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Abstract: This paper analyzes the complex relationships of factors influencing residue biomass
management in cereal–sheep production systems in semi-arid areas of Tunisia. The Bayesian belief
network (BBN) methodology was applied to identify factors enabling the better management of crop
residue (CR) at the farm level. Data were collected from 152 farms located in the governorate of
Siliana in north-west Tunisia. After designing the complex interactions between different variables
that have an influence on the allocation of CR, BBN was also applied as a predictive model by
inserting evidence conditional probabilities on the quantity of CR left on the soil and simulating the
incurrent changes in the probability state of the remaining network variables. The results show that
around 70% of farmers in our sample retain an overall quantity of CR lower than 200 kg/ha. The
share of livestock income, livestock herds, cost of livestock feed, and off-farm income are all factors
that have a strong influence on residue biomass management.

Keywords: crop residues; livestock; Bayesian belief network (BBN); natural resources management;
livestock income; harvest index (HI)

1. Introduction

Conservation agriculture (CA) is one of the practices promoted to enhance the sustain-
able intensification of agriculture. Retaining crop residue (CR) as surface mulch, together
with minimum soil disturbance and crop rotation and associations, forms the basis of
CA [1,2]. In this regard, covering the soil is strongly recommended for reducing surface
runoff, improving rainwater infiltration and soil moisture, and suppressing and controlling
weed growth [3–6]. Thus, keeping a big quantity of CR is an objective leading to an increase
of soil productivity. Soil cover is also considered as a highly valuable agroecological prac-
tice. Agroecology applies ecological theory to the design and management of sustainable
agroecosystems [7]. Animals play an essential role in agroecosystems by producing protein-
rich food for humans from inedible resources (e.g., crop residues), providing ecosystem
services, recycling plant nutrients, and providing social benefits [7,8]. One of the most
important principle of the agroecology is to reduce inputs by rather relying on natural
processes, such as the retention of high quantities of crops residues and the introduction of
livestock in the farm to enhance soil fertility over the years.

Sheep breeding combined with cereal production for feed and food are the dominant
agricultural production systems covering very large semi-arid areas in North Africa [9].
Integrated crop–livestock systems are efficient in terms of cycling nutrients, preserving
natural resources, improving soil quality, and enhancing biodiversity [10,11]. This integra-
tion is considered necessary to achieve long-term agricultural productivity and sustainable
intensification. Complementarities between these activities refer to the ability of animals in
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valorizing natural and cultivated biomass resources. However, integrated crop–livestock
systems in semi-arid North Africa, and particularly north-west Tunisia, are characterized
by poor cereal rotations and lack of biomass, including CR, for animal feed. Feeding live-
stock with crop residues is a common practice in developing countries [12–14]. Short-term
economic and social benefits of livestock justify their importance and drive many of small-
holder farmers’ decisions concerning the allocation of farm and even neighboring biomass.
For these reasons, CR is the subject of competition related to its usage as livestock feed or
permanent soil cover. The major problem of integrated crop–livestock within the context of
CA is related to management of residue biomass. This is mostly due to the low availability
of biomass, especially in semi-arid and arid areas, the increasing demand of biomass for
livestock production, and the low availability of alternative resources. Therefore, trade-offs
concerning the use of natural resources are often dependent on the specific biophysical
farming characteristics in addition to other fundamental factors affecting their availability
and demand. Trade-offs also depend substantially on individual preferences, time scale,
spatial scale, and the biophysical and socioeconomic conditions. They may occur between
agricultural and broader environmental or socio-cultural objectives [15] or between short-
and long-term motivations and decisions.

Assessing trade-offs related to residue biomass use has been frequently debated in
the literature. This is the case of integrated crop–livestock systems based on maize and
dairy production in eastern and western parts of Kenya, which face problems of CR
allocation [6]. The same is also observed in other sub-Saharan African countries [12,14].
Ref. [16] demonstrated that only 3% of farmers in the Ethiopian Rift Valley retain more than
1 t/ha of CR. In addition [17] demonstrate that farmers’ decisions about CR allocation in
sub-Saharan Africa and South Asia usually depend on their preferences, crop production
levels, access to alternative biomass resources, and level of biomass demand used as
livestock feed. Type of production system (extensive or intensive) is also a major factor
influencing farmers’ decisions on biomass allocation [14]. Ref. [18] indicate that, due to low
biomass production, farmers in Zimbabwe face a big challenge concerning CR management
in an integrated crop–livestock system. They suggest some options for CR management
such as fencing of fields to reduce access and so reduce the chances of residue biomass
grazing by free roaming cattle during the dry season and construction of rakes to pile
up residue biomass where cattle cannot access it. Ref. [19] demonstrated that the specific
practices of small farmers and socioeconomic circumstances are the major barriers for CA
adoption in mixed farm in southern Africa. Moreover, Ref. [20] assessed the major problem
of CR management in mixed crop-livestock in Mexico’s central highland. They suggest
that partial residue retention, sequential introduction, and a combination of technologies
may facilitate CA uptake in mixed system. Ref. [21], also indicate that there is an increase
of pressure on CR in mixed system in Sub Saharan Africa (SSA) due to the increase of
human and livestock. To reduce the rely on CR, authors suggest increasing the overall
biomass production, fodder quality and increasing the efficiency of livestock production. In
addition, in the semi-arid Zimbabwe [22,23] indicate that farmers face strong trade-offs due
to the limited biomass resources and the competing on CR use as mulch or as livestock feed.

