).
	 9.	 Zhang, H., Zhang, J. & Song, J. Analysis of the threshold effect of agricultural industrial agglomeration and industrial structure 

upgrading on sustainable agricultural development in China. J. Clean. Prod. 341, 130818 (2022).
	 10.	 Liang, J. & Li, Y. Resilience and sustainable development goals based social-ecological indicators and assessment of coastal urban 

areas——A case study of Dapeng New District, Shenzhen, China. Watershed Ecol. Environ. 2, 6–15 (2020).
	 11.	 Hu, S. et al. A framework for assessing sustainable agriculture and rural development: A case study of the Beijing-Tianjin-Hebei 

region China. Environ. Impact Assess. Rev. 97, 106861 (2022).
	 12.	 Brouwer, F. Sustaining Agriculture and the Rural Environment: Governance, Policy, and Multifunctionality (Edward Elgar Publish-

ing Limited, 2004).
	 13.	 Zhou, Y. & Shao, H.-B. The responding relationship between plants and environment is the essential principle for agricultural 

sustainable development on the globe. Comptes Rendus Biol. 331(4), 321–328. https://​doi.​org/​10.​1016/j.​crvi.​2008.​01.​008 (2008).
	 14.	 Martin-Gorriz, B. et al. Intercropping practices in mediterranean mandarin orchards from an environmental and economic 

perspective. Agriculture 12(5), 574 (2022).
	 15.	 Singh, R. J., Ahlawat, I. P. S. & Sharma, N. K. Resource use efficiency of transgenic cotton and peanut intercropping system using 

modified fertilization technique. Int. J. Plant Prod. 9(4), 523–540. https://​doi.​org/​10.​22069/​ijpp.​2015.​2461 (2015).
	 16.	 Singh, R. J. et al. Energy budgeting and emergy synthesis of rainfed maize–wheat rotation system with different soil amendment 

applications. Ecol. Indic. 61, 753–765. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2015.​10.​026 (2016).
	 17.	 Egarter Vigl, L., Depellegrin, D., Pereira, P., de Groot, R. & Tappeiner, U. Mapping the ecosystem service delivery chain: Capacity, 

flow, and demand pertaining to aesthetic experiences in mountain landscapes. Sci. Total Environ. 574, 422–436. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2016.​08.​209 (2017).

	 18.	 Masvaya, E. N., Nyamangara, J., Descheemaeker, K. & Giller, K. E. Is maize-cowpea intercropping a viable option for smallholder 
farms in the risky environments of semi-arid southern Africa?. Field Crops Res. 209, 73–87. https://​doi.​org/​10.​1016/j.​fcr.​2017.​
04.​016 (2017).

	 19.	 Crabtree, R. J., Prater, J. D. & Mbolda, P. Long-term wheat, soybean, and grain sorghum double-cropping under rainfed condi-
tions. Agron. J. 82(4), 683–686. https://​doi.​org/​10.​2134/​agron​j1990.​00021​96200​82000​40007x (1990).

	 20.	 Mhlanga, B., Cheesman, S., Maasdorp, B., Mupangwa, W. & Thierfelder, C. Relay intercropping and mineral fertilizer effects on 
biomass production, maize productivity and weed dynamics in contrasting soils under conservation agriculture. J. Agric. Sci. 
155(6), 876–887. https://​doi.​org/​10.​1017/​S0021​85961​60009​27 (2017).

	 21.	 Marcos-Pérez, M., Sánchez-Navarro, V. & Zornoza, R. Intercropping systems between broccoli and fava bean can enhance overall 
crop production and improve soil fertility. Sci. Hortic. 312, 111834 (2023).

