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ABSTRACT
To optimize cereal cultivation in the agro-systems of Fez-Meknes, Morocco,
this study emphasizes the importance of soil texture and organic matter for
cereal productivity, particularly in arid and semi-arid climates. The objective is
to develop a comprehensive index based on five parameters of particle size
properties (percentage of clay, fine silt, coarse silt, sand, and organic matter) to
predict the yield potential of wheat (Triticum aestivum). Utilizing 298
independent experimental sites in the agricultural region of Fez-Meknes, wheat
yields were analyzed in relation to soil texture. The analysis involved a
complete compositional simplex (S5), a log-centered transformation, and the
calculation of five cumulative variance functions of the components, resulting
in five cubic models. By identifying inflection points in these models linking
cumulative functions to wheat yields, a critical yield of 24 quintals per hectare
was determined, distinguishing between more and less productive wheat
populations. The developed global particle size imbalance index, named
r2

granulo, exhibited a theoretical value of 3.1 and a value validated by the Cate-
Nelson partitioning method of 5.2. These results indicate that the r2

granulo index
can serve as a reliable indicator for evaluating soil suitability for cereal
production in arid and semi-arid regions. An index value below 5.2 suggests
favorable soil conditions for cereal cultivation. This index offers a practical
tool for farmers and agronomists to optimize cereal yields by effectively
assessing and managing soil properties.

Keywords: Soil texture, compositional analysis, cereal soil, Simplex of
composition, Morocco.

INTRODUCTION
In Morocco, approximately 69% of the national territory consists of agricultural
land, although only 18% is arable. Cereals, mainly wheat and barley, dominate the
national agriculture, covering 5.3 million hectares, representing 59% of the
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country's 8.8 million hectares of cultivated land (Harbouze et al., 2019). Cereals
are essential for the agricultural economy and fundamental in the diet of both rural
and urban populations. Therefore, it is crucial to promote the sustainability of these
agri-food systems by evaluating and improving soil quality. This concept,
traditionally referred to as "soil quality," has evolved to include notions of "soil
health" and "soil security." These contemporary terms reflect the soil's capacity to
support food and fiber production while acting as a vital interface with the
environment, ensuring its long-term functionality. Key indicators of this quality
include soil texture and organic matter content, factors that directly influence other
crucial properties for soil sustainability, health, and security (Lehmann et al.,
2020). Determining an organic component, represented by the percentage of
organic matter (MO), and conducting a particle size analysis of the mineral fraction
to identify four other components: clay (C), fine silt (FS), coarse silt (CS), and sand
(S). Together, these elements constitute a complete compositional simplex S5 =
{OM, C, FS, CS, S}. Treating these data as compositional data is crucial to avoid
methodological biases. Indeed, these five interdependent components define the
quality of soils. Any change in one proportion necessarily affects the others (Xu et
al., 2017).
This research aims to develop an indicator that encompasses these five components
of the simplex S5 using unbiased compositional data analysis tools. The goal is to
correlate this indicator with wheat yields in the Fez-Meknes region of Morocco,
which is known for its cereal production. It is, therefore, hypothesized that the
compositional transformation of the five components into a global index, noted
r

2

granulo (Khiari et al. 2001), is relevant if this global index can be related to cereal
yields. This r

2

granulo index could help the scoring process assess soil health and
cereal suitability.

MATERIALS AND METHODS
Soil composite samples were collected from 298 locations, from the Fez-Meknes
region located in northern Morocco, during the 2021/2022 autumn season. The
sampling units within each plot were randomly selected. Soil samples were taken
prior to plowing, reaching a depth of 30 cm for conventional tillage. These soil
samples were air-dried after manually crushed and sieved through a 2 mm mesh.
Organic C was determined by the Walkley-Black procedure (Nelson and Sommers,
1982). Soil texture was determined by the hydrometer method (Day, 1965).
The cutoff values for distinguishing between high and low yields populations
were determined using the cumulative variance ratio functions F i

C(VX)
developed by Khiari et al. (2001a). A cubic adjustment was applied to model
the evolution of these Fi

C(VX) in relation to yields. These cubic models identify
the inflection point, which serves as the cutoff yield separating the productive
sub-population (Pop+) from the (Pop-), the less productive sub-population
(Khiari et al., 2001a). The global and individual granulometric indices (including
organic matter) were computed using the Excel package (Microsoft, 2013) based
on the theory outlined below (Equs1–6). The critical thresholds for these
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indices were determined using the Cate-Nelson binary partition method
(Mathieu et al., 2003). This involved an iterative process to derive sums of
square values across multiple divisions at different levels of the independent
variable r2

granulo. The critical r2
granulo level corresponds to where the sum of squares

reaches its maximum. At the same time, the dependent variable Y, is determined
where the number of points in the error quadrants (false positive and false
negative) is minimized. These binary partition calculations were conducted using R
software (R 3.6.2) (Team, R.C, 2013).

