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The aim of this paper is twofold. The first objective is to measure the

technical e�ciency of mixed crop-livestock (CL) smallholder producers

operating under conservation agriculture systems in Tunisian rainfed areas. The

second objective is to explore complementarities, synergies, and economies

of diversification across the di�erent production system components of

these crop-livestock producers using the cross-partial derivative framework

of output variables in the distance function. A simple random sampling

process was employed to select and survey 59 CL smallholders operating

under conservation agriculture. The collected data were analyzed using a

stochastic input distance function in which synergies were estimated based

on the second cross-partial derivative concept of output variables in the

distance function. Results show that technical ine�ciencies are significant

in integrated crop-livestock systems, and there is evidence that economic

diversification provides a productivity bu�er against climate change threats.

As a sustainable intensification strategy, this integrated system also o�ers a

potential advantage. The results further contribute to the debate on crop

diversification vs. specialization. Although an enhanced system integration

could be a financially and ecologically viable option for mixed crop-livestock

systems, more pathways for profitable and viable diversification of cereal-

based or orchard-based systems remain to be explored.

KEYWORDS

conservation agriculture, economies of diversification, input distance function,

integrated crop-livestock farming, technical e�ciency
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Introduction

Intensive farming with limited soil amendments and

conservation practices leads to soil erosion and nutrient

depletion (IFAD, 2010). Specialization of agricultural systems

and the search for economies of scale have guided the

evolution of agriculture, with new farming “models” emerging

to respond to a growing demand for food. At the same

time, it has been suggested that system diversification and

integration across production system components would

increase household income, reduce vulnerability to shocks,

create job opportunities, enhance land productivity, and

improve water use efficiency (Moraine et al., 2014). The new

paradigm of “sustainable production intensification,” as detailed

by (FAO, 2010), recognizes “the need for a productive and

remunerative agriculture which at the same time conserves

and enhances natural resources and positively contributes to

harnessing the environmental services” (Kassam A. et al.,

2009). [sic]

Originally, the adoption of conservation agriculture (CA)

was mainly driven by severe problems faced by farmers,

especially water and wind erosion or drought. Government

support has played a significant role in accelerating CA adoption

in many countries, leading to relatively increased adoption

rates, for example in Kazakhstan and China but also in African

countries (Friedrich et al., 2012). The main advantages driving

CA adoption can be summarized as follows: (i) better farm

economy; (ii) flexible technical possibilities; (iii) yield increase

and greater yield stability; (iv) soil protection against water and

wind erosion; (v) improved soil health; (vi) better efficiency

of nutrients; and (vii) better water economy in dryland areas

(Kassam A. H. et al., 2009). Because of these advantages,

CA has been widely supported by international donors and

development organizations.

Conservation Agriculture (CA) based on direct seeding was

initiated in Tunisia between the years 1970 and 1980 through the

acquisition of no-till seed drills from the United States (Cheikh

M’hamed et al., 2018). In 1999, an integrated agricultural and

rural development project (Projet de Développement Rurale

Agricole Intégré, PDRAI) was implemented in the Siliana

region and was partly focused on some agricultural practices

under CA (Baccouri, 2008). From 2001 to 2011, the French

Facility for Global Environment (FFEM) funded an R&D

project, the Projet d’appui au développement de l’agriculture

de conservation (PADAC project), supported by a range of

universities, institutions in the public and private sector and

international organizations (INRAT, CTC, ESAK, CIRAD,

Cotugrain, and more), and intended to contribute to key

development challenges (i.e., food security, environmental

sustainability, economic development) through the scaling of

CA systems (Raunet et al., 2004). The project was aimed

primarily at large-scale farmers (exceeding 100 ha) in the north

of the country. Since 2006, interest has focused on small farms

(<15 ha), with a project on CA for smallholders funded by the

Arab Authority for Agricultural Investment and Development

(AAAID) and implemented by CTC and ESAK. From 2012

to 2016, the CANA project “Rapid adoption of Conservation

Agriculture in North Africa for Smallholders” was carried

out in the Fernana region, funded by ACIAR, managed by

ICARDA, and implemented by the INRAT and the INGC. In

the framework of this project, a new local prototype of NT

seed drills (low-cost no-till drills for smallholders) was designed

and manufactured.

The selection of smallholder farms (i.e., 0–15 ha) for this

study in this farming system was based on the following:

the first criterion was the biophysical context and technical

characteristics of this cereal-based rainfed agriculture system

under semiarid andwith low soil fertility. The size of 0–15 ha was

considered to be critical for classifying a farm as small. In other

words, it was mainly the low output level of being in an arid

rainfed farming system that led us to adopt this classification.

Indeed, a maximum of 15 ha of cropping area represents the

level under which the resilience of this production system is

weak, as well as its economic viability (secure livelihood for the

farmers’ household). The second criterion was based on national

literature findings regarding the farms’ categorization in Tunisia.

According to Bachta (2011), the number of Tunisian farmers

who produce cereals amounts to 38,400. The majority of small

farmers works on an area of fewer than 20 hectares. In a second

study undertaken by the Tunisian Ministry of Agriculture (cited

in Khaldi and Saaidia, 2017) considering 47,700 sampling farms,

the number of cereal farmers was estimated at 248,458. About

63% of them (157,000) were considered smallholders, working

on areas of 10 hectares or less (MARH, 2006). For the last

criterion, we considered the project frame given that, for many

concerns on spreading CA technologies, we selected this range

(i.e., 0–15 ha) as small-size farms to enhance the adoption of

these packages, and the project was included in this challenging

(climate change, low soil quality, reduction of rainfall, drought,

etc.) farming system.

To resolve the conflict between permanent soil cover with

residues and stubble grazing, which is considered the major

obstacle to CA adoption in the country, the CLCA project

(Integrated Crop-Livestock under Conservation Agriculture for

Sustainable Intensification of Cereal-based Systems in North

Africa and Central Asia), funded by the International Fund for

Agricultural Development (IFAD) and managed by ICRADA,

was implemented by INRAT and INGC (2013–2016). As the

main result of the project, a stubble grazing model of 30:30 was

developed (Guesmi et al., 2019) based on the stocking rate of 30

animals ha−1, during a 30-day stubble grazing period. In 2018,

the second phase of the CLCA project, “Use of Conservation

Agriculture in Crop Livestock Systems (CLCA) in the Drylands

for Enhanced Water Efficiency, Soil Fertility and Productivity in
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NEN and LAC Countries” was launched and aimed to up-scale

CLCA technologies in the semiarid regions of the northern part

of the country (Rekik et al., 2021).

Recently, three research projects on CA were funded by

the EU through the consortium Partnership for Research and

Innovation in the Mediterranean Area (PRIMA) program for

4 years (2020–2023), with Tunisia as a partner in all three

projects. These projects implemented in Tunisia by INRAT

are: (i) the ConServeTerra project “Overcoming the physical

and mental barriers for up-scaling Conservation Agriculture

in the Mediterranean” (ii) the 4CE-MED project “Camelina:

A Cash Cover Crop Enhancing water and soil conservation

in Mediterranean dry-farming systems,” and (iii) the CAMA

project “Research-based participatory approaches for adopting

Conservation Agriculture in the Mediterranean Area”.

The CA area in Tunisia increased rapidly during the first

years of adoption. Indeed, the CA area was only 27 ha and 55

ha in 1999 and 2000, respectively. The CA area reached 2,893

ha in 2005, 6,000 ha in 2007, 8,000 ha in 2008, and then 12,000

ha in 2010 (Richard, 2005; Angar, 2010). However, in 2016, the

areas recorded a significant decrease (Bahri et al., 2018). This

decrease was mainly explained by the unavailability of low-cost

direct seed drills and the lack of comprehensive CA adoption

studies. The CA area in Tunisia stands at around 14,000 ha and

is operated by more than 200 farmers using around 107 NT seed

drills (Cheikh M’hamed et al., 2018).

