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Introduction: Measuring the sustainability of agricultural practices at the farm

level is a prerequisite for devising e�ective policies and strategies. This study

o�ers an in-depth farm-level sustainability assessment of Eritrea’s horticultural

sector. It aims to assess the sustainability of horticultural crop production

using 12 customized indicators co-developed with local stakeholders, identify

the principal factors influencing sustainability performance, and compare

the sustainability performances across two regions of Eritrea with di�erent

agroecological and socioeconomic settings.

Methods: Primary data from 170 horticultural farmers were collected using a

field survey focusing on activities conducted from 2020 to 2022. The assessment

uses a tra�c light approach to classify farms into three categories: unsustainable

(red), acceptable (yellow), and sustainable (green). Multiple Linear Regression

(MLR) is applied to explain themain factors contributing to the sustainability score

of farms across the studied regions.

Results: The study shows disparities in sustainability performance between

the two study regions as measured by the indicators. The MLR model shows

that farming experience, extension services, and cooperative membership

significantly influence most sustainability outcomes (p < 0.05).

Discussion: This study highlights the necessity for a context-specific approach

to assess farm-level sustainability. By mapping the sustainability landscape of the

horticultural sector and identifying key levers for improvement, the study paves

the way for informed, impactful strategies to advance agricultural sustainability

at the farm level.
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1 Introduction

Following Brundtland’s report (Brundtland, 1987), the issues of sustainability in all

sectors, including agriculture, received extensive attention. The achievement of the 2030

Sustainable Development Agenda hinges on addressing challenges within the agricultural

domain, which serves as a primary source of employment and economic growth in

numerous low- and middle-income countries (FAO et al., 2023). The need to focus on

agriculture is further compounded by the increasing global population, which demands

a rise in food production, prompting policymakers to prioritize the intensification of

agricultural activities. However, this will have adverse effects on the environment and

society (Bell and Morse, 2001; Pretty et al., 1996). Therefore, the implementation of
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sustainability principles in agriculture becomes imperative as it can

hugely contribute toward sustainable development.

Horticulture production is a vital component of the agricultural

sector and is expanding rapidly, driven by growing demand

for both local consumption and exports (FAO, 2024; Satisha,

2023). However, this growth has significant environmental impacts,

including high resource demands for land, freshwater, and energy,

which are causing pollution and soil degradation related to the use

of chemical fertilizers and pesticides (Lillywhite, 2014; Wainwright

et al., 2014). Economically, the sector faces challenges such as price

volatility and market instability, especially due to the perishability

of produce, which creates profitability pressures and heightens

the risk for small-scale producers (Etefa et al., 2022). Socially,

horticulture is labor-intensive, often creating low-wage jobs with

inadequate safety standards, while issues such as gender equity, fair

wages, and secure access to land remain concerns (Bertschinger,

2004; Dolan and Sutherland, 2002; Nischalke et al., 2018). In

response to these challenges, international organizations such

as the FAO promote sustainable practices and policies aligned

with Sustainable Development Goal 2.4.1, which aims to establish

resilient and sustainable food production systems (FAO, 2012,

2017). Through these efforts, they seek to mitigate environmental

impacts, stabilize markets, and improve social equity within

horticultural production systems.

Considering the multifaceted nature of horticulture

production, it is crucial to view its sustainability from three

dimensions, i.e., economic (profitability and long-term financial

viability), environmental (compatibility with natural ecosystems

and maintenance of natural systems), and social justice (fair

and equitable distribution of wealth it generates) (Angevin

et al., 2017; Gómez-Limón and Sanchez-Fernandez, 2010).

However, most sustainability assessments to date focus mainly

on environmental issues with less emphasis on the economic and

social aspects (Janker and Mann, 2020). Integrated approaches that

provide information regarding potential synergies, trade-offs,

and contradictions between the various pillars of sustainability

should be devised and applied to provide a more meaningful and

holistic assessment.

Due to its normative nature, the precise determination and

quantification of agricultural sustainability using a standard

method is still challenging (Silvestri et al., 2024). However, if

measured using appropriate tools and indicators, it can provide

strategic information to develop evidence-based policies (Bell and

Morse, 2008; Rigby et al., 2001). A systematic literature review of 38

sustainability assessments of agricultural practices by Lampridi and

Sørensen (2019) shows that the most used methods are indicator-

based tools, followed by the use of frameworks, indices, and

multicriteria methods. This signifies that sustainability indicators

are vital for evaluating progress, guiding corrective actions, and

ensuring alignment with sustainability objectives.

The selection of indicators depends on the goals and objectives

of the sustainability assessment, the availability of data and

resources, and their relevance to the specific context to provide

meaningful insights (Frater and Franks, 2013; Zhen and Routray,

2003). Moreover, it is highly recommended to engage all key

stakeholders through a participatory approach (Haile et al., 2024;

Luján Soto et al., 2020; Reed et al., 2008; Yegbemey et al., 2014).

Researchers often combine quantitative and qualitative indicators

to view agricultural practices comprehensively.When the threshold

for a given sustainability indicator is specific and has a quantifiable

limit, researchers tend to use impact (outcome)-based indicators

and use the measurable parameter as an indicator to evaluate

whether the farm is within the safe or acceptable range, for

example, yield, soil organic matter, CO2 flux, and minimum wage

level (Roy et al., 2014; Valizadeh and Hayati, 2021). Practice-

based indicators assess sustainability by examining farmers’ daily

routines and their adoption rate of recommended good practices

and sustainable technologies (FAO, 2023a). Selecting the right mix

of indicators—ranging from impact (outcome)-based, practice-

based, to perception-based—enables a better understanding of

sustainability in agricultural systems, highlighting the importance

of aligning these indicators with the specific goals, available data,

and the local context of the assessment.