Despite the large number of studies illustrating and characterizing CR management
in sub-Saharan Africa, a large gap exists in regard to similar studies focusing on the
typical production systems of North Africa (including Tunisia, Algeria, and Morocco).
The objective of this paper is to contribute to closing this knowledge gap, by provid-
ing a characterization of a cereal–sheep production system, highly representative of the
whole cereal–sheep belt across all semi-arid areas of North Africa. The paper provides a
comprehensive assessment of the drivers that affect CR management in the cereal–sheep
production systems of northern Tunisia.

The above studies show the significant potential for applying a Bayesian belief net-
work (BBN) in context of CR management due to its capacity to assess the influences and
interdependencies of different types of factors, and accordingly weightage and ranking of
the contributing factors for an “outcome event.” The aim of this research is (a) to identify
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factors enabling the achievement of better management of CR at farm level and (b) ana-
lyzing policy scenarios by imposing conditional probabilities (using the BBN approach)
on some policy-oriented variables and analyzing probability changes in the remaining
variables [24] in order to elaborate a possible future outcome for better management of
CR in cereal–sheep production systems of semi-arid Tunisia. An embedded part of our
BBN application will be CR quantification by applying the method of harvest index (HI).
This paper is divided into five sections: we commence with an introduction stating the
problem of residue biomass in the studied cereal–sheep production systems. Then, we
present a literature review about the application of BBN for natural resources management
and decision. The third section provides an overview of the methodology used, and the
fourth and fifth sections present the results and discussion, respectively. The last section
provides the conclusion.

• Literature review: BBN for analyzing natural resources management

Given that CR management is affected by various types of factors, we opted for a
Bayesian approach (i.e., BBN), which allows the integration of these different variables.
Bayesian belief networks are a useful tool to account for uncertainty since most problems
of naturelle resources are characterized by uncertainty and risks. It also can be used to in-
corporate stakeholder understanding of how a system works. By doing so, BBNs provide a
framework to visualize interactions between variables and a communication space between
scientists, stakeholders, and decision-makers from multi-disciplinary backgrounds [25–29].
BBN was used in many natural resources domains to support decision making [30] such
as water management, allowing policy makers to better understand local perspectives
and be better able to consider the most acceptable options [31,32], ecological modelling to
represent species–habitat relationships and population viability of terrestrial and aquatic
vertebrates [24,33], land management [34], etc.

One of their strongest benefits is the possibility of integrating ecology, economics, and
social sciences [27,35–37] within the same analytical decision model and use it to improve
policy making. Another important advantage of BBN is the possibility of covering both
subjective probabilities (based on experts’ opinions and other minimum data approaches)
and probabilities based on objective and real data. In fact, BBN incorporates the qualitative
beliefs and attitudes of stakeholders, so-called prior knowledge, along with quantitative
data which allows an optimal combination of qualitative information with quantitative
data collected from surveys [38]. The BBN models are powerful tools for probabilistically
simulating natural systems and emulating process models. They have been used to clarify
some causal linkages, through probabilistic relationships (evidenced through observed
data of farm samples), leading to specific residue management patterns.