	 22.	 Nurgi, N., Tana, T., Dechassa, N., Alemayehu, Y. & Tesso, B. Effects of planting density and variety on productivity of maize-faba 
bean intercropping system. Heliyon 9, e12967 (2023).

https://doi.org/10.1002/ldr.2379
https://doi.org/10.2134/agronj1990.00021962008200040003x
https://doi.org/10.1016/j.cropro.2006.10.012
https://doi.org/10.1016/j.ijdrr.2018.05.003
https://doi.org/10.1016/j.crvi.2008.01.008
https://doi.org/10.22069/ijpp.2015.2461
https://doi.org/10.1016/j.ecolind.2015.10.026
https://doi.org/10.1016/j.scitotenv.2016.08.209
https://doi.org/10.1016/j.scitotenv.2016.08.209
https://doi.org/10.1016/j.fcr.2017.04.016
https://doi.org/10.1016/j.fcr.2017.04.016
https://doi.org/10.2134/agronj1990.00021962008200040007x
https://doi.org/10.1017/S0021859616000927


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18163  | https://doi.org/10.1038/s41598-023-45454-z

www.nature.com/scientificreports/

	 23.	 Duhamel, M. & Vandenkoornhuyse, P. Sustainable agriculture: POSSIBLE trajectories from mutualistic symbiosis and plant 
neodomestication. Trends Plant Sci. 18, 597–600. https://​doi.​org/​10.​1016/j.​tplan​ts.​2013.​08.​010 (2013).

	 24.	 Banik, P., Midya, A., Sarkar, B. K. & Ghose, S. S. Wheat and chickpea intercropping systems in an additive series experiment: 
Advantages and weed smothering. Europ. J. Agron. 24(4), 325–332. https://​doi.​org/​10.​1016/j.​eja.​2005.​10.​010 (2006).

	 25.	 Brummer, E. C. Diversity, stability, and sustainable american agriculture. Agron. J. 90(1), 1–2. https://​doi.​org/​10.​2134/​agron​
j1998.​00021​96200​90000​10001x (1998).

	 26.	 Hassen, A., Talore, D. G., Tesfamariam, E. H., Friend, M. A. & Mpanza, T. D. E. Potential use of forage-legume intercropping 
technologies to adapt to climate-change impacts on mixed crop-livestock systems in Africa: A review. Region. Environ. Change 
17(6), 1713–1724. https://​doi.​org/​10.​1007/​s10113-​017-​1131-7 (2017).

	 27.	 Chen, N. et al. Quantifying inter-species nitrogen competition in the tomato-corn intercropping system with different spatial 
arrangements. Agric. Syst. 201, 103461 (2022).

	 28.	 Sharma, N. K. et al. Increasing farmer’s income and reducing soil erosion using intercropping in rainfed maize-wheat rotation 
of Himalaya India. Agric. Ecosyst. Environ. 247, 43–53. https://​doi.​org/​10.​1016/j.​agee.​2017.​06.​026 (2017).

	 29.	 Ma, Y. H., Fu, S. L., Zhang, X. P., Zhao, K. & Chen, H. Y. H. Intercropping improves soil nutrient availability, soil enzyme activity 
and tea quantity and quality. Appl. Soil Ecol. 119, 171–178. https://​doi.​org/​10.​1016/j.​apsoil.​2017.​06.​028 (2017).

	 30.	 Nelson, W. C. D. et al. What determines a productive winter bean-wheat genotype combination for intercropping in central 
Germany?. Eur. J. Agron. 128, 126294 (2021).

	 31.	 Xu, R. X. et al. Alfalfa and silage maize intercropping provides comparable productivity and profitability with lower environ-
mental impacts than wheat-maize system in the North China plain. Agric. Syst. 195, 103305 (2022).

	 32.	 De Conti, L. et al. Intercropping of young grapevines with native grasses for phytoremediation of Cu-contaminated soils. Che‑
mosphere 216, 147–156 (2019).

	 33.	 Lin, B. B. Resilience in agriculture through crop diversification: adaptive management for environmental change. Bioscience 61, 
183–193. https://​doi.​org/​10.​1525/​bio.​2011.​61.3.4 (2011).

	 34.	 Gaudin, A. C. M. et al. Increasing crop diversity mitigates weather variations and improves yield stability. PLoS One 10, 1–20. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01132​61 (2015).

	 35.	 Latati, M. et al. Species interactions improve above-ground biomass and land use efficiency in intercropped wheat and chickpea 
under low soil inputs. Agronomy 9(11), 765 (2019).