When reporting and communicating sustainability

assessments, common methods include the use of “Sustainability

Reports” that detail the environmental, social, and economic

impacts of a farm (Kasztelan and Nowak, 2024). These reports

often align with global standards such as the Global Reporting

Initiative (GRI) or the Sustainability Accounting Standards

Board (SASB). Certifications and labels using recognizable

symbols or marks are also used to indicate that a product,

service, or farm meets specific sustainability standards in terms

of organic products, fair trade, and energy efficiency (Alotaibi

et al., 2021; Fernando et al., 2014). Others use visual tools such

as dashboards and scorecards that present key performance

indicators (KPIs) related to sustainability goals (Dumanski

et al., 1998; FAO, 2013; Reytar et al., 2014; Zarei et al., 2021).

These can range from simple traffic light systems (green, yellow,

and red) to more complex dashboards incorporating a variety

of metrics.

Farm-level sustainability assessment for small-scale producers

poses additional challenges due to limited farm records and

the farmers’ restricted capacity and resources for independent

assessments (Robling et al., 2023). Evaluations are typically

carried out by government or research organizations, driven

by the imperative to incorporate farm-level sustainability into

regional planning and to customize policy documents to local

circumstances. This issue is particularly pertinent in countries

such as Eritrea, where farm records and documentation remain

scarce. Hence, in this study, the selection and definition of

indicators, as well as the methodology chosen, was dependent

on the available data, with most of the data collected through

farmer interviews and field inspections. This approach

underscores the significance of tailoring assessment methods

to align with the specific realities and constraints of small-scale

farming environments.

In Eritrea, horticulture is a fast-growing and input-intensive

production system (MoA, 2006) and an integrated sustainability

assessment that incorporates the three dimensions of sustainability

that have not been attempted to date. This study, therefore,

aims to:

(a) Measure the sustainability of horticultural crop production

using indicators selected by local stakeholders.

Frontiers in Sustainable FoodSystems 02 frontiersin.org

https://doi.org/10.3389/fsufs.2025.1532356
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Haile et al. 10.3389/fsufs.2025.1532356

(b) Identify the principal factors influencing sustainability

performance in the horticultural sector of two selected

study regions.

(c) Compare and contrast the sustainability outcomes to see how

sustainability is affected by the different agroecological and

socioeconomic settings of the two study areas.

This research contributes to the global body of knowledge on

sustainable agriculture. The methodological framework, centered

on stakeholder-engaged indicator development, presents a scalable

and adaptable model applicable to varied international settings,

especially in regions with comparable agroecological settings. The

findings will serve as a critical benchmark for Eritrea, guiding policy

interventions and fostering international collaborations aimed at

enhancing horticultural agricultural sustainability. Consequently,

this research offers a template for other countries in their pursuit of

sustainable agriculture by making relevant contributions to global

dialogues on sustainability.

2 Materials and methods

2.1 Study area and background of the
horticultural sector

Eritrea is an agrarian nation in the Horn of Africa with

a population of ∼3.6 million people, with 65% of its people

residing in rural areas (NSO, 2013). The country is divided into

six administrative regions, known as Zobas. Despite challenging

agroclimatic conditions, agriculture remains vital to Eritrea’s

economy. Eritrea exhibits diverse topography ranging from moist

highlands to semi-arid and arid lowlands, which determines the

types of crops grown and livestock reared. Eritrea has a potential

2.1 million ha of arable land, out of ∼600,000 ha can be used for

irrigated agriculture (GoSE, 2004). Traditional rain-fed farming

accounts for more than 90% of the cropped land (Ogbazghi and

Stillhardt, 2011).

Modern horticulture has been practiced in Eritrea over the

last 90+ years and primarily involves small and medium-scale

commercial farmers (AfDB, 2009). Most farmers usually produce

two to three cycles per year using irrigation (MoA, 2006). Ministry

of Agriculture reports show that bananas, oranges, and papaya

represent the bulk of fruit production, while onions, tomatoes,

leafy vegetables, hot peppers, and potatoes represent the bulk

of the vegetable sector (MoA, 2020). The experience of a few

estate farms has shown that other temperate, subtropical, or

tropical horticultural crops can also be successfully grown in

Eritrea (MoA, 2006). In Eritrea, areas with high potential for

horticultural production are the Central Moist Highlands and the

Western Moist Lowlands (MoA, 2006). In these two agroecological

regions, the climate permits the growth of a range of crops, and

the infrastructure, such as access roads to rural areas, electricity,

and water-holding structures with irrigation facilities, is better

developed than in other regions.

This study focuses on two sub-zobas: Gala Nefhi, representing

the central highland region, and Dighe, representing the arid

lowland region. Both are known for significant horticultural

production within their respective agroclimatic zones (MoA, 2022)

(Figure 1). The two sub-zobas also exhibit different socioeconomic

characteristics (Table 1), which allow a comparison analysis of

sustainability assessments and factors affecting their sustainability.

2.2 Identification of indicators and
threshold values: a participatory approach

This study undertook a multi-stakeholder, participatory

approach to select 12 indicators (three economic, five

environmental, and four social) to measure the sustainability

of the horticultural crop production system of Eritrea (Table 2). To

select indicators and their threshold values, a 3-day participatory

workshop was held in March 2023 involving 35 stakeholders

from across Eritrea’s horticultural sector, including farmers,

extension officers, policy experts, researchers, and representatives

from relevant ministries and organizations. Participants were

identified based on a prior stakeholder analysis conducted

by the Ministry of Agriculture and selected to ensure diverse

representation. During the workshop, participants evaluated a long

list of indicators adapted from the FAO’s SAFA guidelines (FAO,

2012), using agreed criteria such as measurability, relevance to

local horticultural systems, and responsiveness to management.