2. Materials and Methods
2.1. Study Area

The governorate of Siliana, the object of this study, is located in north-west Tunisia
(Figure 1). It covers a total area of 4642 km2 and represents 2.8% of the total country
area. Cereal crops occupy 39% of the total cultivated area, followed by 20% for olive trees,
14% for forage crops, and the remainder is distributed across horticultural and fruit trees.
Forests and rangelands represent 23% of the total agricultural area in the governorate.
Siliana was chosen due to the importance of cereal cultivation, the abundance of poor
cereal rotations (barley followed by wheat, or wheat after wheat), the importance of sheep
breeding activity, and the abundance of small-size farms. The dry summer period in Siliana
is characterized by a shortage of biomass for animal feed, which creates high competition
for CR during this period. The average daily temperature range in Siliana during the
coldest period 3.2–13 ◦C, and average daily temperature range during the hottest period is
19.7–35.7 ◦C. Snowfall occurs quite frequently in the areas of Siliana located at more than
700 m of altitude. Average annual rainfall is 250–600 mm and can reach around 800 mm
in some high plateaus of the region. Rainfall statistics indicate significant annual and
inter annual irregularity. The total cereal production in the delegation of Makther is about
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8677 tons in 2014 which represent 8% of the total production of the governorate. Forage
production is about 8885 tons for the same year thus representing only 4% of the total
governorate production. Cereal production in the delegation of Makther increased by 15%
between 2014 and 2017. Durum wheat production in Siliana hold the highest percentage
across the cereals (61% of total cereal production in 2014) whilst barley and soft wheat
productionrepresented 29% and 10% respectively in 2014 [39].
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Data used in this research were collected during the 2013/2014 season. A random
sample of 152 farmers was selected in the delegation of Makther (Figure 1), community
of Chouarnia. Farmers practice the rotation of four types of cereal crops barley, durum
wheat, soft wheat and oat. Vetch and other forage mixtures have been newly introduced in
the site and are cultivated by some farmers. Farmers use very low quantity of fertilizers
after ploughing which is due to many economic factors including lack of market supply.
Ref. [40] in their study suggested that the level of the nitrogen supplied to the soil with
fertilizer should be around 170 Kg N/ha Farmers in our study case usually added very
modest quantities of nitrogen 88% lower than the recommended quantity. Other quantities
of Di Ammonium phosphates are also added in some cases. Carbon cycle based on residues
mineralization would be the most important source of soil organic carbon (SOC) in the soil
in the long term in the selected site. Most farmers are using mechanization for ploughing,
seeding and harvesting. After the harvest, farmers usually keep a small quantity of the
total biomass on the field. They further graze these residual parts with their livestock for
an average of 6 h per day during the three driest months on the year (June to July). They
further use concentrate, barley, and bran to complement their livestock feed requirements
during this period. The questionnaire was composed of eight basic sections: the first
section concerned general information of farmers; the second included questions about
farms (e.g., size and land use); the third was about mechanization; the fourth concerned
technical–economic information; the fifth included questions about livestock production;
the sixth was about commercialization; the seventh included questions about perception
of farmers and contingency assessment; and the last concerned the role of women in the
agriculture sector.



Agriculture 2021, 11, 612 5 of 18

2.2. BBN Method
2.2.1. BBN Framework

To develop the BBN structure for our case we start by defining and presenting the
target issue that needs to be modeled (Figure 2), which usually reflects the final causal link
(or also the outcome of our causality network) which we aim to depict. A child node is also
called an “outcome event,” which is the quantity of the CR left on the soil—this should
be a discrete variable and take three states: CR ≤ 200 kg/ha, 200 < CR < 500 kg/ha, and
CR ≥ 500 kg/ha. We then tried to choose three (or more) primary variables that directly
influence the probability of the different discrete states of the outcome event (the CR left
on the soil). These variables, also called “parent nodes,” are the share of livestock income
in total farm income, the cost of livestock feed, and livestock herds (number of livestock
per hectare). The third layer of nodes is called “secondary variables” and influence the
probability of the parent nodes (primary variables) in different ways. Examples of these
variables are total area, barley area, rangeland area, quantity of concentrate consumed,
and off-farm income. Once the task of designing the causality network is achieved, the
first step of defining the BBN structure is considered complete. The outcome, primary,
and secondary variables used, their discretization and the results of Anova and post hoc
test: Least Significant Difference test (LSD) which is a tool used in this paper to identify
which pairs of means are statistically different are presented in Table 1 and Figure 2. Anova
test shows the difference of means of variables across groups. The LSD test is the same as
Duncan’s MRT, but with t-values instead of Q values. The results of the LSD test show
significant differences across groups (see Table 1).
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Table 1. Definition of discretization of variables used in the BBN causality for determining factors
affecting the patterns of residue use in the study area.