Most of the areas under CA in Tunisia are found in

semiarid regions, marked by hot summers, cold winters, and

low annual rainfall. The average annual rainfall in these regions

is between 200 and 450 millimeters per year. The rainfall

in these regions is also characterized by a high degree of

inter annual variability and intra annual variability during

growing season (Cheikh M’hamed et al., 2022). Indeed, a very

limited number of rainy days (fewer than 120 days per year

in general) and frequent droughts during the growing season

combined with high temperatures are common constraints to

plant growth, especially for cereal crops, which are strategic

crops for the country.

In addition to water scarcity, soil degradation is the

main challenge faced by agriculture production systems in

semiarid regions of Tunisia. Indeed, it is reported that >3

million hectares (60 % of total cropland in Tunisia) are

being eroded or are at a high-water erosion risk (DGACTA.,

2017). The effects of water erosion are expected to be

exacerbated by CC. Autumn rains contribute to erosion due

to the summer overgrazing of crop residues and the absence

of vegetation covering the soil. Furthermore, arable soil in

Tunisia is increasingly degraded due to inadequately promoted

agricultural practices, especially the dominance of conventional

production systems based on intensive tillage. These practices

have led to land degradation and the depletion of soil fertility

and soil water-storage capability (Cheikh M’hamed et al.,

2022).

Production systems in these regions are primarily based

on field crops, particularly cereals (wheat, barley, and oats)

combined with ruminant livestock. In addition, in these regions,

CA farmers usually practice cereals crops integrated with

livestock activities. Livestock is the backbone of these mixed

farming systems because it serves as a means of reducing

the risks associated with crop failure, contributes to food

security, and considered as an income diversification strategy for

resource-poor small-scale farmers (CheikhM’hamed et al., 2022;

Mrabet et al., 2022). Also, livestock is considered by smallholder

farmers as a primary asset that can be easily converted into

cash during dry years. This is characteristically interconnected

with cropping systems through weedy fallows, residue, stubble

grazing, and the use of woodlands and rangelands. Because

stubble grazing is usually practiced by farmers, they face

major challenges in terms of permanent land cover. Indeed,

stubble grazing by livestock, especially during the summer, is

a traditional and common practice in the region. As a result,

under the CA system, maintaining crop residue on field creates a

conflict of interest betweenmulching the soil surface and stubble

grazing, especially during the summer (Tittonell et al., 2015).

Thereby, trade-offs between the use of stubbles for livestock

feeding or to cover the soil must be resolved, particularly in

drylands where fodder potential is low. For better crop-livestock

integration under CA, it is necessary to combine diversified crop

rotation with controlled and improved managed grazing. This

can be effective for preserving or even enhancing soil function

and health (Mrabet et al., 2022).

In semiarid regions, low rainfall limits crop production.

Adoption of CA based on its principles can be effective in

mitigating yield loss in dry environments (Cheikh M’hamed

et al., 2014; Mrabet et al., 2022). Results from research in

Tunisia showed that CA can increase yields after a few years of

adoption and make crops more resilient to changing climatic

conditions (Cheikh M’hamed et al., 2016; Bahri et al., 2019).

CA can reduce drought effects through better water storage

and availability during the crop-growing season in wheat-based

systems (Mrabet et al., 2022). Indeed, CA allows for improving

soil infiltration, thus reducing surface runoff and soil erosion, as

well as allowing for a greater soil moisture-holding capacity. This

is due mainly to the presence of stubble on the soil surface as

mulch, which can increase water infiltration and slow moisture

losses through evaporation. Furthermore, the adoption of CA

gives more flexibility to farmers for the implementation of

field crop management that allows timely planting and input

application, despite unfavorable field conditions that prevent

such operations in conventional agriculture (Mrabet et al., 2022).

The concept of agricultural diversification is key for the

implementation of CA. It states the shift from the dominance

of monocrops to the production of diversified crops with varied

species (including legumes, forages, and cereals) on a farm or in

a region (Petit and Barghouti, 1992). Joshi et al. (2004) defined

agricultural diversification as connoting crop mix, enterprise
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mix, and activity mix at a household level aimed at increasing

household profit and wealth.

According to Ryan and Spencer (2001) and Joshi et al.

(2006, 2007), the determinants of system diversification can

largely be classified into two categories: demand and supply.

On the demand side, this classification specifically takes into

consideration three criteria: per capita income, population

growth, and urbanization. These factors are different from those

on the supply side, and some of them are farm-level and include

household-level factors, biophysical factors, and risk factors.

Others are linked to infrastructure or institutions, technology,

and resource endowment factors. Household diversification, on

the other hand, could be influenced primarily by key socio-

economic factors such as age, gender, education, household

dependency ratio, crop and livestock capital, and off-farm

income resource activities (Asante et al., 2020).

Sichoongwe et al. (2014) concluded that relevant farm-

level drivers for crop diversification include the total cultivated

land area, the total output value, the types of cultivated

crops, and the total input value (external and family labor,

fertilizers, and technologies). In addition, diversification is also

influenced by other external factors such as farmers’ access to

markets (proximity and distance, market information), access

to extension services and information, access to credit, and

networking (e.g., social networks, membership in farmers’

associations) (Joshi et al., 2007; Kankwamba et al., 2012). A

significant relationship between farm size and diversification

was found by Pope and Prescott (1980) when they examined the

determinants of farm diversification. Chavas and Aliber (1993)

observed a diminishing effect of economies of scale on farm

size among farmers in Wisconsin, USA. Weiss and Briglauer

(2000) reported that smallholders tend to increase the degree

of specialization more rapidly over time than larger farms.

A significantly lower degree of diversification (i.e., a higher

degree of specialization), as well as a stronger reduction in

diversification over time, is also reported for businesses operated

by older, less educated, part-time farm operators (Weiss and

Briglauer, 2000).

Asante et al. (2018) outlined that in several empirical

research studies, the estimation of diversification has been

considered a joint decision-making process. Along this process,

these studies employ limited dependent-variable models (e.g.,

the logit, probit, and tobit models and their extensions). The

question of explaining the role of diversification or specialization

in economic growth and development has been widely explored

in economic literature using several techniques. Among them,

we can enumerate the following: the index of maximum

proportion, the Herfindahl index (HI), the Simpson index, the

Ogive index, the Entropy index, and its associated modifications

(Ibrahim et al., 2009; Ogundari, 2013). The literature, however,

differentiates between the decision to diversify and the decision

on how diversification occurs. There is still a need to examine

whether both decisions are combined or dispersed.

In Tunisia, small mixed-farming systems hold 75–85% of

agricultural land and provide more than 80% of some annual

and perennial crops and livestock products (Marzin et al.,

2017). Despite the important role of crop-livestock farming

systems under CA in reducing the poverty of smallholders

and enhancing their food security at the different levels

(local, regional, and national) in the dry farming systems,

the complementarities between both system components have

not been appropriately explored. To our knowledge, no study

has examined the impact of crop-livestock diversification

under CA farming systems. Therefore, the objectives of this

study are to evaluate whether a crop-livestock integrated

system under CA is a complementary or rival component

of mixed farming systems. This paper contributes to the

existing literature on the importance of diversification and

what driving factors influence diversification in livestock

and integrated crop-livestock production systems under these

agroecological farming systems among smallholders in Tunisian

semiarid areas. Findings are expected to provide information

on the determinants of diversification and whether the system

components to be integrated have actual economic synergies

and complementarities.

The methodology of the paper is based on a model issued

from the stochastic input distance function (Villano et al., 2010;

Asante et al., 2020), which explores evidence of economies of

diversification and their effect on determining diversification

decisions of smallholders in integrated crop-livestock systems.

Our hypothesis is based on the fact that “economies of

diversification are significant in determining diversification

decisions of smallholders in integrated crop–livestock systems

under CA”.[sic] We also expect that “economies of scale exist

in these systems”, which suggests that there are opportunities

to expand crop-livestock outputs without employing additional

inputs or improved production technologies. Such economies of

diversification are expected to be significant among the potential

existing output combinations (cereals and forage crops with

other crops and other crops with livestock) in integrated crop-

livestock systems under CA farming.