Through group exercises and discussion, a final set of 12 indicators

with locally relevant thresholds was selected. A detailed account

of the indicator selection process and stakeholder composition

is available in a separate publication by the same authors (Haile

et al., 2024). This approach is commonly used in developing

sustainability indicators (Luján Soto et al., 2020; Van Calker et al.,

2005; Zarei et al., 2021), enabling a more inclusive and context-

specific sustainability assessment aligned with local environmental,

social, and economic conditions.

To categorize the farms according to their sustainability, a

“Traffic Light Approach” was adopted, with three sustainability

levels for each indicator. Green for sustainable achievements,

yellow for acceptable, and red for unsustainable results (FAO,

2017; Gennari and Navarro, 2019). The proportion of agricultural

area under a given sustainability status was compared for

the two sub-zobas by adding the area of the farm under

each category. This approach allows interpretation and analysis

by measuring performance in terms of different sustainability

indicators and dimensions, enabling policymakers to understand

areas of weakness and/or strength.

2.3 Sampling

The study’s sampling frame comprised all registered

horticultural farmers in the two sub-zobas, i.e., 140 in Dighe

and 240 in Gala Nefhi. A stratified random sampling technique

was employed, taking into account farm size, crop type, location,

and the farmer’s gender. Farmers owning less than one hectare

were excluded from the study, as these smaller farms are primarily

subsistence-based, making the application of most sustainability

indicators impractical. Consequently, a total of 170 farmers (94

from Dighe and 76 from Gala Nefhi) were randomly selected for
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FIGURE 1

The study areas of Dighe and Gala Nefhi within Eritrea.

TABLE 1 Biophysical and Socioeconomic information of the study areas.

Study area characteristics Dighe Gala Nefhi

Zoba (Region) Gash Barka Maekel

Agroecological zone Arid Lowland Moist highland

Location 15025′′ N−15059′′ N 37008′′ E−38000′′ E 15008′′ N 15021′′ N

38041′′ E−39002′′ E

Total area (ha) 337,000 38,911

Population (2022) 35,636 85,370

Number of households (2022) 7,893 22,734

Number of villages 80 33

Major religion and ethnic group Islam, Tigre Christianity, Tigrigna

Altitude range (meters above sea level) 500–600 500–2,000

Mean Annual Rainfall (mm) 150–300 500–800

Average temperature (0C) 30 22

Area under horticulture crop production in 2022 (ha) 2,400 394

Horticultural crop farmers 140a 420a

Major horticultural crops Banana, tomato, onion, okra, pumpkin, pepper,

watermelon

Potato, cabbage, lettuce, carrot, green pepper, zucchini,

tomato, guava, papaya, alfalfa, and citrus

aOfficially registered by Ministry of Agriculture.
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TABLE 2 Final List of Indicators and their threshold value (FAO, 2017; Haile et al., 2024).

Indicator
(Dimension)

The major aspect being assessed by the
indicator

Thresholds value

Net farm income

(Economic)

This indicator assesses the profitability and financial stability

of the farm. It is calculated by subtracting the total expenses

of the farm, including interest and taxes, from the total

revenue earned over 3 consecutive years (2020, 2021, and

2022).

Green: Net Farm Income is+ve for the past 3 years

Yellow: Net Farm Income is+ve at least in the past 1 year

Red: Net Farm Income is -ve in the past 3 years

Product diversification

(Economic)

This indicator evaluates the diversity of a farm’s production

by determining whether it generates income from different

products, including various horticultural crops and livestock.

Green: If the farm produces three or more horticultural

crops and supplements farm income with other on-farm

activities simultaneously

Yellow: Produce only two horticultural crops. OR they grow

one crop but supplement their income by other on-farm

activity other than horticultural crop production (e.g., dairy,

sheep fattening, etc.)

Red: Produce only one horticultural crop and no other

on-farm activity

Stability of market

(Economic)

This indicator assesses the income structure of the farm by

determining the number of years the enterprise has

maintained a business relationship with each buyer. It also

measures the income share per buyer and financial losses

due to unsold products.

Green: There are at least three or more buyers, and no buyer

is responsible for more than 50% of the annual income.

Business relationships with buyers go on for more than 1

year. There is no record of financial loss, as all products have

been sold.

Yellow: There are at least two buyers sharing the products.

Alternative markets are available. No Product loss due to

lack of market or it happens rarely (once in 3 years)

Red: One buyer is responsible for 100% of the annual

income. Loss due to lack of market is common (Happening

every year)

Water conservation practices

(Environmental)

This indicator measures the availability of water for

irrigation over time and examines the implementation of

water conservation practices on the farm.

Green: If water is sufficiently available, apply

water-conserving irrigation practices (e.g., concrete canal,

semi-pressurized, Sprinkler, and/or drip irrigation). Green is

also a default score for farmers who are not irrigating (or

irrigating only <10% of the farm).

Yellow: Water is getting scarce/water level in wells is going

down progressively, but farmers use water-conserving

irrigation practice

Red: Water is getting scarce, and farmers do not have a

reliable supply when they need to irrigate. The water level in

a well is progressively going down, and there is no water

conservation activity (use ONLY Furrow Irrigation)

Soil improvement practices

(Environmental)

This indicator assesses the extent of organic fertilizer use and

where chemical (synthetic) fertilizers are used. It evaluates

the adoption of best practices recommended by the FAO to

reduce their negative impacts. Source (FAO, 2012, 2023b)

- Adhere to local regulations on fertilizer doses.

- Combine organic nutrients (manure and compost) with

chemical fertilizers.