Variable Names Variable
Discretizations

Group
Descriptions p Value Post Hoc Test (LSD Test)

(sig)

Crop residues left on
the soil (CR; kg/ha)

CR ≤ 200 Low

200 < CR < 500 Medium

CR ≥ 500 High

Share of livestock
income (Shli; %)

Shli < 30% Low 0.042
Meduim 0.03 **

High 0.04 **

30% ≤ Shli ≤ 60% Medium
Low 0.03 **
High 0.025 **

Shli > 60% High Low 0.04 **
Meduim 0.025 **

Off-farm income
(OFI; TND)

OFI < 1000 TND Low 0.022
Meduim 0.09 *

High 0.05 **

1000 ≤ OFI ≤ 2500
TND Medium

Low 0.09 *
High 0.024 **

OFI> 2500 TND High Low 0.05 **
Meduim 0.024 **

Rented area
(RA; ha) 1

RA ≤ 1 ha Low
0.022

RA > 1 ha Moderate

Cost of livestock feed
(CLF;

DT/LSU/year) X

CLF < 600 Low 0.01
Meduim 0.098 *

High 0.03 **

600 ≤ CLF ≤ 1000 Medium
Low 0.098 *
High 0.054 *

CLF > 1000 High Low 0.03 **
Meduim 0.054 *

Livestock herds (LH;
LSU/ha)

LH ≤ 1 Low
0.01

LH > 1 Moderate

Area of crop residues
grazed 2 (AG; ha)

AG < 15 ha Low 0.05
Meduim 0.002 **

High 0.015 ***

15 ≤ AG ≤ 30 Medium
Low 0.002 ***
High 0.069 *

AG > 30 ha High Low 0.015 **
Meduim 0.069 *

Total livestock (TL;
LSU)

TL ≤ 5 Low 0.001
Meduim 0.05 **

High 0.001 ***

5 < TL ≤ 10 Medium
Low 0.09 *
High 0.001 ***

TL > 10 High Low 0.09 *
Meduim 0.05 **

Rangeland area
(RGA; ha)

RGA < 5 ha Low 0.015
Meduim 0.09 *

High 0.004 ***

5 ≤ RGA ≤ 10 ha Medium
Low 0.09 *
High 0.096 *

RGA > 10 ha High Low 0.004 ***
Meduim 0.09 *

Barley area (BA; ha)

BA < 2 Low 0
Meduim 0.00 ***

High 0.00 ***

2 ≤ BA ≤ 5 Medium
Low 0.00 ***
High 0.00 ***

BA > 5 High Low 0.00 ***
Meduim 0.00 ***
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Table 1. Cont.

Variable Names Variable
Discretizations

Group
Descriptions p Value Post Hoc Test (LSD Test)

(sig)

Quantity of
concentrate

consumed (QC;
kg/LSU/year)

QC < 200 Low 0.035
Meduim 0.09 *

High 0.018 *

200 ≤ QC ≤400 Medium
Low 0.09 *
High 0.079 *

QC > 400 High Low 0.018 **
Meduim 0.079 *

Number of bales of
straw (NBS;
LSU/year)

NBS < 30 Low 0.018
Meduim 0.09 *

High 0.005 ***

30 ≤ NBS ≤ 60 Medium
Low 0.09 *
High 0.09 *

NBS > 60 High Low 0.005 ***
Meduim 0.09 *

Barley yield (BY;
kg/ha)

BY < 400 Low 0.002
Meduim 0.09 *

High 0.001 ***

400 ≤ BY ≤ 800 Meduim
Low 0.09 *
High 0.014 **

BY > 800 High Low 0.001 ***
Meduim 0.014 **

Oat area (OA; ha)
OA ≤ 1 Low

0
OA > 1 Moderate

Total area (TA; ha)

TA < 5 Low 0
Meduim 0.054 *

High 0.00 ***

5 ≤ TA ≤ 10 Medium
Low 0.054 *
High 0.0 ***

TA > 10 High Low 0.0 ***
Meduim 0.0 ***

1 Post hoc test (LSD) don’t show the variable if the number of groups is less than 3. 2 We did not include the
“rangeland area” as part of the “grazed area” variable used in the BBN model. “Grazed area” as used in this
paper only refers to the crop residue grazed area. X CLF: cost of livestock feed per year after converting Livestock
to livestock units. *** significant at level of 1%. ** significant at level of 5%. * Significant of level of 10%.