Reasons for crop-livestock
integration and diversification under
CA farming systems

Complementary relationships between CL farming activities

have been documented in many studies (Tilman et al., 1996;

Loreau, 1998; Yachi and Loreau, 2007). In fact, the synergy

degrees may vary spatially and temporally, even within the

same agroecological system. Tarawali et al. (2004) suggested

that the diversification of farming systems secures synergies

between crop and livestock production, improves productivity,

and ensures the resilience of integrated agricultural production

systems. Moreover, it has been argued that these mixed-farming
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systems allow smallholders to expand their sources of foods and

staples in household diets (diet diversification) and empower

them to actively access local markets for high-value products

(FAO, 2010).

Martin et al. (2016) identified the different forms of CL

integration, summarized as follows: global coexistence is the

transfer of raw materials (e.g., forage and organic manure)

among farms through the national or global market; this

first form of integration does not include direct coordination

between farmers since it is based on a spatial and temporal

partition of crop and livestock production; local coexistence

happens when a local organization (agricultural cooperative)

ensures the coordination among farmers by transferring the

raw materials; complementarity is the direct and frequent

coordination between farmers, allowing an exchange of raw

materials between farms.

Guesmi et al. (2019) claimed that adopting integrated crop-

livestock systems under CA is beneficial for two reasons: (i)

mulch left on the soil surface can be used as animal fodder; and

(ii) permanent vegetative cover with a high level of nutrients

improves animal performance. However, competition between

crops and livestock may occur. According to Guesmi et al.

(2019), in a region where livestock production is the main

activity, crop-livestock integration seems inappropriate for CA

adoption, although the CL combination offers farmers a more

diverse source of food and income-generating options. Adopting

a CA system that requires leaving mulch on the soil surface

can reduce the quantity of feed for livestock. Some suggestions

for successful CL integration refer to either introducing crops

with higher biomass production or adapting herd size to

forage production capacity or developing alternative feeding

options (Ameur et al., 2021). In the literature, much has

been written and published on the trade-offs that smallholder

farmers face when having to allocate their biomass resources

among competing objectives such as feed for animals or mulch

(Klapwijk et al., 2014). In natural resource-limited systems (e.g.,

dry land farming systems) and environments, farmers prioritize

the livestock feeding option over soil amendment to improve

soil quality (Tittonell et al., 2015). This could be explained by

the limited availability of fodder for livestock in these systems

which, therefore, often results in constant rivalry for the use of

the limited crop residues.

Masmoudi (2012) estimated the effect of crop-livestock

integration under direct seeding. Their work shows that grazing

integration within the practice of direct seeding is possible

considering light and moderate grazing intensity, as long as

vegetation cover remains greater than 78% before grazing. Along

these lines, Byrnes et al. (2018) argued that grazingmanagement,

under no-till, can significantly influence soil quality and health;

however, a controlled grazing strategy during the dry season

will be a central component of the livestock feed biomass

strategy under this mixed farming system. Moujahed et al.

(2015) assessed the effect of stocking rate on the variation of

stubble biomass and lamb growth. Their results show that the

stocking rate decreased in some plots due to animal preferences

while grazing. The variation in the chemical composition of

stubble is thus suggested to be related to the selective grazing

behavior of lambs.

Landers (2007) enumerated the benefits of crop-livestock

integration under CA based on no-tillage. The simultaneous

implementation of CA principles such as crop diversification

allows enhanced forage production for livestock, which is also a

source of organic matter and crop fertilization. Other benefits of

integrated crop-livestock systems under CA based on no-tillage

follow: (i) increased profit through reduced production costs;

(ii) reduced disease, pest, and weed pressures on crops; and (iii)

maintaining a high stocking rate on rotated pastures (Landers,

2007). The author claimed that the benefit of crop-livestock

integration under CA is higher compared to the benefits of crop

and livestock systems conducted separately. Landers (2007) also

focused on the technical and financial aspects of the integrated

crop-livestock system under CA by comparing case studies with

and without CA interventions in the Brazilian context. Results

showed that adopting integrated crop-livestock systems under

CA based on no-tillage improve the situation of winter pastures

for cattle, thus leading to a higher income. Other effects of

adopting integrated crop-livestock systems under CA are as

follows: (i) improved herd performance; (ii) enhanced pasture

stocking levels (from 1 to 1.76 AU/ha); (iii) a 10% increase in

soybean and maize yields; and (iv) 63% more annual net profit.

The adoption of integrated crop-livestock systems under CA also

led to a remarkable variation in deforestation, which has been

estimated through the proportions of the crop to pasture and

variations in cumulative stocking rates. Results of the financial

analysis of several case studies indicated a remarkable financial

benefit in terms of internal rate of return and net present

value. Other similar studies showed that CA-based systems in

Zambia generated an increase of up to 33% in grain yields and

consequently a greater net benefit (Komarek et al., 2019).

Agriculture diversification includes different stages

(Chaplin, 2000; Vyas, 2006). As quoted by Chaplin (2000),

“the process of diversification of agriculture may pass through

four stages: i) At the first stage the cropping system shifts from

monoculture to multiple cropping. This phenomenon generally

occurs in the developing countries and most of the third world

countries are under this category; ii) At the second stage the

farmers start more than one enterprise. For example, crops and

animal husbandry, beside the number of crops in a year is more

than one; iii) Thirdly, initiation of mixed farming. In the last

stage of diversification, the activities which are incorporated are

beyond the agricultural domain such as adding the value through

the processing, packaging and producing by products”. [sic]

CL diversification refers to the combination of the

production of one or more crops and livestock with the

available resources (Komarek et al., 2019). Diversification

is determined by multiple factors, including per capita
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income, the number of crops cultivated, livestock structure,

and the total value of outputs. Through an assessment of

diversification indices, Komarek et al. (2019) argued that the

CL diversification index is greater than the separate indices for

crop diversification and livestock diversification. Results also

revealed that income stability, access to extension services, and

market information contribute significantly to increasing crop-

livestock diversification and allowing farmers to meet market

requirements and increase their profitability from farming

(Mesfin et al., 2011). By analyzing the status quo of the crop-

livestock farming system practiced in Swaziland, Mhazo et al.

(2010) admitted that adopting an integrated crop-livestock

farming system is part of a context of food security insurance

and increasing productivity. Liniger et al. (2011) confirmed that

an integrated CL farming system contributes to productivity

enhancement and water use efficiency improvement. Their

findings revealed that the adoption of a mixed-farming system

generates a 50% improvement in productivity and farm income

in Ethiopia.

Conceptual framework and
modeling approach

Analytical framework—Theoretical input
distance function model

Economic diversification is an essential aspect of sustainable

development in dryland regions, which are one of the most

sensitive areas to climate change and human activities, as

diversification enhances production stability and promotes

structural and long-term transformations toward more adaptive

farming systems in these regions. According to Villano

et al. (2010), these aspects have been investigated using

two main approaches: econometric methods and accounting-

based profitability measures. The first approach focuses

mainly on using the distance function. However, the second

approach, the accounting-based profitability approach, has

been predominantly employed in investigating economies

of diversification between firms and is not appropriate

for examining complementarities between and within farm

activities (e.g., cereals, legumes, fodder crops, and livestock).

Economies of diversification appear when the diversion of

the farming system leads to a decrease in costs associated

with several outputs produced simultaneously with a set

of input combinations (Baumol, 1982). In such a case,

smallholder farmers decide to diversify because they expect

that synergies obtained from these enterprises could contribute

to enhancing their economies of diversification and reduce

production risks given the CC threats (Chavas and Aliber,

1993; Paul and Nehring, 2005; Villano et al., 2010). Similarly,

there is considerable evidence of the productivity impacts of

diversification and climate change linkages as diversification

contributes to protecting and improving agricultural and

livestock production. This would reinforce and sustain farming

productivity and consequently stabilize the volatility of food

prices (Coelli and Fleming, 2004; Rahman, 2009; Tibesigwa et al.,

2015; Abdulai and Abdulai, 2017). Several studies have explored

the economies of diversification in smallholder farming systems

and the degree of complementarities between inputs and outputs

in the economic performance of diversified farm households

(Pope and Prescott, 1980; Weiss and Briglauer, 2000; Coelli and

Fleming, 2004; Chavas and Kim, 2007, 2010). The limitation of

these empirical studies is that only agricultural diversification

in terms of crop production has been examined. The studies

dealing with the analysis of livestock diversification or integrated

crop-livestock diversification are limited, especially under CA

framing systems. Following this premise, it is important to

assess crop-livestock integration and diversification and the

driving forces contributing to strengthening this integration and

diversification and, thus, increasing livestock-based production

to meet the demands of the rural communities and consequently

the growing Tunisian population. In this study, we applied the

distance function approach (Coelli and Fleming, 2004; Villano

et al., 2010) to assess diversification economies in mixed crop-

livestock production systems operating under CA.

