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Abstract:

This study examines the spatial variability of soil particle-size distribution (PSD) along an agricultural hillslope at
Mechtat Kef Laatatfa (Ouled Hamla, northeastern Algeria). The vertical and lateral organization of PSDs is investi-
gated in relation to morphological setting, hydroclimatic conditions, and lithological context, which are considered the
primary controls on sediment redistribution along the slope. The study aims to assess the added value of combining
compositional and multivariate analytical approaches for interpreting particle-size variability in hillslope soils. Soil
samples were collected from exposed horizons of three representative soil profiles and analysed using dry-sieving
granulometry. Compositional data analysis (CoDA), principal component analysis (PCA), and end-member modelling
analysis (EMMA) were jointly applied to disentangle granulometric patterns and transport-related processes. The re-
sults show that PSD accumulation is primarily governed by parent material erosion and slope gradient, with subsequent
modification by size-selective sorting during downslope transport. A marked reduction in granulometric variability
is observed from upslope to downslope positions, reflecting a systematic transition from coarse- to fine-dominated
textures along the geomorphological gradient. By integrating compositional and multivariate techniques, this study
provides a more robust and process-oriented interpretation of soil textural patterns along agricultural hillslopes, high-
lighting their relevance for understanding sediment redistribution under cultivated conditions.

Key words: Ouled Hamla, particle-size distribution (PSD), compositional data analysis (CoDA), principal
component analysis (PCA), end-member modelling analysis (EMMA).
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INTRODUCTION

External geodynamics of the Earth’s crust plays a
fundamental role in the transformation of rocks into soils
through its close interaction with surface geological, en-
vironmental and anthropogenic processes (Dahoua et al.,
2017; Zerzour et al., 2020, 2021; Saadoun et al., 2022; Taib
et al. 2024a, b). Among exogenic agents, water acts as the
primary driver of both physical disintegration and chem-
ical weathering of rocks (Arif et al. 2024; Ladjel et al.,
2024). Through its mechanical action (via runoff, infil-
tration, freeze-thaw cycles, and sediment transport) water
fragments rock materials, while chemically it promotes dis-
solution, hydrolysis, oxidation, and carbonation reactions.
These combined processes lead to the progressive devel-
opment of weathered materials, characterized by selective
enrichment or depletion of chemical elements (Chibani et
al., 2024; Hamed et al., 2024). The subsequent evolution
of these materials is governed by the combined influence
of climate, topography, biological activity, and time (Ncibi
et al. 2022; Benmarce et al. 2023). Together, these interact-
ing mechanisms form the basis of pedogenesis, positioning
soil as a dynamic interface linking the lithosphere, hydro-
sphere, atmosphere, and biosphere.

Soil particle size distribution (PSD) is a key physical
attribute that encapsulates both the lithological character-
istics of the parent material and the intensity of sedimen-
tary processes (erosion and transport) to which the soil has
been subjected. In landscapes marked by strong relief and
mechanically weak or easily weathered parent rocks, soil
formation is spatially differentiated between zones of parti-
cle production and zones of particle accumulation, leading
to pronounced textural contrasts along hillslopes (Sommer
and Schlichting, 1997). These contrasts are further shaped
by climatic conditions and biological activity, which jointly
regulate weathering intensity, translocation processes, and
structural organization within soil profiles over time (Chen
et al., 1997; McKenzie and Ryan, 1999; Buol et al., 2011).

In sloping environments, particle size dynamics acquire
particular significance because slope position exerts a pri-
mary control on erosion, leaching, transport, and deposi-
tional processes. The interplay of these mechanisms gov-
erns both the vertical differentiation of soil horizons and
the lateral redistribution of fine and coarse fractions along
the slope continuum (Tancredi et al., 2022). In agricultural
contexts, PSD influences a wide range of soil functions,
including hydraulic conductivity, organic matter stabiliza-
tion, nutrient retention, and root development, while also
determining soil vulnerability to erosion, moisture stress,
and long-term degradation (Chi et al., 2021). Consequently,
a refined and quantitative characterization of PSD (beyond
conventional textural classes) is essential for advancing
understanding of soil-environment interactions and land
sustainability (Wang et al., 2023).