	 36.	 Morugán-Coronado, A., Linares, C., Gomez-Lopez, M. D., Faz, A. & Zornoza, R. The impact of intercropping, tillage and fertilizer 
type on soil and crop yield in fruit orchards under Mediterranean conditions: A meta-analysis of field studies. Agric. Syst. 178, 
102736 (2020).

	 37.	 Daryanto, S. et al. Ecosystem service provision of grain legume and cereal intercropping in Africa. Agric. Syst. 178, 102761 
(2020).

	 38.	 Jensen, E. S., Chongtham, I. R., Dhamala, N. R., Rodriguez, C. & Carlsson, G. Diversifying European agricultural systems by 
intercropping. Int. J. Agric. Nat. Res. 47(3), 174–186 (2020).

	 39.	 Joolaie, R., Abedi Sarvestani, A., Taheri, F., Van Passel, S. & Azadi, H. Sustainable cropping pattern in North Iran: Application 
of fuzzy goal programming. Environ. Dev. Sustain. 19(6), 2199–2216. https://​doi.​org/​10.​1007/​s10668-​016-​9849-9 (2017).

	 40.	 Karimi, H. & Ataei, P. Farmers’ cultural biases and adaptation behavior towards drought. J. Agric. Sci. Tech. 24(4), 791–807 
(2022).

	 41.	 Ataei, P., Aliabadi, V., Norouzi, A. & Sadighi, H. Measuring the employees’ environmental attitude of agricultural knowledge-
based companies based on sociocultural components: a case study from Iran. Environ. Dev. Sustain. 21, 2341–2354. https://​doi.​
org/​10.​1007/​s10668-​018-​0136-9 (2018).

	 42.	 Amiri, Z., Asgharipour, M. R., Campbell, D. E. & Armin, M. A sustainability analysis of two rapeseed farming ecosystems in 
Khorramabad, Iran, based on emergy and economic analyses. J. Clean. Prod. 226, 1051–1066 (2019).

	 43.	 Yazdanpanah, M. et al. Integrated food-based multi-actor approach to combat malnutrition. Front. Sustain. Food Syst. 7, 1179768. 
https://​doi.​org/​10.​3389/​fsufs.​2023.​11797​68 (2023).

	 44.	 Javanmard, A., Machiani, M. A., Lithourgidis, A., Morshedloo, M. R. & Ostadi, A. Intercropping of maize with legumes: A 
cleaner strategy for improving the quantity and quality of forage. Clean. Eng. Technol. 1, 100003 (2020).

	 45.	 Moghaddam, P. R., Moradi, R. & Mansoori, H. Influence of planting date, intercropping and plant growth promoting rhizobac-
teria on cumin (Cuminum cyminum L.) with particular respect to disease infestation in Iran. J. Appl. Res. Med. Aromat. Plants 
1(4), 134–143 (2014).

	 46.	 Glaser, B. G. & Strauss, A. L. The Discovery of Grounded Theory (Aldine, 1967).
	 47.	 Birks, M. & Mills, J. Grounded Theory: A Practical Guide 2nd edn. (SAGE, 2015).
	 48.	 Brown, S. C. Learning Across the Campus: How College Facilitates the Development of Wisdom. (Doctoral Dissertation) (University 

of Maryland, 1999).
	 49.	 Denzin, N. K. & Lincoln, Y. S. The SAGE Handbook of Qualitative Research (Sage Publications, 2005).
	 50.	 Saaty, T. L. & Vargas, L. G. Models, Methods, Concepts & Applications of the Analytic Hierarchy Process (Springer, 2012).
	 51.	 Mohamadpur, A. Modernization Experience (Study Interpretation and Development Hawraman with of grounded Theory) (Jameah-