This distance function approach has been frequently used

to assess economies of diversification in agricultural farming

systems (Chavas and Aliber, 1993; Paul and Nehring, 2005;

Rahman, 2009). The distance function approach was first

proposed by Shephard (1953). The concept of this function

is used to describe and model multiple outputs and inputs

in the same production technology framework (Villano et al.,

2010). A distance function is characterized by its double possible

orientation—output or input orientation (Villano et al., 2010).

When an output distance function is considered, a maximal level

of outputs for a fixed level of inputs is considered. Whereas a

fixed level of outputs for a minimal level of inputs is considered

if we select an input distance function, the concept of the

theoretical model planned to be used and named as an input

distance function is illustrated by considering using a vector

of input combinations X to produce a vector combination of

outputs Y.

An input distance function is a function of the inputs (X)

that produce outputs (Y). An input distance function includes

the scaling of an input vector and is defined on the input set,

L(Y), as follows:

D (X,Y) = max{ρ :

(

X

ρ

)

∈ L (Y)} (1)

where

• L(Y) is defined as the set of all input vectors, X, which can

produce output vector Y.
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• D(X, Y) is a distance function which assumed to be non-

decreasing, positively linearly homogeneous and concave in

X, and increasing in Y (Coelli and Perelman, 2000).

• D(X, Y) ≥ 1 if the input vector X belongs to the feasible

input set L(Y).

• ρ is the scalar “distance” by which the output vector can

be deflated.

Empirical model

Model specification

Given that complementarities between crops and livestock

(i.e., sheep) occur when additional output (i.e., forages) is

generated jointly with other outputs as a combined production

system rather than operating the enterprise elements as separate

systems, and that inputs are generally fixed by smallholder

farmers in dryland areas in general, and in Tunisia in

particular, we focused the empirical analysis in this study on the

input orientation production technology (Coelli and Perelman,

2000; Coelli and Fleming, 2004; Villano et al., 2010; Asante

et al., 2020). Applying an input orientation function allows

a description of the specification of the production function,

an estimation of technical efficiency, and an assessment of

the complementary synergies and/or competition between the

generated outputs (both crops and livestock). However, this

complementary function does not guarantee the existence of

economies of scope. According to Chavas and Kim (2007, 2010),

the complementarities conditions are not generally necessary

nor sufficient for economies of scope.

To measure complementary synergies and/or competition,

derivates from second-order cross-partial analysis of the output

variables in an input distance function are used in the empirical

analysis. This is suggested by the fact that there are already

several production possibilities generated from the nature of

this frontier function (i.e., the curvature of the input distance

function). This will allow the estimation of the first order and

cross-output elasticities. A parametric method is applied using

the translog functional form:

lnD (Xi,Yi) = α0 +

4
∑

j=1

αj lnXji + 0.5

4
∑

j=1

βj lnYji

+0.5

4
∑

j=1

4
∑

k=1

αjk lnXji lnYki + 0.5

n
∑

j=1

m
∑

k=1

βjk lnYji lnYki

+0.5

n
∑

j=1

m
∑

k=1

ωjk lnXji lnXki (2)

where

• In the four considered inputs, D (Xi, Yi) is the input

distance function assumed to be non-decreasing, concave,

and positively linearly homogeneous;

• X1i, X2i, X3i, and X4i are the inputs used in this function,

which are the values of labor (expressed in person-days

per year), land (in hectares), crop capital (in value), and

livestock capital (in value), respectively;

• Y1i, Y2i, Y3i, and Y4i are the outputs used in this function,

which represent the values in Tunisian dinars (TND) of the

four outputs of cereals (e.g., wheat), forage crops, legumes,

and livestock, respectively;

• i is the ith sample farmer used in the agricultural

production function.

Paul and Nehring (2005) argue that the choice of orientation

(output or input) depends on two factors: the purpose of the

undertaken study and the fixity levels for both outputs and

inputs. Within the same theme, we considered the following

hypothesis based on the methodological framework of Paul and

Nehring (2005):

• –ln D(X, Y)= υ – u;

• Input restrictions must be homogeneous to the degree

of+1.

• Consider the labor (X1i) factor (input) to normalize the

input vectors;

• All restrictions required for symmetry and homogeneity

conditions are:

◦ αij = αji i, j= 1, 2, . . . , n (n= 4)

◦ βij = βji i, j=1, 2, . . . , m (m= 4)

◦ 6αij = 1. (3)

The established conditions above led to the empirical model

for estimation, specified as follows:

− lnD (Xi,Yi) = α0 +

4
∑

j=2

αj ln(
Xji

X1i
)+

4
∑

j=1

βj lnYji

+0.5

4
∑

j=2

4
∑

k=1

αjk ln(
Xji

X1i
) lnYki + 0.5

n
∑

j=1

m
∑

k=1

βjk lnYji lnYki

+ 0.5

n
∑

j=2

m
∑

k=2

ωjk ln(
Xji

X1i
) ln(

Xki
X1i

)+ νi + ui (4)

where

• υi by hypothesis is supposed to be an independently and

identically distributed normal random error with a mean

of zero and a variance of σ2υ ;

• ui is a nonnegative technical inefficiency effect that is

expected to be independently distributed and have a

truncated-normal distribution;
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• ui is defined following Battese and Coelli (1995) where the

truncation (at zero) of the normal distribution with a mean

of ui, and a variance of σ2υ , specified as follows:

µi = δ0 +

7
∑

k=1

δkzki (5)

where

• Z1i denotes the i
th farmer’s age, in years;

• Z2i is an education dummy variable that is 1 if the ith

farmer has completed at least six years of schooling, and

0 (zero) otherwise;

• Z3i is defined as the dependency ratio value for the ith

farmer’s household (it is calculated as the number of

dependent members divided by the total household size);

• Z4i is defined as the percentage of off-farm income relative

to total farm income (the total farm income includes the

value of outputs for the ith farmer);

• Z5i is a credit dummy variable for the ith farmer (this value

is 1 if the ith farmer obtained credit, and 0 otherwise);

• Z6i is as an extension dummy variable for the ith farmer

(this value is 1 if the ith farmer received extension services

support or advice, and 0 otherwise);

• Z7i is defined as the HI value of mixed crop-livestock

diversification for the ith farmer;

• δ is considered an unknown parameter. The coefficients

of these parameters will be estimated to explain the

inefficiencies of production of the farm output activities

(e.g., cereals, legumes, forage crops, and livestock);

• i: 1, . . . , N (number of farmers considered in the

empirical analysis).

The two models in Equations (4) and (5) are simultaneously

estimated using Stata econometric software version 14.

Qualitative assessment of crop-livestock
activity diversification: HI

To assess the degree of specialization for the sample of CA

smallholder adopters, we use HI defined as follows:

HI =
∑n

j=1
S2j (6)

where

• n is the number of farming products (e.g., field crops,

cereals, and livestock);

• Sj is defined as the jth farm product share value in the total

output of the considered farm;

• In the empirical analysis, it is considered that HI is defined

by its minimum value which is 1/n. This suggests that

minimizing HI subject to the sum of the shares is to be one.

Thus, given Sj = 1/n, for all j = 1, 2, . . . , n, this indicates

a full diversification, with all the farm outputs having the

same share (1/n);

The HI ratio ranges from zero to one. The value of

one indicates complete specialization (i.e., only one activity).

Under the hypothesis of having a high level of diversification,

the value of the HI is likely to be small. Based on this

hypothesis, the sample farmers were categorized into three

groups, namely, diversified, highly specialized, and moderately

specialized, based on the value of HI. Thus, if HI ≤ 0.5, this

suggests a diversification between crop and livestock products.

When the HI of a smallholder is> 0.8 they are considered highly

specialized, and moderately specialized if 0.8 > HI > 0.5.