However, particle size analysis remains underutilized.
Most studies have relied on characterising soil texture in
broad categories (sand/silt/clay), but these descriptions of-
ten obscure subtle vertical transitions between horizons

(Han et al., 2025). Studies examining particle size distribu-
tion have relied on traditional sedimentological indicators
such as sorting, skewness, Kurtosis (Folk and Ward, 1957).

Only a limited number of studies have applied compo-
sitional data analysis (CoDA) approaches to soil particle-
size distribution (PSD) data, despite the fact that particle-
size fractions are inherently constrained to a constant sum
and therefore require a statistically coherent analytical
framework (Filzmoser and Hron, 2009; Buccianti, 2013).
Moreover, vertical granulometric evolution across multiple
soil profiles positioned along hillslopes has rarely been
examined, even though geomorphological studies clearly
demonstrate that slope position exerts a strong control on
sediment supply, erosion intensity, illuviation, and overall
pedogenic development (Canfield et al., 2001; Anderson
R.S. and Anderson S.P, 2010; Sklar et al., 2017).

In agricultural landscapes, variations in slope gradi-
ent and relative position (upslope-midslope-downslope)
regulate the balance between sedimentary redistribution
and in situ soil-forming processes, leaving characteristic
signatures in the vertical texture of soil horizons that can
be captured by particle-size data. High-resolution PSD
measurements based on multiple sieve fractions provide a
more detailed representation of internal soil structure than
conventional textural classifications. Because particle-size
data are compositional in nature, their analysis requires
statistical methods that account for relative information
and closure constraints. The Aitchison framework offers
such an approach and has been shown to be more appropri-
ate than classical Euclidean-based methods for analysing
soil PSD data (Aitchison, 1986; Filzmoser et al., 2009,
Pawlowsky-Glahn; Egozcue, 2020). Log-ratio transforma-
tions, including centered log-ratio (CLR) and isometric
log-ratio (ILR), provide a consistent basis for applying mul-
tivariate statistical techniques to compositional soil data
(Aitchison, 1986; Egozcue ef al., 2003).

Against this background, the present study investi-
gates the vertical and lateral evolution of soil particle size
across three soil profiles (P2, P4, and P5) distributed along
a hillslope in the Mechtat Kef Laatatfa area. The specific
objectives are to: (i) characterize the vertical grain size
distribution within successive horizons (An—A0) for each
profile; (ii) compare vertical granulometric trends among
profiles to identify systematic topographic controls; (iii)
evaluate the performance of compositional and multivari-
ate statistical approaches in interpreting PSD; and (iv) ex-
plore relationships between particle size distribution and
topographic attributes.

Methodologically, the study integrates CoDa techniques
with principal component analysis (PCA), Aitchison dis-
tance metrics, variation matrices, and end-member model-
ing analysis (EMMA). This combined approach overcomes
key limitations of traditional particle size descriptors and
provides a more coherent and process-oriented interpretation
of granulometric evolution. By coupling advanced compo-
sitional statistics with detailed particle size measurements,
this research contributes to understanding of soil formation
and surface dynamics in sloping agricultural landscapes.
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GENERAL SETTING

Mechtat Kef Laatatfa is an important rural and agricul-
tural area located within the municipality of Ouled Hamla,
approximately 18 km northwest of the city of Ain M’lila,
at coordinates 36°07'15” N and 6°26'01" E (Fig. 1). The
locality of Ouled Hamla is situated at the northern edge
of the Saharan Atlas, within the structural domain of the
Constantinois Mountains. The study area occupies a transi-
tional zone characterised by Quaternary and Mio-Pliocene
cover deposits, bordered by Cretaceous and Paleogene out-
crops (Fig. 2).

The lithostratigraphic evolution of Ouled Hamla re-
flects successive shallow-marine, regressive, and trans-
gressive phases, expressed by alternating carbonates,
marls, and detrital deposits (Van de Fliert, 1955; Bér, 1957;
Durozoy, 1960; Voute, 1967; Raoult and Fourcade, 1973;
Chadi, 2004).