After the development of the BBN structure, the following step consists of collecting
data that will serve for “training the BBN model” through calculation of conditional
probability tables (CPTs) using the “expectation maximization algorithm” [41]. Prior
probabilities are assigned to source nodes, and conditional probabilities are associated
with arcs. The CPT is a set of conditional probability distributions that define a probability
distribution over the output variable given all combinations of values of the input variables
included in the Bayesian network. CPT stores every possible combination of the states
of the parent. Once the CPTs of the variables are learned from Data, the BBN can be
compiled and used for analysis. This is performed by altering the states of some nodes
while observing the effect on others. In fact, the initial, so called prior probability of an
event A can be updated by collecting appropriate information about its driver event B.
The Netica software calculates CPTs based on Bayes theorem, whereby new information
that becomes available revises the prior probability, which is then used to calculate the
likelihood that the linked variables of interest are in particular states (referred to as posterior
probability). The CPT can also be used for the simulation of different options and scenarios
including test on the structure, sensitivity analysis, etc. Scenario simulation using BBN can
be done by fixing a prior probability of a given influencing variables and checking which
state of other variables could slightly enhance the probability of having high quantity of
crop residues left on the field by farmers.

In addition to the calculation of CPTs, a sensitivity analysis is conducted to identify the
variables that reveal the most information and influence on a target node (CR). Sensitivity
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analysis can be done for any node of the resulting BBN. Mutual information is an indicator
used to identify the variable that reveals the most information on a target node.

2.2.2. BBN Scenario Building

In addition to the presentation and analysis of different factors affecting CR manage-
ment at farm level, BBN is used in our case to elaborate the possible future enhancement of
CR management. Thus, the objective of scenario analysis is the formulation of pathways
and policy recommendations that can help better understanding changes in order to shift
more sustainable CR management pattern. The BBN scenarios analyzed in this paper
follow:

• Scenario S1: simply check for posterior probabilities of a given set of variables (Table 1)
which help to keep a high quantity of CR (>500 kg/ha) on the soil. In S1, we do not
impose any prior condition on the rest of the parent and secondary nodes. We simply
select the target node “CR left on the soil” particularly for its state “CR > 500 kg/ha”
(Figure 2) and explore the different changes that accrue to the probability distributions
of primary and secondary variables. This will help us understand the key elements on
which we have to act if aiming to maximize the probability of having “CR > 500 kg/ha”
left on the soil in the study area. The quantity of CR > 500 kg/ha was taken only as a
benchmark since this is the best average value, we were able to record for the identified
small farm groups. The recommended quantities of CR can go from 1000 kg up to
1500 kg per ha.

Testing the sensitivity of the “target” node “quantity of CR left on the soil” to the
list of variables illustrated in the BBN causality network shows that this node is the most
sensitive to the “share of livestock in total farm income.” The latter variable is then chosen
to build further scenarios as follow:

• Scenario S2: we fixed a prior condition of “CR > 500 kg/ha” (100% of probability) +
prior condition of the “share of livestock income < 30%” (farms with small contribution
of livestock to total revenue) (at 100% of probability).

• Scenario S3: we fixed a prior condition of “CR > 500 kg/ha” (100% of probability)
+ prior condition of the “share of livestock income of 30–60%” (farms with medium
contribution of livestock to total revenue) (100% of probability).

• Scenario S4: we fixed a prior condition of “CR > 500 kg/ha” (100% of probability) +
prior condition of the “share of livestock income > 60%” (farms with high contribution
of livestock to total revenue) (100% of probability).

The list of primary and secondary nodes (whole network structure) does not change
from one scenario to another. What is changing is the state value of given primary and
secondary nodes (which are actually discrete variables) (Table 2).

Table 2. Scenario simulations using BBN.

S1 S2 S3 S4

Condition 1: CR ≥ 500 kg/ha X X X X

Condition 2: Share of livestock income (Shli) Shli < 30% 30% ≤ Shli ≤ 60% Shli > 60%

2.3. Quantification of CR Left on the Soil

Measuring CR using only primary survey data remains challenging. In this study, we
build on [42] by developing an innovative formula based on the HI. The HI is not a new
method, but we use it in an innovative way as we combine it with other real primary data
to extract information about CR left on the soil. The HI values for the selected crops in our
study area are taken from previous studies in the same region [43–47]. The HI is defined in
this paper as the ratio of observed grain yield to above ground biomass:

HIi = GYij/AGMij (1)
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where HIi is the harvest index of crop i, which is the same for a given crop variety across
all farmers of the same area, GYij (kg) is observed grain yield of crop i for farmer j, and
AGMij (kg) is aboveground biomass of crop i measured at farm j. In our case, we calculate
AGMij as follows:

AGMij = TQGij + CRSij + GYij + SSij (2)

where TQGij is the total quantity of crop i residues grazed on the field of farmer j, CRSij
(kg/ha) is the quantity of crop i residues left on the soil of farmer j, and SSij is the weight
of the bales of straw sold or consumed by farmer j. Note that we are only interested in
calculating the quantity of CR left on the soil (CRSij), which will then be calculated as:

CRSij = AGMij − (TQGij + GYij + SSij) (3)

The total quantity of CR grazed by each type of livestock on the field is separately
calculated based on the formula below:

TQGij = NbrDj × 0.3 × NbrLSUt (4)

where NbrDj is the number of days farmer j spends grazing CR obtained from the farmer
survey, NbrLSUt is the number of livestock units (LSUs) obtained after converting all
livestock into the equivalent LSU using a specific coefficient for each type t of livestock,
t = {sheep, goat, cattle} (For a precise calculation of fodder demand, we convert all rumi-
nant livestock (cattle, sheep, and goats) into equivalent livestock units (ELU). The ELU is
1.0 for cattle, and 0.1 for sheep and goats [9]). To calculate the quantities of CR left on soil
we use an estimate of the “average quantity of residues consumed by a sheep LSU during
the whole summer grazing period” equivalent to 0.3 kg per day [48,49]. This value was
estimated in the same study area as for our paper. Complementary measures and field
assessments, including interviews with farmers and rapid field assessment, show that most
of the crop residues are grazed after the first month, and that the daily intake is usually
close to zero after two months of grazing. The remaining variables in Equation (2) (i.e., SSij
and GYij) are captured through the farmer questionnaire implemented in the study area.

3. Results
3.1. Quantification of CR Left on the Soil

The farmer survey shows that 56% of farmers in our sample have a total land size less
than 5 ha, 26% have 5–10 ha, and 18% have more than 10 ha. In regard to the cereal area,
72% of farmers cultivate less than 5 ha (small farms), 17% cultivate 5–10 ha (medium farms),
and only 11% cultivate more than 10 ha (large farms). The percentage of small, medium,
and large farms with less than 5 LSUs are 95%, 79%, and 52%, respectively. Around 70.4% of
farmers retain an overall quantity of CR below 200 kg/ha, while 15.1% keep 200–500 kg/ha,
and only 14.5% retain more than 500 kg/ha. Of the small and medium farms, there was
83% and 67% mulch with a quantity of CR less than 200 kg/ha, respectively (Figure 3b).
This is not the case for large farms, with 48% mulch with CR higher than 500 kg/ha. Most
farmers in the three farm groups retain low quantities of CR as soil cover (Figure 3c).
Furthermore, descriptive statistics show that 84% of farmers who have barley (mostly used
as feed) yield lower than 0.5 t/ha mulch CR at less than 200 kg/ha. About 65% and 59% of
farmers who have barley yields of 0.5–1 and >1 t/ha, respectively, also mulch with less
than 200 kg/ha. Additionally, 73% of farmers who have less than 5 LSUs mulch less than
200 kg/ha (Figure 3d).
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One important coefficient in our calculations is the quantity of crop residues grazed
per day/head, estimated as being 0.3 kg/day/sheep in average over the whole summer
grazing period. This variable has been estimated, in the study area, by other experimental
studies to be between 0.5 and 0.6 kg/day/sheep [48,49] over a period of less than two
months. However, given that most of farmers in our sample are grazing more than 60 days,
we decided to use an average daily intake of crop residue of about 0.3 kg/day/sheep.
To check the robustness of this coefficient value, we proceeded with a sensitivity test to
check the effect of this coefficient on the final “crop residue left on the soil” parameter.
The results of the sensitivity test show that changing the intake coefficient from 0.3 to
0.6 kg/day/sheep leads to an increase of 6% in the percentage of farmers leaving less
than 200 kg of residues per ha. Other results of the sensitivity test are shown in Figure 4.
This sensitivity analysis shows that the “quantity of residues left on the soil” is not highly
sensitive to the “quantity of crop residues grazed per day/head” coefficient, and that the
value of 0.3 kg/day/sheep is not significantly affecting the overall results of this study.
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quantity of residues biomass consumed per sheep per day).