RATIONALE
The organic and inorganic components and the size distribution of the
inorganic particles in the soil constitute a complete compositional simplex, S5 =
{OM, C, FS, CS, S}, as described by Aitchison (1982). This Simplex consists
of five positive components OM> 0, C>0, FS> 0, CS> 0, S> 0), which together
total 100%. This structure ensures that each component is proportionally
represented, reflecting the comprehensive nature of the soil composition:

OM+C+FS+CS+S=100%                                         (1)
Where: represents the percentage of organic matter, represents the
percentage of clay, represents the percentage of fine silt, represents the
percentage of coarse silt, represents the percentage of sand. Each component is
expressed as a percentage of the total soil composition.

The particle size fractions become invariant on the scale when divided by their
geometric mean (G) defined as follows (Eq. 2):

G = [OM×C×FS×CS ×S]1/5 (2)
VOM, VC, VFS, VCS, and VS are the log-centered ratios of these five particle size
components on their geometric means, respectively (Eq. 3).= (%); = (%); = (%); = (%) ; = (%)
(3)
By definition, the sum of the five particle size components is equal to 100%
(Eq.1), and thesum of the log-centered ratios must be zero (Eq.4).
VOM +VC + VFS + VCS + VS = 0 (4)

The first standards for particle size analysis with the aim of integrating them
into a global index are the averages (V*

OM, V*
C, V*

FS, V*
CS, and V*

S) and
standard deviations(OM, C,FS, CS, and S) of the log-centered ratios of the
five particle size components. The five log-centered ratios are normalized as
follows:
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(5)

Where IOM, IC, IFS, ICS, and IS are the particle size indices.
The particle size indices defined by Eq.5 are standardized and linearized
variables in a five-dimensional space (Aitchison, 1982). A diagnosed sample's
single particle size imbalance index is the r2

granulo calculated according to Eq.6.= + + + + (6)

The square sum of these five standardized and independent particle size
indices provides a new variable that follows the chi-square (2)
distribution law with 5 degrees of freedom (Ross, 1987). As described in
Equations (5) and (6), the closer the particle size indices are to zero (as
calculated by and the chi-square), the greater the likelihood of
achieving a good yield.

RESULTS AND DISCUSSION
Step 1. Selection of Cutoff Yield
The five cumulative variance ratio functions Fi

C(VX), depending on the yields, all
showed sigmoidal forms (Figure 1), which fit the cubic p o l y n o m i a l  m o d e l
in a very highly significant way (p < 0.01) with a correlation coefficient R2 of
0.99. The inflection points of these cubic equations, calculated using the
formula −b/3a, range from 2 to 24 quintals per hectare. The highest yield of 24
quintals per hectare is used to distinguish between the "pop+" sub-population
(considered acceptable yields) and the "pop-" sub-population (considered less
acceptable yields). This critical yield of 24 quintals per hectare is significantly
higher than the national average of 15 quintals. Notably, wheat production in
Morocco for the 2022/2023 agricultural season is estimated at 4.1 million tons.
This figure represents a decrease of about 17% compared to the average of the
last five years. Still, it is a significant increase of over 60% compared to the
2022 production, which had been severely affected by drought, according to
the FAO 2023. Morphological, physiological, and environmental factors all
influence wheat production variability, both directly and indirectly.
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Figure 1. Relationship between wheat yield (Y) and the cumulative
variance ratio functions ( ), ( ), ( ), ( ), and( ) fitted with cubic models of the form: ( ) = aY3+bY2+cY+d.
IP: inflection point. ( ): cumulative variance ratio function.

In this study, out of 298 specimens analyzed, 91 specimens originated from
fields with an acceptable yield of 24 quintals per hectare or more. This
significant representation underscores the correlation between yield outcomes
and the quality of the environmental and genetic factors.

Step 2. A theoretical, critical value of the particle size imbalance index
The analysis of the total population of 298 specimens reveals that 91 specimens
exceed the yield threshold of 24 quintals per hectare. At the same time, 207 falls
below, as established in the first phase of this diagnostic system (Figure 1).
Consequently, the proportion of yields considered less acceptable (pop-) is 69%
(207/298). According to the Chi-square statistical table or Figure 2, this
distribution corresponds to a theoretical critical value 3.1. This figure represents
the theoretical maximum of the global particle size index beyond which soils are
deemed unsuitable for cereal cultivation because it predicts a yield categorized in
the less productive sub-population, pop-. This theoretical value needs validation to
diagnose the cereal-growing potential of soils based on their organic matter content
and proportions of clay, fine silt, coarse silt, and sand. Integrating these textural
and organic components into a single global index (Eq. 7) could be relevant for
diagnosing soil suitability for cereal cultivation, especially if this index correlates
with actual yields obtained.
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Figure 2. Cumulative Chi-Square distribution function for determining the
critical theoretical value of the global particle size indicator with 5 degrees of

freedom.