- Use legumes as cover crops to enhance soil nitrogen.

- Spread fertilizer application throughout the growing

period.

- Consider soil type and climate for fertilizer doses and

frequencies.

- Conduct soil sampling every 5 years for nutrient

budgeting.

- Establish buffer strips along waterways.

Green: Default result for farms not using chemical

(synthetic) fertilizer. Use four or more best practices.

Yellow: Use three of the best practices to mitigate the

negative impact of using chemical fertilizers

Red: use less than three of the best practices to mitigate the

negative impact of using chemical fertilizers

Energy saving and use of renewable

energy

(Environmental)

This indicator evaluates the use of renewable energy sources

and the implementation of best practices to minimize energy

consumption at the farm level.

Green: Default result for farms not using any fuel energy and

using 100% renewable energy sources. There is a reduction

in energy consumption during the study period and/or apply

at least one of the energy-saving good practices.

Yellow: There is no change in energy consumption over the

study period

Red: Energy consumption is increasing from time to time

Use and conservation of locally

adapted seeds and varieties

(Environmental)

This indicator assesses whether farms save and utilize locally

adapted, open-pollinating seeds and measures the

proportion of area accounted for locally adapted varieties.

Green: more than 30% of the products are accounted for

locally adapted varieties.

Yellow: Less than 30% of the products are accounted for

locally adapted plant varieties.

Red: No use of locally adapted varieties

(Continued)
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TABLE 2 (Continued)

Indicator
(Dimension)

The major aspect being assessed by the
indicator

Thresholds value

Safe use of pesticide

(Environmental)

This indicator assesses the risks and hazards associated with

the use of chemical pesticides, as well as the adoption of best

practices and safety measures to mitigate environmental and

health risks. Source (FAO, 2012, 2013, 2023b)

- Read and follow the instructions on the label

- Use the right dosage

- Avoid mixing different pesticides

- Avoid the use of the same pesticide repeatedly when

ineffective

- Use the right Personal Protective Equipment (PPE) when

handling pesticides

- Check the weather before applying pesticides

- Avoid stocking excess pesticides than needed

- Inform neighbors before applying pesticides

- Calibrate spraying equipment

- Mix only the needed amount

- Dispose of empty containers and obsolete

pesticides properly

Green: Default result for farms not using chemical

pesticides. The farm uses only moderately or slightly

hazardous pesticides (WHO Class II or III) and applies six or

more (best practices from the list)

Yellow: The farm uses only moderately or slightly hazardous

pesticides (WHO Class II or III) and takes three to five

measures to mitigate the negative impact of using pesticides

Red: The farm uses highly hazardous pesticides (WHO Class

Ia or Ib), illegal pesticides, or uses moderately or slightly

hazardous pesticides and takes less than three from any of

the two lists above.

Minimum wage level

(Social)

This indicator measures the daily minimum wage paid in

cash or kind to unskilled workers performing simple and

routine tasks and compares it with the national minimum

wage for civil servants, which is set at 60 Nakfa (4 USD) per

day.

Green: If the minimum wage paid to unskilled labor is above

the minimum national wage rate. Default result for farms

not hiring laborers.

Yellow: if the minimum wage paid to unskilled labor is equal

to the minimum national wage rate

Red: if the minimum wage paid to unskilled labor is below

the minimum national wage rate

Gender equality

(Social)

This indicator examines whether there is any discrimination

in payment, benefits, bonuses, workload, scheduling, and

other factors between men and women in the same position.

It also assesses whether basic maternity rights, as outlined in

Eritrea’s labor law, are upheld for all female farm workers.

(Source Eritrea Labor Law)

Green: There is equal pay for equal work, and all maternity

rights are fully respected.

Yellow: There is equal pay for equal work, but only some of

the listed maternity rights are respected.

Red: Employers favor men in hiring, placement, training,

pay, advancement, and other operational aspects. The farm

does not provide any of the listed maternity rights.

Workplace safety

(Social)

This indicator evaluates whether farms provide a safe, clean,

and healthy work environment for their employees. It does

this by assessing the extent to which best practices for

worker safety are adopted, as recommended by the FAO

(FAO, 2013).

- Employers provide proper Personal Protective Equipment

(PPE)

- Safety measures for dangerous goods/materials (e.g., sharp

tools)

- Safety signage to prevent accidents (e.g., chemical storage

and high voltage areas)

- Adequate breaks for employees

- Protective wear for extreme weather (e.g., hats and

raincoats)

- Regular health check-ups by a health officer

- Sanitary facilities available (e.g., toilets and showers)

- Dangerous equipment used only by trained employees

- Provided housing is stable, safe, adequate, and clean

- Provided food is fresh and supports a healthy diet

Green: The enterprise ensures a safe, clean, and healthy

workplace by applying six or more of the recommended

safety practices

Yellow: Apply at three to five of the recommended safety

practices

Red: The farm provides only 2 or less of the listed safety

measures to the employees

Access to means of production

(Social)

This indicator assesses farmers’ access to essential means of

production to achieve productive and sustainable

agriculture. It checks if farmers have secured the right to use

land and water.

Green: There is a secured right to use the land and water.

Yellow: The farm is rented from another farmer with

a formal long-term agreement.

Red: There is a high level of insecurity, and the land is

temporarily rented from another farmer under a short-term

agreement.

the assessment. Data collection occurred fromMarch to June 2023,

focusing on activities done from 2020 to 2022.

2.4 Data collection

All selected indicators were measured at the farm level. The

primary data were collected through in-person interviews using a

structured questionnaire on the three dimensions of sustainability

using the 12 indicators. The owner or another knowledgeable

person about the farm (e.g., a family member, manager, or co-

owner) was questioned about the sustainability aspects of the farm.