Shenasan, 2013).
	 52.	 Ataei, P. & Zamani Miandashti, N. Motivation of participating farmers and stockmen in Fars research finding diffusion-push 

projects to implement suggested technologies. Agric. Edu. Administ. Res. 29, 96–107 (2014).
	 53.	 Kragt, M. E., Dumbrell, N. P. & Blackmore, L. Motivations and barriers for Western Australian broad-acre farmers to adopt 

carbon farming. Environ. Sci. Policy 73, 115–123. https://​doi.​org/​10.​1016/j.​envsci.​2017.​04.​009 (2017).
	 54.	 Hammond, J. et al. Farm types and farmer motivations to adapt: Implications for design of sustainable agricultural interventions 

in the rubber plantations of South West China. Agric. Syst. 154, 1–12. https://​doi.​org/​10.​1016/j.​agsy.​2017.​02.​009 (2017).
	 55.	 Nordhagen, S., Pascual, U. & Drucker, A. G. Feeding the household, growing the business, or just showing off? Farmers’ motiva-

tions for crop diversity choices in Papua New Guinea. Ecological Econ. 137, 99–109. https://​doi.​org/​10.​1016/j.​ecole​con.​2017.​02.​
025 (2017).

	 56.	 Floress, K. et al. Toward a theory of farmer conservation attitudes: Dual interests and willingness to take action to protect water 
quality. J. Environ. Psych. 53, 73–80. https://​doi.​org/​10.​1016/j.​jenvp.​2017.​06.​009 (2017).

	 57.	 Moradhaseli, S., Ataei, P. & Norouzi, A. Analysis of students’ environmental behavior in the Agriculture College of Tarbiat 
Modares University, Iran (application of Planned Behavior Theory). J. Human Behav. Soc. Environ. 27(7), 733–742. https://​doi.​
org/​10.​1080/​10911​359.​2017.​13346​14 (2017).

	 58.	 Jack, C. et al. A quantitative analysis of attitudes and behaviours concerning sustainable parasite control practices from Scottish 
sheep farmers. Prevent. Vet. Med. 139, 134–145. https://​doi.​org/​10.​1016/j.​preve​tmed.​2017.​01.​018 (2017).

	 59.	 Aregay, F. A., Minjuan, Z. & Tao, X. Knowledge, attitude and behavior of farmers in farmland conservation in China: An appli-
cation of the structural equation model. J. Env. Plan. Manag. 61(2), 249–271. https://​doi.​org/​10.​1080/​09640​568.​2017.​13018​95 
(2018).

	 60.	 Wynne-Jones, S. Understanding farmer co-operation: Exploring practices of social relatedness and emergent affects. J. Rural 
Stud. 53, 259–268. https://​doi.​org/​10.​1016/j.​jrurs​tud.​2017.​02.​012 (2017).

	 61.	 de Krom, M. P. M. M. Farmer participation in agri-environmental schemes: Regionalisation and the role of bridging social 
capital. Land Use Policy 60, 352–361. https://​doi.​org/​10.​1016/j.​landu​sepol.​2016.​10.​026 (2017).

https://doi.org/10.1016/j.tplants.2013.08.010
https://doi.org/10.1016/j.eja.2005.10.010
https://doi.org/10.2134/agronj1998.00021962009000010001x
https://doi.org/10.2134/agronj1998.00021962009000010001x
https://doi.org/10.1007/s10113-017-1131-7
https://doi.org/10.1016/j.agee.2017.06.026
https://doi.org/10.1016/j.apsoil.2017.06.028
https://doi.org/10.1525/bio.2011.61.3.4
https://doi.org/10.1371/journal.pone.0113261
https://doi.org/10.1007/s10668-016-9849-9
https://doi.org/10.1007/s10668-018-0136-9
https://doi.org/10.1007/s10668-018-0136-9
https://doi.org/10.3389/fsufs.2023.1179768
https://doi.org/10.1016/j.envsci.2017.04.009
https://doi.org/10.1016/j.agsy.2017.02.009
https://doi.org/10.1016/j.ecolecon.2017.02.025
https://doi.org/10.1016/j.ecolecon.2017.02.025
https://doi.org/10.1016/j.jenvp.2017.06.009
https://doi.org/10.1080/10911359.2017.1334614
https://doi.org/10.1080/10911359.2017.1334614
https://doi.org/10.1016/j.prevetmed.2017.01.018
https://doi.org/10.1080/09640568.2017.1301895
https://doi.org/10.1016/j.jrurstud.2017.02.012
https://doi.org/10.1016/j.landusepol.2016.10.026