Step 3. Validation of the Threshold Particle Size Imbalance Index
This step involves establishing granulometric composition standards (Table 1)
by first calculating the average centered logarithmic values for the 91
productive sub-population (pop+) specimens with 24 quintals per hectare or
higher yields. Subsequently, the standard deviations of these same centered
logarithmic values are determined, but this time considering the entire sampled
population of 298 specimens. This approach helps to understand the variations
in granulometric composition in relation to observed productivity.

Table 1: Granulometric compositional norms: means and standard
deviations of centered logarithmic values of organic matter (V*

OM), Clay
(V*

C), fine silt (V*
FS), coarse silt (V*

CS), and sand (V*
S).

V*
OM V*

C V*
FS V*

CS V*
FS

Mean - 1.661 1.152 0.285 - 0.224 0.447

Standard deviation () 0.266 0.676 0.284 0.273 0.803

Figure 3 illustrates a noticeable downward trend in wheat yield based on the
global granulometric index, r2

granulo (Figure 3a). The Cate-Nelson method
enabled partitioning the pop+ and pop- subpopulations using two distinct
critical thresholds: 27 quintals per hectare yield and an r2

granulo index of 5.2
(Figure 3). These thresholds differ from the theoretical critical values
previously identified, namely a yield of 24 quintals per hectare (Figure 1) and
an r2

granulo index of 3.1 (Figure 2). The partitioning by the Cate-Nelson method
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proved to be more selective regarding yield and less selective concerning the
r2

granulo index. The critical values of the r2
granulo index, which distinguish a

balanced granulometric composition suitable for cereal cultivation from an
unbalanced composition unsuitable for cereals, are set at 3.1 based on the
theoretical foundations of this compositional approach as detailed by Khiari et
al. (2001a, b), and at 5.2 when this index is actually measured. Based on these
two critical thresholds, we can classify the areas studied in the Fez-Meknes
region of Morocco into three groups: (i) a category with a very balanced
texture and particularly conducive to cereals, characterized by an r2

granulo index
less than 3.1, typically associated with good physical fertility and acceptable
yields; (ii) a category with a balanced texture where the r2

granulo index ranges
between 3.1 and 5.2; and (iii) a category with an unbalanced texture, where the
r2

granulo index exceeds 5.2, indicating poor physical fertility and a granulometry
inappropriate for cereals, leading to low yields. Among the five performance
metrics of the Cate-Nelson partition — robustness, specificity, sensitivity,
Negative Predictive Values (NPV), and Positive Predictive Values (PPV) —
only the NPVs demonstrated a satisfactory reliability level of 76%. This ratio
[TN/(TN + FN)] represents the likelihood that a wheat field is unsuitable for
soil with an unbalanced texture when the r2

granulo index exceeds 5.2. Thus, for
r2granulo values in group iii (above 5.2), only one error was made for every
four diagnoses. This result encourages the exclusion of soils unsuitable for
wheat cultivation based on their granulometric and organic
composition.However, for groups (i) and (ii), with r2

granulo indices below 3.1
and 5.2, the diagnostic based on a balanced granulometric composition is not as
reliable. The probabilities associated with specificity, sensitivity, PPV, and
robustness are below 50%. On the other hand, as the NPV approaches closer to
100% and moves away from 0%, it effectively discriminates between soils
suitable and less suitable for cereal cultivation. In other words, the diagnostic
based on this global granulometric index is only effective when values exceed
the critical threshold of 5.2.



AGROFOR International Journal, Vol. 9, Issue No. 3, 2024

46

Figure 3. Binary partitioning results according to the Cate-Nelson method for
wheat yield based on the global granulometric index r2

granulo, showing (a) the
distribution of points and identification of two thresholds for yield and r2

granulo;
(b) the variation in the number of points outside the model for determining the
limit yield; (c) the sum of squares for determining the r2

granulo limit; and (d) a
summary table (bottom left); performance indicators of the partition model
include specificity, sensitivity, accuracy, negative predictive value (NPV), and
positive predictive value (PPV). Moreover and according to Šimundic (2009),
the NPV is considered a good criterion for discrimination because it falls
between 70 and 80%, in a diagnostic performance system that rates results as
excellent, very good, good, sufficient, poor, and useless, respectively in the
following probability ranges: [90-100%], [80-90%], [70-80%], [60-70%], [50-
60%], and [0-50%].

CONCLUSIONS
Determining soil quality in Morocco for appropriate crop allocation is crucial for
optimizing agricultural productivity in a sustainable manner. The most commonly
referenced soil quality indicators in international literature are particle size
composition and organic matter content. These components form a complete
compositional simplex S5 = {OM, clay, fine silt, coarse silt, sand}, leading to the
global granulometric index r2

granulo. This index defines soil quality and shows a
correlation with wheat yields. This study has developed an effective diagnostic
system for identifying Fez-Meknes wheat fields unsuitable for cultivation when the
r2

granulo index exceeds 5.2. This outcome, demonstrating the discrimination of soils
unsuitable for cereal cultivation with a diagnostic performance of 76% based on
their granulometric and organic composition, is promising for establishing tailored
strategies based on the global r2

granulo index of soils.
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