Qualitative evaluation of complementary
synergies and/or substitute rivalries in
crop-livestock under CA farming systems

From a theoretical perspective, we expect a negative sign

for the first derivative of the distance function displayed in

Equation 4 for all outputs considered in the empirical analysis.

This suggests that producing an additional unit of output

while maintaining all the rest of the other variables unchanged

will affect the input needs that will be reduced to ensure the

efficiency of the production function (Coelli and Fleming, 2004;

Rahman, 2009). However, a positive sign is expected in the

second derivative of the distance function for all four outputs,

suggesting evidence of complementary synergies (Villano et al.,

2010). Economic diversification for farmers operating under CA

is inextricably linked with the structural transformation of their

economies and the achievement of higher levels of productivity

resulting from the movement of economic resources within and

between selected outputs j and k (j 6= k; j, k = 1, 2, 3, 4). It exists

if the following equation is validated:

∂2D

∂Yj∂Yk
> 0, j 6= k; j, k = 1, 2, 3, 4. (7)

Following Villano et al. (2010) and Asante et al. (2020),

the concept of complementary synergies has been used in this

paper. This suggests that all derivatives (i.e., second order

and cross-partial) do not automatically indicate the existence

of an economic gain for the smallholder farmer. A positive

value indicates the presence of diversification economies, but

it is a necessary and not sufficient condition. On the contrary,

diversification diseconomies are confirmed by a negative value

under a necessary and sufficient condition outlining a high level

of competition between farm activities (i.e., livestock and crops).

In the empirical application, we considered the following rule:

the second partial derivative concerning the logarithms of two

involved outputs is equal to the corresponding coefficient of the

interaction between these defined outputs.
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In this case, we estimated the following values and examined

to what extent these values are statistically significant (i.e.,

testing if they are different from zero) for the considered outputs:

βjk =
∂2 lnD

∂ lnYj∂ lnYk
j 6= k; j, k = 1, 2, 3, 4 (8)

Where:

βjk is defined as a cross-product coefficient.

If the sign of this coefficient is positive, the two outputs show

complementary synergies in their production process (Asante

et al., 2020).

If the sign is negative, the two outputs are

considered substitutes.

The equation displayed in Equation 7 illustrates that the

coefficient issued from the cross-partial derivative of this

equation is equal to the coefficient of Equation 8 multiplied by

the reciprocals of the values of the two involved outputs, Yj and

Yk. From the stochastic input distance function, we used the

standard errors of the βjk coefficients. This was used to test the

null hypothesis (no synergies) against an alternative hypothesis

of synergies, taking into consideration the assumption of input

homotheticity, which requires the input isoquant to expand or

contract radially in the input distance function (i.e., production

function). In the empirical model, we expect to have six

output combinations associated with the four activities used

to assess the complementary synergies or substitution (e.g.,

specialization) between these activities.

Data sources and specification of the model
variables

The data used in this study have been collected from

smallholder crop-livestock farmers operating under CA systems

who were part of the CL integration under the CA project1

funded by the International Fund for Agricultural Development

(IFAD) under agreement number #200116. These farmers were

selected randomly from those who benefited from the project

programs and innovation packages aimed at crop-livestock

integration under CA. The farms in this study are rainfed and

located in the arid areas of four governorates in the north of

Tunisia: Zaghouan, Beja, Siliana, and Kef. From a total of 100

farmers (who had interventions from the CLCA project), we

retained only 59 farmers for two reasons: (i) farmers who had

interventions from the project; and (ii) full data completed with

these farmers. The data collection process was conducted during

the last quarter of 2021, with the country still under lockdown

due to COVID-19. The farmers sought to improve their farming

systems by enhancing their farming practices through the

adoption of a CA component or package (e.g., no-till, residual

biomass, forage mixtures, and crop rotation). The data were

1 See https://mel.cgiar.org/projects/clca2 for more information about

the project.

TABLE 1 Characteristics of sample households–socio-demographic

variables used in the empirical model.

Variables Mean Max Min SD

Outputs

Cereals (TND)a 1,806.10 3,936 560 812.53

Legumes (TND)b 1,216.40 2,900 440 584.91

Forage crops

(TND)c

1,247.10 2,750 450 720.30

Livestock 1 (cattle)

(TND)

17,516.70 69,600 2,700 25,842.48

Livestock 2 (small

ruminants) (TND)

47,618.3 190,500 5,000 52,403.11

Inputs

Labor (person-days

per year)

27.20 188 2 38.60

Land (hectares) 81.40 400 4 87.26

Crop capital

(TND)d

2,040.10 4425 214 1,102.26

Livestock capital

(TND)e

14,722.20 51,000 3,000 11,836.92

Inefficiency variables

Age of household

(years)

51.40 70 34 9.90

Education (Yes= 1,

No= 0)

0.90 1 0 0.30

Dependency ratio 0.60 1 0.11 0.20

Share of off-farm

income (%)

90.50 100 36.12 28.14

Credit access (Yes

= 1, No= 0)

0.08 1 0 0.22

Extension services

access (Yes= 1, No

= 0)

0.95 1 0 0.00

Herfindahl index

(HI)

0.69 1 0.14 0.30

aCereal crops are composed of wheat; bForage crops are composed of barley, oats, and

other crops; cCrop capital (which combines all costs used in the production of crops

excluding expenses on land and labor); and dLivestock capital (which combines all

costs used in livestock production excluding expenditures on breeding, labor, feed, and

veterinary services).

1 TND= 0.33 USD (January-September 2022 average).

Source: own elaboration from field data (2022).

obtained by using structured questionnaires with pre-identified

smallholders. The collected data include socio-demographic

and economic information such as technical information on

both crop and livestock activities, types of crops and livestock

produced, the value of production for both activities, and other

household characteristics. Table 1 presents summary statistics

(means) for the variables used in the empirical model.

The statistical analysis shows that the major crops cultivated

by farmers are cereals (especially wheat), legumes, and forages
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(barley, oats, and other forage crops), with their contributions to

the total crop value representing 42, 28.5, and 29%, respectively

(Table 1). Major livestock includes small ruminants (73%) and

cattle (27%). The average value of cereals (e.g., wheat) produced

is 1,806.1 TND/year, and legumes and forage crops have an

average of 1,216.4 and 1,247.1 TND/year, respectively. The

mean value of small ruminant output is 47,618.3 TND/year. On

average, cattle output is 17,516.7 TND/year. Over the course

of one cropping season, an average of 27.2 person-days is used

for crop-livestock production. The average capital used in crop

activities is 2,040.1 TND/year. The average amount of capital

used for livestock production is 14,722.2 TND, representing 88%

of the total farm costs.

Empirical results and discussion

In our empirical model specification in Equation 4, labor

has been used to normalize input X1 so that all other inputs

are represented relative to it. Following Singbo et al. (2021), all

variables (both inputs and outputs) have been mean-corrected

before estimation, where each output and input variable has

been divided by its geometric mean. This suggests that the

coefficients of the first order terms can be directly interpreted as

distance elasticities evaluated at the geometric mean of the data.

Degree of enterprise diversification
and/or specialization in integrated
crop-livestock systems under CA farming
systems

The findings from the HI analysis are shown in Figure 1,

which presents farmer distribution according to the degree of

enterprise specialization.

A high percentage of the smallholders (37%) are indeed

diversified (HI ≤ 0.5) (Figure 1). Around 15% of farmers

have a moderate level of specialization (HI of 0.5–0.8)

(nine smallholders). Highly specialized smallholders under CA

farming systems accounted for around 48% (28 smallholders). In

general, there are two major types of farms: 37% are diversified,

and 48% are rather specialized. These findings suggest a

further examination into the extent to which economies of

diversificationmay be a strategy for increasing farm productivity

which has a direct impact on the food security of smallholders in

semiarid areas.