Tectonically, the region shows slight subsidence; its
evolution has been marked by three phases: (1) Cretaceous—
early Lutetian epi-orogenic movements with stratigraphic
gaps; (2) late Lutetian—Tortonian tectonics, including major
SW-NE and NW-SE faulting, uplift, and deformation of
marls between carbonate blocks; and (3) post-Messinian

0°0'0"

mild folding (Obert, 1974; Bureau, 1986; Guiraud, 1990;
Aris, 1994).

The structural framework comprises tilted Cretaceous
monoclines, the Guelaat Ouled Sellem anticline, uplifted
compartments, reverse and strike-slip faults, Messinian
domes, and Triassic diapirs, reflecting a polyphase tectonic
history (Vila, 1980; Kazi-Tani, 1986; Aris, 1994).

Geomorphologically, landforms are closely adjusted to
the underlying tectonic and lithological framework, lime-
stone massifs occurring as uplifted blocks with marl lev-
els outcropping in depressions. The mountain boundaries
correspond to border faults or hard and soft lithological
contacts. The relief is ancient and has been exposed to
erosion for a very long time, resulting in the development
of cliffs and rounded shapes. The absence of alluvial ter-
races contrasts with the conglomerate deposits resulting
from precipitation, sheet floods, and incised piedmont
fans (Bér, 1957; Voute, 1967; Raoult and Fourcade, 1973;
Vila, 1980; Bouillin, 1986; Lahond¢ere, 1987; Aris, 1994).
Within this geomorphic framework, Quaternary deposits
can be subdivided into four units: ancient piedmont allu-
vium forming stacked fans, recent fine-grained alluvium
confined to depressions, valley-floor conglomerates trans-
ported by oueds, and slope scree mantling older forma-
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Location of the study area: (a) regional location within northeastern Algeria; (b) satellite image showing the study area and soil profile sampling
points; (c) shaded relief map illustrating topography and profiles distribution.
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tions (Durozoy, 1960; Bureau, 1986; Chadi, 1991; Coiffait,
1992).

MATERIALS AND METHODS
Soil sampling and particle size analysis

Three soil profiles were excavated and sampled along the
slope to capture vertical and lateral variations in particle-size
distribution. The profiles are located at P2 (36.131913° N,
6.422880° E), P4 (36.130556° N, 6.423889° E), and P5
(36.129538° N, 6.424106° E). Their spatial distribution is
shown in Fig. 2, while detailed morphological descriptions of
the soil profiles are presented in Fig. 3. Horizon boundaries,
thicknesses, and sampling depths (centre of the sample) were
identified in situ and are summarized in Table 1.

Within each profile, soil samples were systematically
collected from the upper (S1) and lower (S2) portions
of each horizon to capture internal textural variability.
For horizons exhibiting substantial thickness, additional
intermediate samples were taken to improve vertical res-
olution. All samples were air-dried and subsequently ov-
en-dried to remove residual moisture, then gently disag-
gregated using a plastic mallet to avoid crushing primary
particles.

Grain-size analysis was conducted on 300 g subsam-
ples using dry sieving. Samples were passed through a
standardized sieve stack with mesh sizes of 2 mm, 1 mm,
0.500 mm, 0.250 mm, 0.125 mm, and 0.063 mm, with a
pan collecting the finest fraction (<0.063 mm). The mass
retained on each sieve was weighed, and the relative pro-
portion of each size fraction was calculated as a percentage
of the total sample mass.

Table 1. Soil profiles, horizon thickness and depth of samples taken.

Profile P2 P4 P5
Horizon A0 Al A2 A3 A0 Al A2 A3 A0 Al A2 A3
Thicknesses (cm) | 30 29 40 81 40 30 50 65 25 17 26 82
Sample S1|S2|S1{S2|S1|S2|S1| S2 |S3|S1|S2|S1|S2/S1|S2| S1 |S2|S1|S2|S1|S2|S1|S2|S1|S2|S3|S4|S5
Depth (cm) 5125[35|54|64|94/104(139.5(180| 5 |35 |45|65|75|115|130|170| 5 |20{30 |37 [47|62|73|95|110|130|150
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Fig. 3. Photographs of three soil profiles: (a) profile P2, (b) profile P4, and (c) profile P5. with identified horizons and sampling points

Compositional data treatment and log-ratio
transformations

Particle-size fractions constitute compositional data, as
they represent parts of a whole constrained to a constant
sum (100%). Direct statistical analysis of such data can
lead to spurious correlations and biased interpretations.
To address this issue, all grain-size datasets were ana-
lyzed within the framework of compositional data analysis
(CoDA) (Aitchison, 1986).