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18163  | https://doi.org/10.1038/s41598-023-45454-z

www.nature.com/scientificreports/

	 62.	 Altenbuchner, C., Vogel, S. & Larcher, M. Social, economic and environmental impacts of organic cotton production on the 
livelihood of smallholder farmers in Odisha India. Renew. Agric. Food Syst. 33(4), 373–385. https://​doi.​org/​10.​1017/​S1742​17051​
70001​4X (2017).

	 63.	 Frimpong, K., Van Etten, E., Oosthuzien, J. & Fannam, V. N. Review of climate change adaptation and social protection policies 
of Ghana: The extent of reducing impacts of climate change and heat stress vulnerability of smallholder farmers. in Natural 
Resources Management: Concepts, Methodologies, Tools, and Applications Vol. 1–2, pp. 159–173 (2016).

	 64.	 Cadger, K., Quaicoo, A. K., Dawoe, E. & Isaac, M. E. Development interventions and agriculture adaptation: A social network 
analysis of farmer knowledge transfer in Ghana. Agriculture (Switzerland) 6(3), 32. https://​doi.​org/​10.​3390/​agric​ultur​e6030​032 
(2016).

	 65.	 Bijani, M., Mohammadi-Mehr, S. & Shiri, N. Towards rural women’s pro-environmental behaviors: Application of protection 
motivation theory. Global Ecol. Conserv. 39, e02303. https://​doi.​org/​10.​1016/j.​gecco.​2022.​e02303 (2022).

	 66.	 Jones, P. J., McFarlane, I. D., Park, J. R. & Tranter, R. B. Assessing the potential economic benefits to farmers from various GM 
crops becoming available in the European Union by 2025: Results from an expert survey. Agric. Syst. 155, 158–167. https://​doi.​
org/​10.​1016/j.​agsy.​2017.​05.​005 (2017).

	 67.	 Vinaya Kumar, H. M., Shivamurthy, M., Govinda Gowda, V. & Biradar, G. S. Assessing decision-making and economic perfor-
mance of farmers to manage climate-induced crisis in Coastal Karnataka (India). Climat. Change 142(1–2), 143–153. https://​
doi.​org/​10.​1007/​s10584-​017-​1928-x (2017).

	 68.	 Lourdel, N., Gondran, N., Laforest, V., Debray, B. & Brodhag, C. Sustainable development cognitive map: A new method of 
evaluating student understanding. Int. J. Sustain. Higher Edu. 8(2), 170–182 (2007).

	 69.	 Gwenzi, W., Gotosa, J., Chakanetsa, S. & Mutema, Z. Effects of tillage systems on soil organic carbon dynamics, structural stabil-
ity and crop yields in irrigated wheat (Triticum aestivum L.)-cotton (Gossypium hirsutum L.) rotation in semi-arid Zimbabwe. 
Nutr. Cycl. Agroecosyst. 83(3), 211–221. https://​doi.​org/​10.​1007/​s10705-​008-​9211-1 (2009).

	 70.	 Vanlauwe, B. et al. A fourth principle is required to define conservation agriculture in sub-Saharan Africa: The appropriate use 
of fertilizer to enhance crop productivity. Field Crops Res. 155, 10–13 (2014).

	 71.	 Hurlimann, A. C. Responding to environmental challenges: An initial assessment of higher education curricula needs by Aus-
tralian planning professionals. Environ. Edu. Res. 15(6), 643–659. https://​doi.​org/​10.​1080/​13504​62090​32441​59 (2009).

	 72.	 Casagrande, M. et al. Organic farmers’ motivations and challenges for adopting conservation agriculture in Europe. Organ. 
Agric. 6(4), 281–295. https://​doi.​org/​10.​1007/​s13165-​015-​0136-0 (2016).

	 73.	 Van Pelt, R. S. et al. The reduction of partitioned wind and water erosion by conservation agriculture. CATENA 148, 160–167 
(2017).