Data from the field were extracted to spreadsheets for subsequent

calculation of indicators. Before commencing data collection,

ethical clearance was secured from both the university and the

relevant authorities in the host country.
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TABLE 3 Independent variables used in regression analysis.

Variable name Operational definition of
the variable

Type of the
variable

Hypothesis

Farm size Total area under horticultural crop

production in hectares

Continuous Economic Sustainability: Larger farm sizes enable better

economies of scale, leading to increased profitability→

Positive relation

Environmental Sustainability: Larger farms have a bigger

negative environmental footprint→ Negative relation

Social Sustainability: Large farms work in a corporate

mindset and are detached from local community

initiatives by prioritizing profit over social equity, leading

to labor exploitation, poor working conditions, and land

grabbing→ Negative relation.

Land ownership Legally acquired land for horticulture

crop production [0= No legal

ownership (rented, sharecropping, other

arrangement) 1= Legal owner]

Dummy (Binary) Economic Sustainability: Legal land ownership leads to

“land security complacency” reduces the urgency for

resource use, and can lead to underutilization→

Negative relation.

Environmental Sustainability: Legal ownership encourages

sustainable land use and resource management→

Positive relation.

Social Sustainability: Landowners have less pressure to

maintain fair working conditions, as they are less reliant

on social approval or shared community standards. This

can result in neglect of employees’ rights, such as safe

working conditions and fair wages→ Negative relations.

Access to credit Whether the household gets financial

credit from formal or informal sources

(0= no credit, 1= gets credit)

Dummy (Binary) Economic Sustainability: Access to credit enables

investment in farm infrastructure and inputs, enhancing

profitability→ Positive relation

Environmental Sustainability: Access to credit leads to

farm intensification and the overuse of natural resources

→ negative relation

Social Sustainability: Access to credit creates stable

employment, improves working conditions, offers fair

wages, invests in worker capacity, and enhances the

wellbeing of farm laborers and their communities→

Positive relation

Access to extension service Frequency of interactions between

farmers and extension officers, either

through visits by extension workers to

the farm or by farmers visiting the

Ministry of Agriculture office, during

the study period (2020, 2021, 2022)

1= No contact

2= only once a year on average

3= once in 6 months on average

4= at least once in a month on average

Categorical

(Ordinal)

Economic Sustainability: Frequent extension visits can

improve farm management and productivity→

Positive relation

Environmental Sustainability: Access to extension services

promotes adoption of sustainable practices→

Positive relation

Social Sustainability: Extension services enhance social

cohesion through shared knowledge→ Positive relation

Experience in horticultural crop farming The number of years a farmer has been

actively involved in horticultural crop

production (self-reported)

Continuous Economic Sustainability: More experience leads to better

financial decision-making and farm efficiency→

Positive relation.

Environmental Sustainability: Experienced farmers are

often attached to conventional methods and resist

adopting eco-friendly techniques.→ Negative relation.

Social Sustainability: Farm Experience fosters stronger

community engagement, improves knowledge sharing,

and wellbeing of farm laborers and rural communities→

Positive relation

Training participation Whether the owner(s)/manager(s)

participated in training on horticulture

crop production (reference year: 2022)

0= not participated in training

1= participated once

2= participated two times

3= participated more than twice

Categorical

(Ordinal)

Economic Sustainability: Training can improve farm

efficiency and productivity, increasing profitability→

Positive relation

Environmental Sustainability: Training increases

awareness and introduces sustainable farming techniques

→ Positive relation

Social Sustainability: Training builds social networks and

increases awareness of safety measures, which increases

overall wellbeing→ Positive relation

Membership Membership in the Horticultural Crop

Producer’s Association (cooperative)

0= Not member

1=Member

Dummy (Binary) Economic Sustainability: Cooperative Membership

provides access to markets and resources, enhancing

profitability→ Positive relation

Environmental Sustainability: Associations encourage

sustainable farming practices→ Positive relation

Social Sustainability: Membership strengthens social

bonds and provides support networks→ Positive relation
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To enhance the primary data’s accuracy and to address gaps

from the farm survey, secondary sources were utilized, including

agricultural surveys, socioeconomic assessments, production and

price statistics, and administrative data collected at both farm and

sub-zoba levels.

2.5 Independent (explanatory) variables

Seven independent variables were used to predict changes in

sustainability: farm size, land ownership, access to credit, access to

extension service, horticultural crop farming experience, training

participation, and membership in the horticultural crop producers’

association (Table 3).

2.6 Data preparation

The value of each sustainability dimension (the dependent

variable) is calculated as an average of scores of indicators

under the specific sustainability dimension. For example, the total

score for economic sustainability is derived as an average of the

three economic indicators, i.e., product diversification, net farm

income, and market stability, each rated on a color-coded scale

[green (3), yellow (2), and red (1)]. Since all the indicators are

measured on a similar scale, averaging the normalized score can

create a continuous variable (e.g., Total Economic Sustainability

Score) that captures the indicators’ central tendency under the

sustainability dimension, which is a separate dependent variable.

This methodology allows for a comprehensive understanding

of how these various factors independently and collectively

impact different dimensions of agricultural sustainability. The

approach involves statistical analysis to determine the strength and

significance of the relationships between independent variables and

sustainability scores in the dimensions.

2.7 Data analysis

Multiple Linear Regression (MLR) analysis was conducted

in IBM SPSS (version 25) to examine the relationship between

the independent variables and the economic, environmental, and

social sustainability scores for the two sub-zobas. Accordingly,

six separate models were run, one for each combination of

sustainability score and sub-zoba.