Zero values in the particle-size fractions were treated
using multiplicative replacement (Martin-Fernandez et al.,
2003). Specifically, zeros were replaced by 0.65 x X%,
where X% corresponds to the minimum observed fraction
percentage within the same horizon and profile. Zero val-
ues were rare in the dataset and limited to a single obser-
vation. Given their limited occurrence and magnitude, zero
replacement had a negligible effect on the overall composi-
tional structure of the data.

This approach preserves relative information while al-
lowing log-ratio transformations.

A sequential binary partition (SBP) scheme was defi-
ned to structure the compositional space (Egozcue and

Pawlowsky-Glahn, 2005, 2019), as detailed in Table 2. Based
on this partition, isometric log-ratio (ilr) transformations
were applied to obtain orthonormal coordinates suitable
for multivariate statistical analysis (Filzmoser et al., 2009;
Hosseinpoor et al., 2015; Egozcue and Pawlowsky-Glahn,
2019). The resulting ilr coordinates, expressed as balances,
quantify log-contrasts between two disjoint groups of parti-
cle-size fractions:

(K s g)

irl (L) =\ rts In (g (x_))
where K and L are the two groups of fractions drawn from
the complete set (> 2 mm, 1-2 mm, 0.5—-1 mm, 0.25—0.5 mm,
0.125-0.25 mm, 0.063—-0.125 mm, <0.063 mm), r and s de-
note the number of parts in K and L, respectively, and g(x*)
and g(x’) represent the geometric means of the correspond-
ing groups.

This balance expresses the relative dominance of one
group of particle-size fractions over another, allowing
coarse and fine contrasts within the soil.

For complementary interpretation and visualization of
compositional relationships, centered log-ratio (clr) trans-

Eq. 1

Table 2. Sequential Binary Partition (SBP) of the particle size fractions.

Balance |, 1y 5 10.5-110.25-0.5 [0.125-0.25| 0.063-0.125 | <0.06 Interpretation
(in mm)
Bl |+1| +1 | +1 -1 -1 -1 -1 coarse (>0.5 mm) (+) / fine (<0.5 mm) (-)
B2 |+1| -1 -1 0 0 0 0 very coarse (>2 mm) (+) / coarse sands (1-2 mm, 0.5—-1 mm) (-)
B3 [0]0] 0 +1 +1 -1 1 |=(0.25-0.5 mm. 0.125-0.25 mm) (+) / (0.063-0.125 mm. <0.063 mm) (-)
B4 |0 |+1] -1 0 0 0 0 (1-2 mm) (+) / (0.5-1 mm) (-)
B5S [0 0] 0 +1 -1 0 0 (0.25-0.5 mm) (+) / (0.125-0.25 mm) (-)
B6 0|0/ 0 0 0 +1 -1 (0.063-0.125 mm) (+) / (< 0.063 mm) (-)
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formations were also computed prior to statistical analyses
(Aitchison, 1983; Aitchison and Greenacre, 2002).

X

crl (x) = (lng &x)’ ~~~~~~~ » In—=2 )) Eq.2

n
g (x

With
&, @ =17 x)"

where gn(X) denotes the geometric mean of the composi-
tion.

The clr transformation expresses the relative enrich-
ment or depletion of each particle-size fraction with respect
to the overall compositional center, facilitating comparison
of PSD patterns across horizons and profiles.

The ilr coordinates used in the PCA were calculated
using the same sequential binary partition (SBP) shown
in this table, therefore, each SBP balance (B1-B6) corre-
sponds directly to ilr coordinate (ilrl—ilr6).

Eq. 3

Multivariate and statistical analyses

Principal Component Analysis (PCA) was applied to
the ilr-transformed grain-size data to reduce dimension-
ality and identify the dominant gradients of textural vari-
ability. PCA transforms correlated variables into a reduced
number of orthogonal components that retain most of the
original information (Syms, 2008; Singh et al., 2023). In
this study, PCA was used to explore relationships among
particle-size fractions, assess their evolution across hori-
zons, and extract the principal components controlling tex-
tural organization along the slope.