	 74.	 Van Cauwenbergh, N. et al. SAFE- A hierarchical framework for assessing the sustainability of agricultural systems. Agri. Ecosyst. 
Environ. 120(2–4), 229–242 (2007).

	 75.	 Mohammadi-Mehr, S., Bijani, M. & Abbasi, E. Factors affecting the aesthetic behavior of villagers towards the natural environ-
ment: The case of Kermanshah Province Iran. J. Agric. Sci. Tech. 20(7), 1353–1367 (2018).

	 76.	 Fu, S., Zhan, Y. & Tan, K. H. Managing social responsibility in Chinese agriculture supply chains through the “a company + 
farmers” model. Eur. Bus. Rev. 29(3), 344–359. https://​doi.​org/​10.​1108/​EBR-​01-​2016-​0012 (2017).

	 77.	 Méndez-Lemus, Y. & Vieyra, A. How social capital enables or restricts the livelihoods of poor Peri-urban farmers in Mexico. 
Dev. Pract. 27(3), 301–315. https://​doi.​org/​10.​1080/​09614​524.​2017.​12961​09 (2017).

	 78.	 Wu, K.-J., Tseng, M. L., Lim, M. K. & Chiu, A. S. F. Causal sustainable resource management model using a hierarchical structure 
and linguistic preferences. J. Clean. Prod. 229, 640–651. https://​doi.​org/​10.​1016/j.​jclep​ro.​2019.​04.​394 (2019).

	 79.	 Song, M., Farzipoor Saen, R., Fisher, R. & Tseng, M.-L. Technology innovation for green growth and sustainable resource 
management. Resour. Conserv. Recycl. 141, 501. https://​doi.​org/​10.​1016/j.​resco​nrec.​2018.​05.​003 (2019).

	 80.	 Gay, K. D., Owens, C. T., Lamm, A. J. & Rumble, J. N. Assessing public issues knowledge and needs of extension agents in Florida. 
J. Ext. 55(1), 24 (2017).

	 81.	 Bond, J. Extension agents and conflict narratives: A case of Laikipia County Kenya. J. Agric. Edu. Ext. 22(1), 81–96. https://​doi.​
org/​10.​1080/​13892​24X.​2014.​997256 (2016).

	 82.	 Abegaz, D. M. & Wims, P. Extension agents’ awareness of climate change in Ethiopia. J. Agric. Edu. Ext. 21(5), 479–495. https://​
doi.​org/​10.​1080/​13892​24X.​2014.​946936 (2015).

	 83.	 Oliveira, R. C. D. S. et al. Religiousness/spirituality do not necessarily matter: Effect on risk perception and adaptive strategies 
in the semi-arid region of NE Brazil. Global Ecol. Conserv. 11, 125–133. https://​doi.​org/​10.​1016/j.​gecco.​2017.​05.​004 (2017).

	 84.	 Smith, B. M. et al. Collating and validating indigenous and local knowledge to apply multiple knowledge systems to an envi-
ronmental challenge: A case-study of pollinators in India. Biolo. Conserv. 211, 20–28. https://​doi.​org/​10.​1016/j.​biocon.​2017.​04.​
032 (2017).

	 85.	 Ali, M. et al. Assessing indigenous and local knowledge of farmers about pollination services in cucurbit agro-ecosystem of 
Punjab Pakistan. Saudi J. Biol. Sci. 27(1), 189–194. https://​doi.​org/​10.​1016/j.​sjbs.​2019.​07.​001 (2020).

	 86.	 Tufa, S. S. et al. Indigenous knowledge, practices and preferences in control of gastrointestinal nematodes in Bonga and Horro 
sheep of Ethiopia. Small Ruminant Res. 175, 110–116. https://​doi.​org/​10.​1016/j.​small​rumres.​2019.​04.​019 (2019).

	 87.	 Baginetas, K. N. The contested concept of sustainability in Agriculture: An examination of the views of policymakers, scientists 
and farmers. Sustainable Farmland Management: Transdisciplinary Approaches 30–41 (2008).