The model employs MLR using this equation

y = β0 + β1x1 + β2x2 + ...+ βixi + ε (1)

where:

y= dependent variable

β0= Constant (intercept)

βi =Regression coefficient for the i-th independent variable (xi)

xi = Independent variable i

ε = error term

Before running the MLR models, all necessary assumptions

were carefully assessed and met. Multicollinearity was not an

issue, as all tolerance values were above 0.10, VIF values were

below 10, and condition indices for the predictor variables

were below the critical threshold of 30, indicating that the

independent variables were not highly correlated. The normality

of residuals was examined using a P-P plot, which showed

that the residuals closely followed the normal line, supporting

the assumption of normality. Standardized predicted values and

standardized residuals had means close to zero and standard

deviations of ∼1, further validating model assumptions. The

assumption of homoscedasticity was checked using a scatterplot of

residuals against predicted values, which displayed no discernible

patterns and an even spread of residuals, confirming equal

variance across predictions. The maximum Cook’s distance for all

models was <1, indicating that there were no influential outliers

affecting the model. The Durbin-Watson test results confirmed

no autocorrelation in the residuals, as the value was within

the acceptable range of ∼1.5 to 2.5. To validate the reliability

and stability of the models, bootstrapping with 1,000 samples

was performed.

The MLR models used the explanatory variables listed in

Table 3, which were selected based on theoretical relevance and

data quality. Certain demographic variables were excluded due to

contextual and structural limitations. Gender was highly skewed

(only 5 out of 170 respondents were female), making it unsuitable

for statistical analysis. Age was replaced with farming experience,

which served as a more consistent proxy, especially in cases

of group or shared farm ownership where individual age and

education were difficult to attribute. These exclusions were made to

maintain the validity and interpretability of the models while still

capturing the most relevant explanatory variables.

3 Results

3.1 Background information of respondents

The background information of the respondents shows a

notable difference in gender representation, the legal status of farm

ownership, and the roles of respondents within the two study

areas (Table 4). These differences underscore varied agricultural

dynamics, operation structure, and farm ownership arrangements.

Comparison of the independent variables between the

two sub-zobas shows significant differences in farm size

(p < 0.000), with Dighe having much larger farms, and

in access to extension services (p = 0.047), where Dighe

reports more frequent access. At the same time, there are

slight differences; no statistically significant differences were

found in farm experience, training frequency, land ownership,

access to credit, and membership in producer associations

(Table 5).

3.2 Sustainability assessments

Findings on the sustainability status of horticulture crop

production in the two sub-zobas are shown in Figures 2, 3.

The analysis reveals differences in the performance

of sustainability indicators and areas of strength for

each sub-zoba.
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TABLE 4 Background information of respondents.

Background of respondents Sub-zoba Total

Gala Nefhi Dighe

Count (%) Count (%) Count (%)

The sex of the respondent Male 71 (93.4) 94 (100.0) 165 (97.1)

Female 5 (6.6) 0 (0.0) 5 (2.9)

The legal status of farm owner Civil person 76 (100.0) 81 (86.2) 157 (92.4)

Group of civil persons (share) 0 (0.0) 11 (11.7) 11 (6.5)

Company/corporation 0 (0.0) 1 (1.1) 1 (0.60)

Other 0 (0.0) 1 (1.1) 1 (0.6)

Role of Respondents in the Farm Owner 63 (82.9) 63 (67.0) 126 (74.1)

Co-owner 6 (7.9) 14 (14.9) 20 (11.8)

Manager 0 (0.0) 9 (9.6) 9 (5.3)

Household member 6 (7.9) 5 (5.3) 11 (6.5)

Employee 1 (1.3) 3 (3.2) 4 (2.4)

Other 0 (0.0) 0 (0.0) 0 (0.0)

4 Discussion

4.1 Agricultural sustainability performance

The comparative analysis of sustainability scores between

the two sub-zobas shows notable differences across economic,

environmental, and social dimensions (Figure 2). Economically,

both sub-zobas show similar median scores, but Gala Nefhi exhibits

greater variability, suggesting more uneven economic performance

among its farms. Environmentally, Dighe outperforms Gala Nefhi

with higher and more stable scores, indicating that farms in

Dighe are adopting more sustainable environmental practices.

Regarding social sustainability, the two sub-zobas show relatively

similar results, though Dighe has a slightly higher median

score, reflecting more consistent social outcomes. In contrast,

Gala Nefhi has broader variability, indicating that some farms

excel in social sustainability while others lag behind. The

variations in sustainability performance underscore the influence

of localized factors on agricultural practices (Hartmuth et al., 2008).

Such differences stem from geographic, socioeconomic, climatic

conditions, or infrastructural support variations that affect the

feasibility and adoption of certain sustainability practices (Bell and

Morse, 2008; Gasso-Tortajada, 2014).

Figure 3 shows the sustainability assessment based on

the “number of farms” and “farm areas” falling under a

given sustainability indicator. Each approach offers distinct

insights valuable for comprehensive and integrated sustainability

assessments and policy-making. The “number of farms” measure

provides a better understanding of the prevalence of sustainable

practices among individual farms, which is essential for assessing

behavior, the effectiveness of extension programs, and community

engagement in sustainability initiatives. Conversely, assessing

sustainability from the ’farm area’ perspective offers a clearer sense

of the sustainability footprint concerning soil management, water

conservation, and agrochemical use and also ensures an inclusive

sustainability assessment by incorporating both smallholder

farmers and large-scale farming operations. The results indicate

significant differences in water conservation practices, energy-

saving practices, minimum wage levels, gender equality, and

workplace safety when measured using the “number of farms” and

“farm size” perspectives.

The result in Gala Nefhi shows high proportions in the

sustainable category, particularly in product diversification, water

conservation practice, safe use of pesticides, and minimum wage

level when considering both the number of farms and farm

areas. Gala Nefhi, located near the capital city and a major

market for horticultural products, leads to higher sustainability

in indicators such as product diversification and market stability.