3.2. Drivers of Different CR Allocations: Resulting Conditional Probabilities from BBN Analysis

The resulting network structure from the survey data (Figure 5) illustrates the com-
plexity and importance of many interacting variables on CR allocation in the study area.
The probability distributions of the variable states indicate that more than 62.4% of inter-
viewed farmers retained very low quantities of CR on the soil (<200 kg/ha) and only 20.5%
retained more than 500 kg/ha. More than 48% of farms were of small size (i.e., <5 ha). It is
also clear that about 69% of farmers have low to medium costs of livestock feed and only
31.1% of farmers have high feed cost for their livestock. Most farmers in our sample have
more than 60% as a share of livestock income. Moreover, about 72% of farmers have less
than 1 LSU/ha. Concerning the quantity of concentrate consumed by livestock, 37.5% of
farmers use less than 200 kg/LSU. On the other hand, 48% of farmers have less than 2 ha of
barley and only 15.8% have more than 5 ha. The majority of farmers (48%) have a grazed
area of crop residues less than 15 ha and 30% have more than 30 ha.
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Sensitivity analysis conducted over the child node “CR left on the soil” shows that
the residue management pattern is the most sensitive to livestock variables, including the
share of livestock in the total farm income, size of the livestock herd, and cost of livestock
feed (Figure 6). This demonstrates that farmers in the studied cereal–sheep production
systems are looking at CA using a “livestock lens.” Solutions to enhance soil fertility need
to be channeled through enhanced (or alternative) feeding systems.
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This section reports the scenarios (see Section 2.2.2) in which we fixed a prior condition
on the quantity of the CR left on the soil and the share of livestock income in order to report
the changes that the BBN structure defines on the other nodes. These scenarios will give us
pathways for better CR management at the farm level under such conditions.

• Scenario S1: increasing the quantity of CR left on the soil (>500 kg/ha)

The objective of scenario S1 is to explore all changes needed to get a posterior condition
of 100% probability of a “quantity of CR left on the soil higher than 500 kg/ha.” For doing
so, we fix this posterior probability of the child (target) node (see BBN network in Figure 5)
and assess changes that the BBN structure defines on the other nodes. This scenario
provides evidence that enhancing CR management can only happen when we reduce the
probability of having farms with high share of livestock in the farm income (>30%), in
addition to farms with low overall cost of feed. Keeping a high quantity of CR can also be
met if we have higher probability of farmers with medium to high cost of livestock feed
(due to higher quantity of concentrate and other supplements). The results of this first
scenario also suggest that farmers with higher off-farm income keep higher quantities of
mulch (Figure 7a).

• Scenario S2: increasing quantity of CR for farms with a share of livestock income less
than 30%

Scenario S2 consists of fixing two posterior probabilities (100% probability for
“CR > 500 kg/ha” and 100% probability of “share of livestock <30%”). This condition
requires acting on the cost of livestock feed (increasing the probability of having farms
with relatively medium and high costs by 18% and 29%, respectively) (Figure 7b). For this
posterior condition, there is also a need to decrease the probability (with 62%) of having a
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high number of livestock per hectare. High residue retention for this category of farmers
can also be met if there is a higher probability of high total cultivated area per farm (as
percentage of total farm area).

• Scenario S3: increasing quantity of CR for farms with a share of livestock income of
30–60%

Maintaining a high quantity of CR in this category of farms requires that farmers
invest more in livestock feed availability (Figure 7c). The BBN model suggests that the
increase in the probability of having more biomass used as mulch for this category of
farmers requires a higher probability of farmers with high livestock feed costs. This means
that even within this category of farmers, those who are minimizing feeding costs are also
putting more pressure on biomass. Another important result for this farm type is the need
to reduce the “stocking rate” if we want to maximize the probability of having more soil
cover. More results are shown in Figure 7c.

• Scenario S4: increasing quantity of CR within farms where the share of livestock
income exceeds 60%

The sensitivity analysis (combined with the results of S1) shows that this last category
of farmers uses the least biomass as soil cover. Enhancing the use of biomass for this farm
type requires a moderate change in their feeding systems (investing more in animal feed)
and a reduction in the “stocking rate,” thus releasing some of the pressure on residue
grazing. The results also suggest that specialized farmers who have a low percentage of
off-farm contribution to their respective income tend to mulch with higher quantity of
residues (Figure 7d).
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4. Discussion

Using more crop residues as soil cover is a way to enhance soil fertility and reduce
chemical inputs to the farming systems in place. Enhanced CR management builds on the
natural processes of organic and nutrient cycles, which can solve some of the problems of
soil nutrition and fertility depletion. Biomass management is also a key aspect in all agro-
ecological transitions throughout the world. Collective and on farm biomass in general
and crop residues in particular are more and more in demand for different purposes
(feed, mulch, composting), and they will need additional attention, especially from an
agroecological transition perspective.

The quantity of CR retained on the soil for mulching in the study area is strongly
related to farm size, structure, and stocking rate. Increasing the total land area is accom-
panied by an increase in the CR quantity left on the soil. The majority of farmers, who
have less than 5 ha, do not mulch more than 200 kg/ha of CR. This result is in line with
empirical results of the study of [50–52]. In our study, the quantity of CR retained as a
mulch is obtained after calculation of aboveground biomass. The dry season of 2013/2014
resulted in low aboveground biomass production as well as low yields. As the CR left on
the soil is a component of aboveground biomass, the quantity kept on the soil was very
low for the considered year. However, this is still a representative case of variable weather
conditions, which frequently occur in the study area and across many similar regions in
North Africa. These results are also consistent with those of [14], who argued that CR use
depends on the total biomass supply.