To evaluate vertical textural trends, scores of the first
principal component (PCI) were plotted against depth for
each soil profile. This approach provides a quantitative
compositional depth profiling, allowing the identification
of systematic coarse-to-fine transitions and potential tex-
tural discontinuities associated with pedogenic processes
or sedimentary inputs (Schaetzl and Anderson, 2005).

Compositional dissimilarities between horizon cen-
troids were quantified using the Aitchison distance (Aitchi-
son, 1982; Filzmoser et al., 2009), which provides a ro-
bust measure of the magnitude of particle-size transitions
within and between profiles. To further assess the behav-
ior of individual fractions, a log-ratio variance matrix was
computed and visualized using heatmaps. These matrices
highlight pairs of fractions exhibiting high or low variance,
thereby identifying size classes most sensitive to pedogenic
redistribution or sedimentary reworking along the slope.

Finally, End-Member Modelling Analysis (EMMA) was
employed as an exploratory tool to decompose multimodal
particle-size distributions into a limited number of statis-
tically robust end-members. The number of end-members
(q = 4) was chosen according to the conceptual framework
proposed by Dietze et al. (2012, 2014), which combines
statistical criteria and sedimentological interpretability.
Lower q values failed to separate distinct grain size groups,
while the four-element solution provides stable and phys-

ically meaningful distributions of particle-sizes that can
be linked to transport and deposition processes. In this
study, EMMA is used to support pattern recognition and
comparison among soil profiles by identifying and quan-
tifying distinct particle-size assemblages distributed along
the hillslope. (Flemming, 2007; Dietze et al., 2012, 2014;
Vandenberghe, 2013; van Hateren et al., 2018; Dietze et al.,
2022). Applied in a slope context, this approach provides
a process-oriented interpretation of particle-size patterns,
linking observed textural variability to sediment sources,
transport pathways, and soil-forming processes.

Software

Data processing and statistical analyses were performed
in a Python environment using the Anaconda Navigator
distribution, with computations executed in the Spyder IDE
(version 5.5.1). Data handling and matrix operations were
conducted using NumPy (version 1.26.4) and Pandas (ver-
sion 2.2.2), and figures were produced using Matplotlib
(version 3.9.2) with Seaborn (version 0.13.2) used for varia-
tion-matrix heatmaps.

Principal component analysis (PCA) was applied to
ilr-transformed particle-size data using scikit-learn (ver-
sion 1.5.1), after mean-centering the ilr coordinates and
without additional scaling.

End-member modelling analysis (EMMA) was imple-
mented using a non-negative matrix factorisation (NMF)
approach as implemented in scikit-learn. Particle-size frac-
tion data were treated as proportional data and normalised
using a closure operation prior to modelling.

RESULTS
Particle size variability

Variability within profiles was investigated using
clr-transformed heatmaps (Fig. 4). Since the transformation
removes compositional constraints, the heatmaps reveal
relative enrichment (positive clr) or depletion (negative clr)
of each particle size fraction, relative to the geometric mean
of the sample (Pawlowsky-Glahn and Egozcue, 2020). This
approach allows the comparison of compositional patterns
without closure-induced bias.

In profile P2 (Fig. 4a), coarse fractions (>2 mm) show
relatively similar clr values throughout the profile, while
intermediate fractions (0.5-2 mm) are more prominent
in horizons A2 and A3 and decrease toward the surface.
Fine fractions (<0.125 mm) show comparatively lower clr
values across the profile. This pattern documents a ver-
tically coherent PSD structure with only modest relative
differentiation between horizons. In profile P4 (Fig. 4b),
displays markedly higher internal variability, with alter-
nating relative enrichments of intermediate (0.25—0.5 mm)
and fine fractions (<0.125 mm) across horizons, indicating
marked compositional contrasts within the profile. In pro-
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Fig. 4. Clr Heatmaps of particle size fractions of soil profiles, (a) profile P2, (b) profile P4, and (c) profile P5.

file P5 (Fig. 4c) is characterized by a distinct vertical con-
trast between surface and deep horizons. Deeper horizons
(A2—A3) show relative enrichment in fine fractions (<0.125
mm), whereas surface horizons (AO—Al) exhibit a more
balanced distribution among particle-size classes. This re-
sults in a clear compositional differentiation with depth.