	 88.	 Lepofsky, D. & Kahn, J. Cultivating an ecological and social balance: Elite demands and commoner knowledge in ancient ma’ohi 
agriculture, society Islands. Am. Anthropol. 113(2), 319–335. https://​doi.​org/​10.​1111/j.​1548-​1433.​2011.​01333.x (2011).

	 89.	 Mamani, W. C., Manrique, G. M. L., Madrid, S. D. P. C., Herrera, E. E., Acosta, D. B., Rivas-Diaz, R. R. & Ramos, F. S. S. The role 
of entrepreneurship and green innovation intention on sustainable development: Moderating impact of inclusive leadership. 
AgBioForum, 24(1). (2022)

	 90.	 Panyasing, S., Yongvanit, S., Purnomo, E. P., Tham, I. & Aim, S. The government policy on the organic rice farming groups 
embracing sustainable agricultural production: Evidence in Thailand. AgBioForum 24(1), 83–94 (2022).

	 91.	 Van Hoa, N. et al. Impact of trained human resources, adoption of technology and international standards on the improvement 
of accounting and auditing activities in the agricultural sector in Viet Nam. AgBioForum 24(1), 59–71 (2022).

	 92.	 Nguyen-Chi, H., Chuong, H. N., Pham-My, D., Nguyen-Anh, T. & Tra-Van, T. spatial clustering of manufacturing firms in 
Vietnam. Int. J. Eco. Finance Stud. 14(1), 116–137 (2022).

	 93.	 Tong, D. et al. Modeling the interaction of internal and external systems of rural settlements: The case of Guangdong China. 
Land Use Policy 132, 106830. https://​doi.​org/​10.​1016/j.​landu​sepol.​2023.​106830 (2023).

	 94.	 Abidin, I. S. Z., Haseeb, M. & Islam, R. Impact of agricultural irrigated land and raw material import, labor force and capital 
formation on rice production: Evidence from the Malaysian economy. Cuadernos de Econ. 45(127), 106–112 (2022).

	 95.	 Satria, H., Amar, S. & Wardi, Y. Impact of Nagari financial management on the performance of sustainable development in West 
Sumatra Province. Croatian Int. Relat. Rev. 28(90), 288–310 (2022).

	 96.	 Wang, W. & Wang, Y. Research on image capture technology of intelligent terminal and multi exposure fusion to improve the 
resilience of agriculture production systems. J. Commer. Biotech. 27(2), 46–56 (2022).

	 97.	 Nuhfil Hanani, A. R., Asmara, R. & Fahriyah, F. Technology gap ratio decomposition in sugarcane farming in Indonesia. Asian 
J. Agric. Rural Dev. 13(1), 1–7 (2023).

https://doi.org/10.1017/S174217051700014X
https://doi.org/10.1017/S174217051700014X
https://doi.org/10.3390/agriculture6030032
https://doi.org/10.1016/j.gecco.2022.e02303
https://doi.org/10.1016/j.agsy.2017.05.005
https://doi.org/10.1016/j.agsy.2017.05.005
https://doi.org/10.1007/s10584-017-1928-x
https://doi.org/10.1007/s10584-017-1928-x
https://doi.org/10.1007/s10705-008-9211-1
https://doi.org/10.1080/13504620903244159
https://doi.org/10.1007/s13165-015-0136-0
https://doi.org/10.1108/EBR-01-2016-0012
https://doi.org/10.1080/09614524.2017.1296109
https://doi.org/10.1016/j.jclepro.2019.04.394
https://doi.org/10.1016/j.resconrec.2018.05.003
https://doi.org/10.1080/1389224X.2014.997256
https://doi.org/10.1080/1389224X.2014.997256
https://doi.org/10.1080/1389224X.2014.946936
https://doi.org/10.1080/1389224X.2014.946936
https://doi.org/10.1016/j.gecco.2017.05.004
https://doi.org/10.1016/j.biocon.2017.04.032
https://doi.org/10.1016/j.biocon.2017.04.032
https://doi.org/10.1016/j.sjbs.2019.07.001
https://doi.org/10.1016/j.smallrumres.2019.04.019
https://doi.org/10.1111/j.1548-1433.2011.01333.x
https://doi.org/10.1016/j.landusepol.2023.106830


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18163  | https://doi.org/10.1038/s41598-023-45454-z

www.nature.com/scientificreports/

	 98.	 Loan, N. T., Xuan, N. T. T. & Nam, N. K. Business linkage and performance of small and medium-sized enterprises: A case study 
of enterprises engaged in exporting agricultural products. Nurture 17(3), 194–207 (2023).