There are several explanations for the results. In fact, most farmers are smallholders
with land size less than 5 ha, and their main income is from crop and/or livestock pro-
duction. Thereby, farmers try to maximize total income, firstly by decreasing livestock
costs (by compensating a share of feed by animal grazing). In fact, most farmers graze a
great number of days (often >90 days) compared to the recommended 30 days [49]. The
number of hours of grazing per day can exceed eight. Overgrazing significantly reduces
the quantity of CR left on the field. The BBN results show that increasing the quantity of
CR left on the soil in the study area is strongly related to the share of livestock income,
livestock herds, and cost of livestock feed. “Share of livestock income” has the greatest
effect on the decision of farmers to keep more than 500 kg/ha of CR. Consequently, we
suggest increasing the quantity of CR with small, medium, and large farms distinguished
by livestock income. Livestock constitute the most important source of income for the
majority of farmers in the study area [20,53,54], suggesting significant trade-offs between
the use of CR for soil cover and its role in farmers’ other livelihood activities especially
when they rely on CR to feed livestock. Overall, high quantities of CR are retained on
soil for mulching when farmers have livestock herds of less than 1 LSU/ha and when the
grazed area is less than 15 ha. Our result confirms that the solution of [49], of not grazing
cereal residues for longer than 30 days, would have many benefits for increasing soil cover
in the study area. This result suggests that the use of high quantity of concentrate as an
alternative source of feed could decrease the reliance on and overuse of CR by livestock.
Therefore, these solutions should be suggested in a set of incentives that might include
providing other cheap sources of feed by local and regional government livestock agencies.

Maintaining a high quantity of CR within small farms where farmers have less than
30% as livestock income, involve a combination of a set of conditions that should be
adopted by farmers. In fact, we should act especially on increasing the category of farmers
who have high costs of livestock feed, the quantity of concentrate consumed by livestock,
and the number of bales of straw consumed by livestock and decreasing the size of livestock
herds. These factors constitute good drivers to obtain high quantities of CR left on the field.
It seems likely that such practices will be more easily adopted by farmers in the study area.
In addition, the model shows that increasing the quantity of CR within medium and large
farms needs to satisfy the needs of livestock more in terms of feed since crops and livestock
are integral components of most smallholder livelihoods [14]. Our paper provides evidence
that farmers should invest more in livestock feed in order to decrease reliance on grazing
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of CR. Our research thereby suggests that increasing soil cover in the three types of farms
requires interactive work between stakeholders and farmers to elaborate comprehensive
strategies to enhance crop production. Moreover, government livestock agencies should
suggest solutions that provide cheap alternative sources of feed rotations and feeding
calendars in parallel. In addition, ensuring the timely availability of concentrate to farmers
and providing solutions to decreasing livestock feed cost, will certainly help farmers to
invest more in other types of feed and to graze less, and will thus reduce pressure on CR.

5. Conclusions

Integrated crop–livestock system within CA can constitute a suitable solution for both
environmental and economic objectives of farmers. Stubble constitutes the main source of
feed for livestock during summer when other crops are impossible to grow under rain-fed
conditions in northern Tunisia. However, competition related to CR allocation by farmers
is becoming a worrying issue, particularly in drylands where fodder potential is low. The
results show that the majority of farmers in the cereal–sheep production system are keeping
low quantities of CR on the soil (<200 kg/ha), which is very low compared to technical
standards advising that 1500 kg/ha is necessary to main soil health and enhance organic
matter in the soil. Thus, through this study, we focus on identifying the drivers of CR
management and suggest pathways for better management of CR for different types of
farms (small, medium, and large). The BBN demonstrates that share of livestock income is
the first driver influencing farmers’ decisions concerning residue biomass allocation. It is
clear also from the BBN outcome that retaining a high quantity of CR requires interactive
work between different decision-makers to (i) elaborate comprehensive strategies for better
crop production and (ii) ensure ways for farmers to invest more in alternative feed for
livestock. Finally, it is also important to educate farmers about the long-term economic and
environmental benefits of retaining residue biomass. Given that the issue of crop residues
management in Tunisia is generally related to low biomass yield, the introduction of new
technologies such as legume-cereal mixture, diversified cropping rotations, improved
fallows would contribute indirectly to increase the quantity of CR kept on the field by
farmers.
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