Estimated model and empirical results

Given that all variables considered in the analysis (input

and output) are estimated in log values and normalized by their

respective samplemeans, the parameters from the input distance

FIGURE 1

Degree of diversification of crop-livestock activities in integrated

crop-livestock under the CA farming system (HI, Herfindahl

index). The following classification is used: if HI ≤ 0.5, this

suggests diversified crop-livestock smallholders; HI >0.8

indicates highly specialized smallholders, and HI of 0.5–0.8

indicates moderately specialized smallholders. Source: Own

elaboration from field data (2022).

function have been interpreted as direct elasticities at the sample

mean. The first order estimates of coefficients for these inputs

and outputs are presented in Table 2. The sign and magnitude

of these coefficients (e.g., input and output elasticities) are

expected, and most are statistically significant.

Two input variable coefficients are positive. They are also

significant at a 5% level. The highest input elasticity is for labor

(0.74) followed by crop capital (0.30), land (0.27), and livestock

capital (−0.31). The elasticities of input variables are interpreted

as the percentage change in an input variable that is required to

support a 1% change in the output variables. For example, an

increase of 0.74% in labor is required to generate a 1% increase

in all outputs, and a 0.27% increase in land is the minimum

required for a 1% increase in all outputs.

In terms of outputs, there are positive and negative estimated

coefficients. Given the high importance of forage crops among

the farm activities in this CL farming system, forage crop output

has the highest significant elasticity of 0.53, followed by cereals

(e.g., wheat) with a significant elasticity of 0.26. That is, an

increase of 1% in the forage crop output level suggests an

increase of 0.53% in all inputs to sustain it. The same trend is

evident for wheat, with a 1% increment in this crop requiring an

increment of 0.26% in all inputs. These results indicate that the

production of forage crops and wheat, on top of legumes and

livestock, plays a significant role in integrated CL production

under CA farming systems in Tunisian dryland areas.

The estimated coefficients of legume and livestock outputs

are negative (−1.1 and−0.54, respectively).

This means that a decrease in labor use led to reducing the

production levels of those two outputs (legumes and livestock).

Given that output elasticity (i.e., the elasticity of scale)

measures the change in percentage change of output driven

by a percent change in the use of all inputs, the total value

of all output elasticities, −0.85, is thus considered the “valued
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TABLE 2 Empirical coe�cients of the stochastic input distance

function (including ine�ciency coe�cients).

Estimated

variablesa
Estimates Standard

deviation

t-valuesb

Input distance function model

Intercept 0.99 0.13 7.19

Land 0.27 0.09 2.82

Crop capital 0.30 0.25 1.57

Livestock capital −0.31 0.41 −0.75

Cereals 0.26 0.35 1.72

Legumes −1.10 0.49 −2.24

Forage crops 0.53 0.62 1.85

Livestock −0.54 0.40 −0.13

(Land)2 −0.77 0.13 −0.56

(Crop capital)2 −0.27 0.16 −1.68

(Livestock capital)2 0.22 0.73 0.30

(Land× Crop capital) 0.31 0.43 0.74

(Land× Livestock

capital)

−0.15 0.36 −0.41

(Crop capital×

Livestock capital)

−1.09 0.62 −1.75

(Cereals)2 −1.98 0.86 −2.29

(Legumes)2 −0.88 0.95 −0.92

(Forage crops)2 −4.11 0.95 −4.31

(Livestock)2 0.16 0.54 0.29

(Cereals× Legumes) 0.16 1.02 1.62

(Cereals× Forage crops) 2.84 0.97 2.91

(Cereals× Livestock) 0.13 1.01 0.13

(Legumes× Forage

crops)

−1.01 1.01 −1.00

(Legumes× Livestock) −2.31 0.93 −2.48

(Forage crops×

Livestock)

0.56 0.97 1.57

(Land× Cereals) 0.45 0.63 0.65

(Land× Legumes) 0.39 0.75 0.52

(Land× Forage crops) 0.97 0.77 1.26

(Land× Livestock) 0.46 0.39 1.51

(Crop capital× Cereals) −1.93 0.84 −2.30

(Crop capital×

Legumes)

−1.79 0.70 −2.55

(Crop capital× Forage

crops)

−0.55 0.82 −0.67

(Crop capital×

Livestock)

−0.19 0.50 −0.39

(Livestock capital×

Cereals)

0.022 0.97 0.022

(Livestock capital×

Legumes)

2.60 1.01 2.58

(Continued)

TABLE 2 (Continued)

Estimated

variablesa
Estimates Standard

deviation

t-valuesb

(Livestock capital×

Forage crops)

1.27 1.11 1.15

(Livestock capital×

Livestock)

−2.39 8.33 −2.87

Inefficiency effects model

Intercept −2.41 0.776** −3.10

Age 0.007 0.0045* 1.63

Education 0.39 0.15** 2.65

Dependency ratio −0.023 0.38 −0.06

Share of off-farm income 2.55 0.84** 3.02

Credit access −0.52 0.15** −3.51

Extension access −0.09 0.17 −0.56

Herfindahl index of

diversification

−0.16 0.13* −1.55

Variance parameters

σ2 0.031 0.007 4.13

γ 0.44 0.10*** 4.43

Loglikelihood function 21.95

Likelihood-ratio statistic

test

22.04***

aThe variable Land used in the analytical model is defined as ln[land/labor] where the

homogeneity assumption imposed on inputs, following Coelli and Perelman (2000) and

Asante et al. (2020) as shown in Equation 4. The two remaining input variables are

similarly defined.
b , *, **, ***Significant at 10, 5, and 1%, respectively.

Source: own elaboration from model results (2022).

elasticity of scale”. The value of this elasticity, in our case, is less

than a unit and negative, indicating a strong decreasing return to

scale (the efficiency of operation would increase if we increased

the land size in our sample). This result seems to corroborate the

evidence of economies of scale in integrated CL farming systems

in the Tunisian rainfed context, suggesting that opportunities

exist to expand crop-livestock outputs with better management

of production inputs or improved CA technologies.

Technical ine�ciencies in crop-livestock
production under the CA farming system

Factors affecting technical inefficiency scores in CL farming

systems are displayed in Table 2. Most of the coefficients of these

factors are significantly correlated with the technical inefficiency

of CL farms. The calculated value of the γ parameter (the

technical inefficiency effect), a considerable element of the total

variability of crop-livestock production under CA, is positive

(0.44) and significant at P < 0.01.
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However, before we proceed to discuss the parameters

of the z-variables in the inefficiency models, we tested the

null hypothesis that these coefficients are all zero and do

not contribute to the explanation of the distribution of the

inefficiency effects. The calculated test statistic value for this joint

significance is 22.04 and it is significant at P < 0.05. The test

statistic ratio is about 20.28 for an upper 0.5% point for the χ2

distribution with seven degrees of freedom. This suggests the

non-acceptance of the null hypothesis that the coefficients of the

z-variables in the inefficiency model are all zero. In this case, we

retained the alternative hypothesis that all considered variables

will contribute, at different weights, to explaining the inefficiency

effects distribution.

The positive significant coefficients of age, education, and

share of off-farm income variables are significant at 10, 5,

and 1%, respectively. These results suggest that higher farmer

age, education level, and share of off-farm income led to

higher technical efficiency in CL production under CA (Latruffe

et al., 2004; Hadley, 2006; Theodoridis et al., 2014). They

provide evidence that age and education are potential factors in

efficiency (Karimov, 2014). Hadley (2006) revealed that younger

farmers can be more inclined to adopt innovative input-saving

technologies. In contrast, older farmers are more efficient in

managing farming risks since they can rely on longer practical

experience in addressing inefficiency-related risks. A positive

correlation also exists between off-farm income and technical

efficiency. This suggests that the higher the off-farm income is,

the more likely the farm will be technically efficient. This can be

explained by the fact that farmers with higher off-farm income

have greater investment capacity in terms of mechanization,

better and more timely access to necessary farming inputs, and

so on (see Frelat et al., 2016). These farmers do have a “buffer

capacity”, which allows them to cope with shocks in more

effective ways. It is important to note here that farmers’ coping

capacities are not only determined by their financial situation,

and that more social and organizational factors are crucial in this

regard. The significant negative coefficient of HI indicates that

greater specialization (i.e., lower diversification) is more likely to

be associated with higher scores of technical inefficiencies in CL

integration under CA. This explains that diversificationmay lead

to tangible benefits by increasing income through the adoption

of sustainable intensification and diversification strategies.