	 99.	 Yu, B. & Zhou, X. Urban administrative hierarchy and urban land use efficiency: Evidence from Chinese cities. Int. Rev. Econ. 
Finan. 88, 178–195. https://​doi.​org/​10.​1016/j.​iref.​2023.​06.​033 (2023).

	100.	 He, H., Tuo, S., Lei, K. & Gao, A. Assessing quality tourism development in China: An analysis based on the degree of mismatch 
and its influencing factors. Environ. Dev. Sustain. https://​doi.​org/​10.​1007/​s10668-​023-​03107-1 (2023).

	101.	 Huang, Y. & Ni, X. The impact of human capital of village cadres on work performance: Taking Renju Town as an example. J. 
Chinese Human Resour. Manag. 13(2), 3–11. https://​doi.​org/​10.​47297/​wspch​rmWSP​2040-​800501.​20221​302 (2022).

	102.	 Li, L. An empirical analysis of rural labor transfer and household income growth in China. J. Chin. Human Resour. Manag. 14(1), 
106–116. https://​doi.​org/​10.​47297/​wspch​rmWSP​2040-​800505.​20231​401 (2023).

	103.	 Hsiao, I. H. & Chung, C. Y. AI-infused semantic model to enrich and expand programming question generation. J. Artif. Intell. 
Tech. 2(2), 47–54 (2022).

	104.	 Deng, Y., Zeng, Z., Jha, K. & Huang, D. Problem-based cybersecurity lab with knowledge graph as guidance. J. Artif. Intell. Tech. 
2(2), 55–61 (2022).

	105.	 Choudhuri, S., Venkateswara, H. & Sen, A. Coupling adversarial learning with selective voting strategy for distribution align-
ment in partial domain adaptation. J. Comput. Cognit. Eng. 1(4), 181–186 (2022).

	106.	 Wu, J., Zhao, E., Li, S. & Wang, Y. Intelligent fitting global real-time task scheduling strategy for high-performance multi-core 
systems. CAAI Trans. Intell. Tech. 7(2), 244–255. https://​doi.​org/​10.​1049/​cit2.​12063 (2022).

	107.	 Geng, S., Wang, L., Li, D., Jiang, B. & Su, X. Research on scheduling strategy for automated storage and retrieval system. CAAI 
Trans. Intell. Tech. 7(3), 522–536. https://​doi.​org/​10.​1049/​cit2.​12066 (2022).

Author contributions
P.A., M.M. and N.I. wrote the main manuscript text, A.M.D revised the manuscript and H.K. analyzed the data. 
All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1016/j.iref.2023.06.033
https://doi.org/10.1007/s10668-023-03107-1
https://doi.org/10.47297/wspchrmWSP2040-800501.20221302
https://doi.org/10.47297/wspchrmWSP2040-800505.20231401
https://doi.org/10.1049/cit2.12063
https://doi.org/10.1049/cit2.12066
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Strategic sustainability practices in intercropping-based family farming systems: study on rural communities of Iran
	Research method
	Research questions
	Results
	Causal factors
	Behavioral motivators
	Attitudinal motivators

	Contextual factors
	Structural social components
	Economic components
	Environmental Potentials of the Region

	Strategies
	Intergroup social capital
	Sustainable Resource Management

	Intervening factors
	Macro-factors
	Micro-factors

	Consequences and results
	Conceptual development and evolution of sustainability in family farming systems
	Socioeconomic transformation
	Maintaining ecological balance

	Ranking the criteria and sub-criteria of intercropping and monocropping systems

	Discussion
	Conclusion
	References