The demand from the market also incentivizes farmers to adopt

sustainable practices often preferred by urban consumers. The

highland humid agroecological condition in this sub-zoba is

conducive for a wide range of vegetables and fruits. This means

that farmers can practice diversified crop rotation plans, including

new exotic varieties, especially if they are high-yielding and tolerant

to pests and diseases, which contributes to positive scores in

product diversification. A similar study in Brazil illustrates that

access to the market significantly impacts product diversification,

highlighting that improved market access, particularly through

better infrastructure such as roads, storage units, and distribution

centers, enhances farmers’ incentives to diversify their agricultural

portfolios (Perosa et al., 2024).

In Gala Nefhi, the higher result in product diversification has

resulted in lower sustainability scores in the use and conservation of

locally adapted varieties, showing how farmers are less dependent

on indigenous and locally adapted seeds. Studies on African

Indigenous and locally adapted crops show that reliance on

high-yielding exotic varieties has inherent agronomic, ecological,

nutritional, and economic risks, which can lead to increased

vulnerability to climate change, as well as pests and diseases, in the

long run (Akinola et al., 2020).
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TABLE 5 Comparison of independent variables between sub-zoba Dighe

and Gala Nefhi.

Independent variables Gala
Nefhi
n (%)

Dighe
n (%)

Chi-
square test
p-value

Land ownership 0.705

No legal ownership 42 (55.3) 31 (33)

Legally owned 34 (44.7) 63 (67)

Access to credit 0.324

No 54 (71.1) 73 (77.7)

Yes 22 (28.9) 21 (22.3)

Access to extension service 0.047∗

No service 23 (30.3) 26 (27.7)

Very rarely 40 (52.6) 37 (39.4)

Rarely 5 (6.6) 20 (21.3)

Frequently 8 (10.5) 11 (11.7)

Frequency of training 0.077

No training 19 (25) 24 (25.5)

Rarely trained 9 (11.8) 13 (13.8)

Occasionally trained 47 (61.8) 47 (50)

Frequently trained 1 (1.3) 10 (10.6)

Membership 0.737

Not membership 28 (36.8) 37 (39.4)

Member 48 (63.2) 57 (60.6)

Continuous variable Median
(IQR)

Median
(IQR)

Mann-
Whitney

U

Farm size (Ha) 1.5 (1.33) 10.0

(13.29)

0.000∗

Farm experience (in Years) 16.0 (14) 14.0 (10) 0.058

n(%), Number of respondents and their percentage, IQR (Interquartile Range), ∗significant at

p < 0.05.

Gender Equality is a major concern, particularly in Gala Nefhi,

where 77.63% of farms fall into the unsustainable category. This

means most of the farm owners favor men in hiring laborers and

do not pay equally for men and women doing the same work. It

also shows that most farm owners do respect the maternity rights

of female workers, as outlined in Eritrea’s labor law. Underlying

factors contributing to this gender inequality may include cultural

and religious norms, as well as limited awareness regarding

gender issues. This aligns with research from Ethiopia, Tanzania,

Uganda, Kenya, and Ecuador, which highlights similar challenges

for women, such as disproportionate workloads, discrimination,

and restricted access to labor rights in the horticulture sector

(Brahic and Jacobs, 2013; Dolan and Sutherland, 2002; Nischalke

et al., 2018; Raynolds, 2021). This underlines the necessity

of implementing gender-sensitive measures to empower female

workers, ensuring their rights and equal opportunities.

The most remarkable achievement in Dighe is in the safe

use of pesticides, where 88.3% of the farms or 90.66% of the

farmland are categorized as sustainable. This can be attributed

to effective educational initiatives that train farmers in integrated

pest management (IPM) and the responsible use of pesticides.

Such training programs, combined with strong local or national

regulations that mandate strict guidelines on pesticide use, can

shape farmers’ practice in the use of pesticides in a way that

minimizes environmental impact while still effectively managing

pests. This finding matches research done in other developing

countries, where trained farmers showed higher levels of safety

behavior and practices in the use of pesticides (Damalas and

Koutroubas, 2017).

The “acceptable” range in various indicators across both sub-

zobas represents a middle ground of performance, where practices

do not fully meet sustainability standards but do not fall into

the realm of unsustainability. Enhancing practices that fall in the

acceptable range across both sub-zobas could provide significant

benefits, pushing the agricultural sector closer to the ideal of

comprehensive sustainability. For example, in Dighe, a significant

area (66.49%) falls under the acceptable category for Energy

Saving Practices, which suggests that while there is some level of

energy conservation in place, there is also considerable room for

enhancement. Similarly, in Gala Nefhi, a notable number of farms

fall in the acceptable range in assessing the safety of farm workers.

This indicates the existence of some achievement in securing the

safety of farm workers, yet there is still a need for additional work

to improve the result to the sustainable category. This suggests

that both sub-zobas would benefit from a tailored approach to

sustainability that addresses current shortcomings and builds on

existing strengths.

Another significant achievement for Dighe is in the use and

conservation of locally adapted seeds, where 88.3% of the sampled

farms, or 90.66% of the area, fall under the sustainable category.

The lower annual mean rainfall compounded with the dry weather

could be the reason why farmers rely on local seed varieties that

are adapted to the local conditions. This aligns with the findings of

Padulosi et al. (2013), which highlight that farmers in regions with

challenging agroclimatic conditions often opt for locally adapted

seeds due to their resilience in withstanding poor soil fertility,

drought, and other environmental stresses.