The non-significant negative impact of the dependency

ratio on technical efficiency reveals that households with a

high dependency ratio are more likely to be less efficient. This

could be because the number of dependent family members

(economically inactive) increases and the household must

allocate more financial resources for their basic needs (food,

health, education, etc.) and other expenses. A high dependency

ratio causes less productivity for labor, which results in a high

consumption expense level and less output production. The

consequence is that fewer resources might remain for farming

(use of good inputs for cropping, livestock management,

TABLE 3 Frequency distribution of technical e�ciency for CA adopter

smallholders.

Classes Class 1

(< mean)

Class 2 (>

mean)

Mean technical

efficiency/class (%)

59.20% (62.7%) –

SD= 0.05

83.80% (37.30%) –

SD= 0.105

Average net income

(TND)

48,285.99 62,796.16

Average land area (Ha) 96.70 55.63

Average livestock capital

(TND)

14,492.79 15,108.08

Mean technical efficiency

(%)

68.40% (SD= 0.14)

The numbers displayed in parentheses denote the percentage of CA-adopting smallholder

farms in each defined technical efficiency class/typology.

SD: standard deviation.

1 TND= 0.33 USD (January–September 2022 average).

Source: own elaboration from model results (2022).

feeding, etc.). This fact is materialized at the household level,

where families cannot afford to use improved agricultural

technologies such as fertilizers and improved seed varieties

(Asefa, 2011).

The negative effect of access to credit on technical efficiency

suggests that farmers with lower access to this service are

technically less efficient. This confirms the importance of access

to credit services for crop-livestock smallholders operating

under CA. Credit can help in acquiring inputs (e.g., machinery

and forage seed) and labor at less cost and shorter time

(e.g., improving farmers’ productivity) and increasing technical

efficiency. Regarding access to extension services, although

the coefficient is negative, it is not significant. Therefore, the

literature confirms the essential role of extension services in

technology transfer to smallholders and knowledge sharing and

how this service increases technical efficiency (Asante et al.,

2020).

The computed average technical efficiency of crop-livestock

production under the CA farming system is estimated at 68.40%,

with a range of 47.80–98.60%. Taking the present state of

technology and the current input-output mix, this suggests

that farms in the sample can increase their output by about

31.60% without changing their levels of input use (Table 3). The

frequency distribution of technical efficiency across the sample

is also presented in Table 3. Estimated efficiency measures

reveal that 37.30% of the farms in the sample are relatively

more efficient than the sample average efficiency level, with an

efficiency score >83.40%, and 37 smallholder farms (62.70% of

the total sample) having a mean efficiency of <59.20%.

The findings in Table 3 suggest a strong correlation between

land and livestock holding and technical efficiency. The TE

increases with livestock capital and decreases with land area.
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TABLE 4 Frequency distribution of technical e�ciency according to HI clusters for CA adopter smallholders.

Technical efficiency classes HI ≤ 0.50 0.50 < HI ≤ 0.80 HI > 0.80

Diversified crop-livestock

enterprises

Moderately specialized

crop-livestock enterprises

Highly specialized

crop-livestock

enterprises

Mean technical efficiency/class (%) 69.13% (SD= 0.14) 79.30% (SD= 0.15) 62.20% (SD=0.102)

Mean technical efficiency (%) 68.40% (SD= 0.14)

Mean HI/class (%) 32.90% (SD= 0.108) 68.55% (SD=0.03) 96.50% (SD=0.05)

Mean HI (%) 69.10% (SD= 0.29)

Average net income (TND) 68,503.08 23,956.26 48,116.58

Numbers displayed in parentheses denote the percentage of CA adopter smallholder farms in each HI cluster.

SD, standard deviation.

The Mann–Whitney test (Banker et al., 2010) was used to evaluate the significance between the three clusters.

1 TND= 0.33 USD (January–September 2022 average).

Source: own elaboration from model results (2022).

The results for the estimates of technical inefficiency with land

holding and livestock capital depict: farmers with an average TE

less than average in the sample (class 1) are with an average of

96.70 ha and 14,492.79 TND, and farmers with a TE greater

than average in the sample (class 2) are with an average of 55.63

ha and 15,108.08 TND. This suggests the positive impact of

livestock capital on TE.

This section focuses on assessing the impact of crop-

livestock diversification on farm-level technical efficiency.

Summary statistics of diversified and less-diversified farms are

reported in Table 4. The farms in the sample are divided into

three sub-categories: diversified, moderately specialized, and

highly specialized crop-livestock enterprises. These are classified

according to what their HI means.

Summary analysis shows significantly higher technical

efficiency scores for more diversified farms compared to

more specialized farms (average technical efficiencies of 69.13

and 62.20%, respectively) (Table 4). The Mann–Whitney test

(Banker et al., 2010) shows a z-statistic of 2.062 with P =

0.039, indicating a significant difference between the three

technical efficiency clusters (Table 4). In addition, the mean

technical efficiency is significantly greater for the moderately

specialized (79.30%) compared to the highly specialized crop-

livestock smallholders (62.20%), with a z-statistic of 2.81 and

P = 0.00496. This can be explained by the fact that diversified

enterprises in the study area are usually small in size and are

managed by households that try to secure their livelihoods

through small-scale diversification primarily devoted to daily

income and consumption support. Thus, the scale of operation

of these farms and their restricting structural characteristics

are potential reasons behind their lower technical efficiency.

The highly specialized crop-livestock enterprises are, however,

medium-sized farms primarily focusing on either cereals or olive

cultivations, in addition to other minor secondary activities.

Highly specialized farms are faced with many challenges of

market access and reliability and are affected by different types

of risks compared to other, more diversified farms. These are all

possible reasons for the lower technical efficiency of this group

of farms. The empirical findings are consistent with other results

in which the variability in technical efficiency is correlated across

farming systems (Mariano et al., 2011; Rahman et al., 2011;

Asante et al., 2020). Results suggest that diversified smallholders

under CA farming systems appear to be operating not only

at higher technical efficiencies but also translating into higher

income (Table 3) toward promoting diversification (Table 4).

Evidence of synergies and economies of
diversification in crop-livestock systems
under the CA farming system

The model defined by Equation 8 is used to evaluate

to what extent there are complementary synergies between

farm activities. Results show evidence of complementary

synergies between four of the six output combinations (Table 5).

The relative coefficients of the second-order cross-partial

derivatives indicate the strength of complementarity between

three combinations from these four pairs: cereals with forage

crops, cereals with legumes, and forage crops with livestock.

The measured parameters for these three combinations are

significant at P< 0.05. The fourth positive combination of forage

crops with legumes is not significant.

The assessment of the crop-livestock combination reveals

a high synergy between forage crops and livestock (with

a parameter value of 0.56 significant at P < 0.05). This

result implies that livestock production and forage crops

are complementary activities, resulting in higher productivity

among smallholder farmers operating under CA farming

systems in Tunisian semiarid regions. This is not surprising,
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TABLE 5 Empirical coe�cients of the cross-products of outputs in the

input distance function.

Variables Estimates Standard deviation t-values

Cereals with forage crops 2.84 0.97 2.91***

Cereals with legumes 0.16 1.02 1.62**

Cereals with livestock 0.13 1.01 0.13

Forage crops with legumes −1.01 1.01 −1.00

Forage crops with livestock 0.56 0.97 1.57*

Legumes with livestock −2.31 0.93 −2.48***

*, **, *** Significant at 10, 5, and 1%, respectively.

Source: own elaboration from model results (2022).

and strong complementarity indicates how this efficient

combination is well integrated by diversified farm smallholders.

Under CA, integrated crop-livestock systems are a form

of sustainable intensification of agriculture that relies on

harmonious relationships between forage and animal feeding

system elements to reinforce critical agroecosystem processes,

with potential impacts on farm-level productivity and resilience

to climate change threats.

Similarly, the synergies between cereals (e.g., wheat) and

legume crops (which are largely dual-purpose) in the cereal–

livestock system indicate the synergetic way the diversified

farmers have integrated these crop combinations in CA

farming systems. This result reveals the benefit of this synergy

toward improving soil health, including increasing soil organic

matter, due to the adoption of conservation practices such

as CA (Laroca et al., 2018; Souissi et al., 2020). Evidence

suggests that crop diversification strategies applied by diversified

smallholders under CA, such as combining legumes with

wheat production in an efficient agronomic and management

way, will provide a beneficial effect in improving soil fertility

and, thus, enhancing productivity among all produced crops.