The clr heatmaps indicate systematic vertical compo-
sitional contrasts in particle-size distributions along the
slope, highlighting differences in the internal structure of
particles among profiles.

Vertical compositional structure: PCA and evolution of
PC1_depth

Principal Component Analysis (PCA) was applied to
synthesize the vertical evolution of particle-size composi-
tion within each profile (Fig. 2a—c). The first principal com-
ponent (PC1) accounts for the dominant share of variance
(83.3-88.9%) and represents a continuous gradient from
coarse to fine fractions. In contrast, PC2 explains a smaller

Table 3. ilr-PCA loadings for the principal components PC1
and PC2 for profiles P2, P4 and P5.

ilr balance Profile PCl1 PC2
ilrl +0.865 -0.081
ilr2 -0.246 +0.457
ilr3 P +0.372 +0.707
ilrd +0.089 -0.237
ilr5 +0.206 -0.188
ilr6 +0.046 -0.440
ilrl -0.394 +0.849
ilr2 +0.367 +0.489
ilr3 P4 -0.026 +0.039
ilrd4 +0.842 +0.186
ilr5 +0.003 +0.003
ilr6 -0.024 +0.061
ilrl +0.416 +0.826
ilr2 +0.071 +0.039
ilr3 Ps -0.431 +0.453
ilrd +0.035 +0.263
ilr5 +0.797 -0.201
ilr6 -0.022 +0.046
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Fig. 5. PCA (ilr) plots (a, b and c) and Principal component PC1 curves
with depth (d, e and f): (a and d) profile P2, (b and e) profile P4, and (c

and f) profile P5.
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Table 4. PCA scores (PC1 and PC2) for all samples.

Profile | Horizon | Sample | Depth (cm) PCl PC2

A0 S1 005.0 -1.370 | +0.176

S2 025.0 -1.260 | +0.185

Al S1 035.0 -0.406 | -0.089

S2 054.0 -0.296 | -0.056

P2 A2 S1 064.0 +0.387 | - 0.226
S2 094.0 +0.325 | - 0.161

S1 104.5 +0.832 | +0.497

A3 S2 139.5 +0.240 | - 0.499

S3 180.0 +1.548 | +0.173

A0 S1 005.0 -0.681 | -0.170

S2 035.0 -0.840 | -0.310

Al S1 045.0 +5.539 | -0.054

P4 S2 065.0 -0.732 | -0.243
A2 S1 075.0 -0.793 | -1.412

S2 115.0 -0.769 | +0.631

A3 S1 130.0 -0.668 | +1.946

S2 170.0 -1.056 | -0.387

A0 S1 005.0 -0.776 | -0.847

S2 020.0 -0.594 | -0.340

Al S1 030.0 -0.754 | -0.510

S2 037.0 -0.345 | +0.348

A2 S1 047.0 -0.107 | +0.637

P5 S2 062.0 -0.387 | +0.236
S1 073.0 -0.318 | +0.192

S2 095.0 -0.702 | -0.230

A3 S3 110.0 +4.378 | -0.211

S4 130.0 -0.149 | +0.392

SS 150.0 -0.247 | +0.333

proportion of variance (8.5-15.4%) and captures second-
ary variability primarily associated with medium-sized
fractions. This structure is consistent with ilr-based inter-
pretations of granulometric balances, where PCI reflects
the fundamental coarse-fine sorting axis (Filzmoser et al.,
2009; Egozcue and Pawlowsky-Glahn, 2019) (Table 3), The
ilr coordinates (ilrl—-ilr6) correspond to the systolic blood
pressure balances (B1-B6) specified in Table 2 and were
calculated using Equation 1. Consequently, PC1 provides
the most representative descriptor of vertical textural or-
ganization.

In profile P2 (Fig. 5a), deeper horizons (A3—A2) cluster
at the coarse end of PC1, whereas surface horizons (A1-A0)
plot toward finer compositions. The corresponding PC1-
depth curve (Fig. 5d) shows a nearly monotonic fining
upward trend, without abrupt discontinuities. PCA scores
(Table 4) confirm gradual transitions between horizons.