The efficiency of water conservation practices in semi-arid

conditions depends on how farmers sustainably draw water from

underground wells for irrigation purposes. With land being less

scarce, average farm sizes are much larger in Dighe. This creates

less pressure on land resources, leading to more sustainable land

management practices. Sub-zoba Dighe, located∼200 km from the

capital city, makes it difficult to provide fresh fruits and vegetables

at a competitive price, resulting in lower market stability scores

compared to Gala Nefhi.

In summary, Gala Nefhi’s advantages in market access and

agroclimatic conditions contribute to higher sustainability in

certain indicators, while Dighe’s larger farm sizes and adapted

crop choices offer different sustainability benefits. This shows that

each area’s unique challenges need targeted sustainable agricultural

strategies to ensure that both areas can optimize their agricultural

practices sustainably. Similar studies done in Ethiopia support

this idea by elaborating on the variations in adopting sustainable

agricultural practices in different parts of the country (Mutyasira

et al., 2018; Teklewold et al., 2013).
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FIGURE 2

Comparative Boxplots of Total Economic, Environmental, and Social Sustainability Scores for Dighe and Gala Nefhi Sub-Zobas.

FIGURE 3

Comparison of sustainability levels in Dighe and Gala Nefhi based on the number of farms and farm areas in hectare. (A, B) Percentage of farms in

Dighe and Gala Nefhi, respectively, categorized into sustainable, acceptable, and unsustainable based on the sustainability assessments using the 12

indicators. (C, D) Percentage of total farm area (ha) in Dighe and Gala Nefhi, respectively, categorized into sustainable, acceptable, and unsustainable

practices using the 12 indicators, illustrating the area falling under the di�erent sustainability categories.
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4.2 Determinants of sustainability

The regression analyses for economic sustainability in Gala

Nefhi and Dighe show similarities and differences (Table 6). In

both regions, farm experience and cooperative membership emerge

as significant positive predictors of economic sustainability (p

< 0.01), highlighting the value of experience and collaborative

structures in economic viability. Other variables, such as land

ownership, access to credit, and access to extension services,

show varying degrees of influence in each region, pointing to

distinct local dynamics and challenges in agricultural practices.

Bizikova et al. (2020) underline the crucial role cooperatives

and collaborative efforts play in enhancing sustainability in

agriculture. This shows that farmers’ organizations, including

cooperatives, significantly contribute to improving small-scale

producers’ incomes. These organizations facilitate access to

markets, credit, and essential information, fostering economic

benefits. In line with this, Agustin et al. (2018) suggest that

cooperation and shared objectives among farmers, businesses, and

other stakeholders are essential for enhancing sustainability in

agricultural practices.

Based on the regression models, access to extension

service and frequency of training are significant contributors

to environmental sustainability in both sub-zobas (p <

0.01). In support of this finding, Pretty (2007) highlights

the role of extension services and training in enhancing

environmental sustainability, as they are critical drivers

toward more sustainable agricultural practice. Additional

studies in East Africa also pinpoint extension and training

as key factors in adopting sustainable agricultural practices

(Belachew et al., 2020; Damalas and Koutroubas, 2017).

Moreover, cooperative membership positively influences

environmental sustainability in Dighe, underscoring the role

of cooperative structures in environmental practices. This is also

in line with other studies done in Ethiopia, where producers’

associations play a vital role in the exchange of information and

adoption of sustainable agricultural practices (Teklewold et al.,

2013).

The social sustainability assessment in both sub-zobas

shows unique patterns and different influencing variables

specific to each area. In Gala Nefhi, the model identifies

the frequency of training as the sole significant predictor.

This indicates that the training given to farmers plays

an important role in raising social awareness among the

horticulture crop farmers. In contrast, the model for Dighe

is more complex and has a stronger explanatory power.

The positive impact of farm experience in Dighe suggests

how veteran farmers develop a deeper understanding of

workers’ safety, gender equality, and other socially acceptable

practices. Here, we also found cooperative memberships

to be a crucial variable in enhancing the social fabric

of the agricultural community. The difference in social

sustainability outcomes shows the inherent complexity

of the concept, which is difficult to attribute to specific,

measurable variables (Murphy, 2012; Sulewski and Kłoczko-

gajewska, 2018). Each region’s unique social dynamics and

sustainability challenges require tailored approaches to social

sustainability initiatives. T
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5 Conclusion and recommendations

This study evaluated the sustainability of horticultural crop

production in two regions of Eritrea, employing 12 tailored

indicators to measure economic, environmental, and social

sustainability. The findings underscore a complex relationship

between various sustainability indicators and dimensions. This

study also shows the strengths and areas for improvement for each

sub-zobas, which demand context-specific sustainability strategies

that cater to each area’s distinct socioeconomic and agroecological

settings. Therefore, a comprehensive approach to sustainability at

a national level should consider cross-learning and knowledge-

sharing between the two regions.

To enhance farm-level sustainability, it is essential to develop

targeted policies and support systems tailored to the unique

agricultural contexts. This includes integrating the sustainability

indicators into extension services, planning processes, and

farmers’ training programs. Facilitating better market access and

implementing diversified marketing strategies can also support

sustainability in horticultural production systems. Continued

research and monitoring to refine sustainability indicators and

adapt to evolving agricultural landscapes are essential for sustained

progress. Additionally, establishingmulti-stakeholder platforms for

dialog and coordination can enhance shared learning and improve

the implementation of sustainability initiatives. Policymakers

should also consider introducing incentive-based schemes for

farms adopting sustainable practices. Strengthening local capacity

in data collection and decision-support tools will be vital for

monitoring progress and informing adaptive management. Future

research should aim to validate these indicators over time, extend

the analysis to other regions, and explore how policy and market

dynamics influence sustainability outcomes.
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