The highest significant synergy is between cereals and forage

crops (coefficient value of 2.84). The capacity of wheat crop

activity to strengthen the complementarity with the forage crop

activity is still strong, reflecting the complementarity advantages

gained from the traditional small-ruminant (i.e., sheep)-cereal

(i.e., wheat/barley) farming system under CA. The evidence

of only slight and non-significant synergies between cereals

and livestock activity is surprising, given the high levels of

labor and farming management skills that both activities could

share within the crop-livestock farming system. The existing

competition between the two activities for the same inputs (e.g.,

land and labor) provides evidence of the low level of synergy.

Chavas and Di Falco (2012) discussed the existing synergies in

crop diversification in Ethiopian crop-farming systems. Similar

synergies were also found in several global contexts, such

as mixed farms in Australian wheat–sheep farming systems

(Villano et al., 2010), Ghana crop-livestock farming systems

(Asante et al., 2020), and Brazilian mixed crop-livestock systems

(Carvalho et al., 2018; Peterson et al., 2020).

In this research paper, Carvalho et al. (2018) examined

cover crop grazing as a management strategy for land-use

diversification and sustainable intensification of agriculture

in Brazil. The authors suggested that the use of animals to

graze cover crops in rotation with cash crops while using no-

till farming techniques added a level of system complexity

uncommon in current food production systems. In such

systems, emergent features result from complex interactions

between the soil compartment, plants, and animals, which

act as a storehouse of markers of higher-level ecosystem

functioning. The management tool in ICLS that influences

system performance in terms of positive or negative looping

feedback is grazing intensity. A moderate grazing intensity

is required to encourage positive feedbacks that balance

productivity and sustainability. This has consequences for

increased system resilience and economic profitability. Schuster

et al. (2018) argued that grazing management and its

relationship with crop rotation determine the severity of weed

infestation in an ICLS, and the most important element

influencing weed outcomes is forage allowance, together with

the conventional management of no-tillage ICLS.

Such findings suggest that diversifying output combinations

would lead to additional synergies for farm households

that branch out into these activities under crop-mixed

farming systems.

There are significant and non-complementary synergies

between legumes and livestock (coefficient of −2.31). The fact

that we found no evidence of significant dis-synergies between

these two activities means that smallholder farmers operating

under CA would not benefit from more specialized production

processes in the landscape context considered in this research

study. Legumes cultivated in the study area are usually rainfed

food legumes (fava beans, chickpeas, lentils), which are either

cultivated in open fields or between the lines of olive trees.

As shown in the table, legumes in the study area are also

negatively interacting with forage crops, which is indeed the

case in the production systems investigated. For a farmer with

small to medium livestock breeders, a preferred rotation will

be to cultivate forage crops, which are essential to minimizing

their feeding production costs. Farmers without livestock tend to

cultivate food legumes. This suggests a benefit of diversification

under CA farming systems, in which smallholder farmers

integrate crops and livestock simultaneously to ensure the

sustainability of their farming systems. The t-statistics and

magnitude of the coefficient linking forage and legumes suggest

a weak and non-significant complementary synergy between

these two crops. This could be because legume crop production

competes with the production of other crops (e.g., wheat

and forage crops) on the limited existing resources, and so

enhancing the production of legumes means sacrificing the

limited resources to produce forage crops.
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From the above, we can argue that the concept of integrated

crop-livestock systems under CA has not been adequately

adopted by smallholder farmers, and the agricultural system in

the studied region continues to exhibit a low level of productivity

and resource use efficiency. From another perspective, food

insecurity indicators remained high among smallholder farming

communities producing crops and livestock despite the

availability of arable land, technologies, and an abundance

of other natural resources. This suggests the need to better

understand and address such complex problems as food security

for these communities, as managing such diversified production

systems could lead to a positive impact on reducing poverty

and improving food security. This evidence was supported

by Szymczak et al. (2020) in a study focusing on Brazilian

smallholder farmers. They argue that in addition to diversifying

the system, combining cropping with livestock was a good

way to increase economic resilience. In the same sense,

Danso-Abbeam et al. (2021), by applying a network model,

investigate the input and output flow in a Latino Caribbean

farm’s integrated crop-livestock system and its relation to food

security. They conclude that, with a significance level of 5%, the

integrated crop-livestock diversity index was found to have a

positive and significant impact on food security.

Conclusions and policy implications

This paper provides an empirical evaluation of

diversification economies in crop-livestock systems, with a

special focus on measuring technical efficiency and assessing

complementary synergies at the smallholder farming system

level operating under CA farming systems in the Tunisian

dryland areas.

The objective of this study was to assess whether

diversification or specialization in crop-livestock systems,

conducted under CA, can be accredited to the exploration

for better economic performance. Examining the economies

of diversification under this system helps understand if

smallholders can benefit from synergies through cost savings by

choosing the optimal combination of outputs in crop-livestock

production under a CA farming system. Additionally, this

study also examined evidence concerning economies of scale in

integrated CL systems among smallholder farmers. A stochastic

input distance function was used, and a measure of synergies

was undertaken based on an empirical framework of the second-

order cross-partial derivative of output variables in the distance

function model.

Empirical findings revealed that technical inefficiencies

are significant in CL systems, suggesting that enhancing

CL diversification will lead to improvements in technical

efficiency. The key driving forces that significantly improved

technical efficiency were farmers’ education level, the share

of off-farm income, and access to credit. This finding has

important implications because it suggests that actions on

these factors would lead to higher technical efficiency in crop-

livestock production under CA. This result implies that policies

in drylands:

• Consider the improvement in demographic characteristics

(e.g., education, extension services, and knowledge of

CA technology management) and institutional factors

(e.g., Agricultural Development Group - GDA, Mutual

Agricultural Service Company SMSA, and cooperatives).

• Provide financial support (i.e., credits and loans) with low-

interest rates to smallholder farmers is considered a good

way to overcome some of the financial barriers associated

with technology adoption by these dryland farmers.

• While extension policy is expected to play an important

role in enhancing the diversification and consequently

the evolution of agricultural production, specifically crop-

livestock production under CA, our findings emphasize

the need to use the most effective extension measures.

This could be through a participatory method of training

including all key actors and at all levels (research, private,

and extension) to both improve the access of farmers

to various pieces of training and raise their awareness,

particularly those who practice agricultural diversification

under CA farming systems.

• Design appropriate strategies for enhancing the production

of specific output combinations in crop-livestock

diversified systems under CA among smallholders in

rainfed areas.

• Promote the production and integration of crops such

as legumes with other crops and livestock with other

crops in diversified farming systems to enhance overall

farm productivity. This will reduce food insecurity and

poverty among rural farm households and the entire

rural population.

These actions will certainly contribute to helping increase

farmers’ adaptive capacity and their acceptance of the adoption

of agricultural diversification practices and ensure they generate

concrete benefits by increasing income through sustainable

agricultural operations and farming practices.

The contribution of diversification in output combinations

to technical efficiency was very high and significant, indicating

that specialization in integrated crop-livestock under CA

farming systems leads to greater technical inefficiency. The

evidence of strong synergies from complementarity between

sheep and crop activities (e.g., forage crops) under CA farming

systems implies that crop-livestock diversification is a desirable

strategy for improving overall farm productivity. However,

to achieve this, policymakers should include strategies for

enhancing the production of specific output combinations

in crop-livestock diversification systems among smallholders

in Tunisia’s arid areas. Such policies should promote the
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production and integration of crops such as wheat with forage

crops and livestock with crop forages in diversified farming

systems to enhance overall farm productivity.

The empirical findings presented in this paper were an

attempt to help assess and understand the role that agricultural

diversification can play in improving the livelihoods of CL

farming households by generating high levels of income,

especially under CA farming systems. By incorporating input

distance functions into the productivity-based approach used

in this research we were also able to assess the economic

benefits of diversification to comprehend the economics of

CL diversification.
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