Profile P4 exhibits a contrasting pattern (Fig. 5b).
Although horizons remain aligned along PCl, the sepa-
ration between A2 and Al Sl is substantially larger than
in P2. This is clearly expressed in the PCl-depth curve
(Fig. 5e), which shows a pronounced inflection between 50
and 75 cm depth.

In profile P5 (Fig. 5¢), most horizons plot at the fine end
of PC1. The PCl-depth curve (Fig. 5f) displays a marked
peak between 95 and 110 cm, corresponding to samples S3
and S4 for the horizon A3, which record high PC1 scores. the

Table 4 includes two samples with high PC1 values, one in
horizon Al of profile P4 and one in horizon A3 of profile P5.

IIr-PCA highlights a dominant vertical coarse-fine
compositional gradient within each profile and reveals pro-
file-specific differences in the magnitude and PSD vari-
ability with depth. Importantly. While ilr-PCA identifies
the main axes of compositional variability and highlights
vertical gradients within profiles, it does not quantify the
magnitude of compositional change between successive
horizons. To address this aspect, Aitchison distances and
variation matrices were employed to assess the degree and
internal structure of particle-size variability in the compo-
sitional space.

Some samples plot at one end of the PC1 axis, reflect-
ing strong variations along the dominant compositional
gradient from coarse to fine. These values are retained
for descriptive purposes and do not affect the overall PCA
structure or interpretation (Aitchison, 1986; Egozcue and
Pawlowsky-Glahn, 2019).

Aitchison distance and variation matrix analysis

Aitchison distance and variation matrix analyses were
used to quantify compositional dissimilarities between hori-
zons and profiles, providing an integrated assessment of in-
ternal soil organization within the slope system. Distances
between clr centroids of successive horizons were calcu-
lated to evaluate the magnitude of vertical compositional
change (Fig. 6), following Aitchison (1982), Pawlowsky-
Glahn and Buccianti (2011), and Pawlowsky-Glahn and
Egozcue (2020). In profile P2, Aitchison distances range
from 0.604 to 1.015, indicating relatively gradual compo-
sitional differences between successive horizons. Profile
P4 exhibits the largest Aitchison distances among the three
profiles, reflecting pronounced compositional contrasts be-
tween horizons. In profile P5, intermediate distance values

3.169 3.202 = profile 2

. Profile 4
3.0 1 . Profile 5

Aitchison distance

0.604

0.5 1

0.0 -

Al-A0 A2-A1

Vertical transition

A3-A2

Fig. 6. Aitchison distances between successive horizons (A3—A2,
A2—Al, A1—A0) for profiles P2, P4, and PS. This figure represents the
Acheson distances between successive horizons for each cross profile, il-
lustrating the relative magnitude of vertical compositional differences.
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Fig. 7. Heatmaps of variation matrix for horizons, (a) horizon A0, (b) horizon A1, (c) horizon A2 and (d) horizon A3.

(0.546—0.910) are observed, with larger differences occur-
ring primarily between deeper horizons.

Variation matrices were used to examine pairwise
log-ratio variability among particle-size fractions within
horizons (Fig. 7) and across profiles (Fig. 8). Horizon-
level variation matrices show relatively low and uniform
variance in horizon A0, whereas increased variability is
observed in subsurface horizons, particularly involving
medium and fine particle-size fractions. In deeper hori-
zons (A3), variance is more evenly distributed across frac-
tions.

Profile-level variation matrices reveal systematic lat-
eral contrasts in compositional variability. Profile P2 dis-
plays generally low variance across particle-size fractions,
whereas profile P4 exhibits localized zones of higher vari-
ance, indicating heterogeneous compositional relationships.
Profile P5 shows lower overall variance, with narrow zones
of elevated variability involving fine to medium fractions.

Aitchison distances and variation matrices document

differences in the magnitude and structure of composi-
tional variability both vertically within profiles and later-
ally along the slope.

End-Member Modelling Analysis (EMMA)

End-member modelling provides a quantitative frame-
work for decomposing the observed granulometric vari-
ability into distinct sedimentary and pedogenic compo-
nents. Four end-members were retained based on model
performance and interpretability, consistent with estab-
lished methodological recommendations (Weltje and Prins,
2003; Dietze M. and Dietze F., 2016).

The identified end-members represent distinct func-
tional sedimentary domains. EM1 is dominated by very
coarse sand and gravel. EM2 is characterized by coarse to
medium sand fractions. EM3 and EM4 are enriched in fine
and very fine fractions (fine sand, silt, and clay).
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Fig. 8. Heatmaps of variation matrix for profiles, (a) profile P2, (b) profile P4, and (c) profile P5.

Vertical mixing along profiles

End-member proportions vary systematically with
depth and slope position (Fig. 9). In profile P2, EM1 dom-
inates throughout the profile with limited vertical variabil-
ity. A modest increase in EM4 near the surface reflects an
enrichment of fines in AO—A1 horizons. Profile P4 exhibits
alternating dominance of EMI1, EM3, and EM4, indicat-
ing heterogeneous vertical mixing of particle-size assem-
blages. In Profile PS5, EM3 dominates deeper horizons,
while EM4 increases toward the surface, producing a clear
fining-upward trend.

Lateral variability along the slope
The stacked end-member distributions (Fig. 10) high-

light systematic lateral trends. Profile P2 is consistently
dominated by EM1>50%. Profile P4 shows mixed contri-

butions from all end-members. Profile P5 is dominated by
EM3 and EM4 (>70%)).

These lateral patterns illustrate particle-size fraction-
ation controlled by the transition from erosional domains
upslope to depositional environments downslope. The re-
sults are consistent with classical slope sediment dynamics
(Kirkby, 1971; Holliday et al., 2008) and recent EMMA
applications in semi-arid soil systems (Dietze ef al., 2014).

The EMMA results identify a limited number of statis-
tically coherent particle-size assemblages whose vertical
and lateral distributions vary systematically between pro-
files.

DISCUSSION

The integrated application for compositional data analy-
sis, multivariate statistics, and end-member modelling pro-
vides a coherent framework for interpreting vertical and
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lateral patterns of particle-size distributions (PSD) along
the studied agricultural hillslope. By taking into account
the compositional nature of particle-size data, this approach
allows for a comparison of particle-size variation across
horizons and locations on the hillslope, while avoiding the
biases associated with traditional analyses of closed data
sets (Aitchison, 1986; Filzmoser et al., 2009; Zhang and
Shi, 2020).

In all profiles, compositional and multivariate analy-
ses consistently identify a dominant coarse-fine gradient,
which is clearly evident in the first principal component
PC1. This gradient reflects relative changes in PSD with
depth and along the hillslope, but should be understood
as a descriptive statistical structure than a direct indicator
of pedogenetic or sedimentary processes. In the upslope
profile P2, limited internal variation and vertical trends
indicate a relatively stable particle organisation, consistent
with weak lateral redistribution due to its proximity to
the parent material. Similar patterns have been described
for upslope locations where PSD with limited sediment
inputs and removals (FitzPatrick, 1983; Jenny, 1941, 1980).
The midslope profile (P4) shows clear vertical heterogene-
ity, reflected by abrupt shifts in PCA scores and elevated
Aitchison distances between successive horizons. Such pat-
terns are characteristic of geomorphically active midslope
environments, where sediment supply and transport capac-

0.6

Mixing proportion

0.0 4

T T T T
140 120 100 80 60 40 20 0
Depth (cm)

EM1

EM2
EM3

EM4

Fig. 9. End-member proportions with depth for profiles P2, P4 and P5.

ity fluctuate over time (Sommer and Schlichting, 1997; Van
Oost et al., 2006; Mudd and Furbish, 2007). The observed
textural contrasts therefore indicate enhanced composi-
tional variability rather than steady vertical differentiation.
In th downslope (P5), enrichment in fine fractions is con-
sistent with effective accumulation and retention of finer
material. as transport downslope enhances the concentra-
tion of fine particles in the deeper horizons (Kosmas et al.,
2000; Schmengler, 2011; Sklar et al., 2017). However, be-
cause all materials smaller than 0.063 mm are concentrated
in one fraction, explanations involving fine soil formation
mechanisms remain conditional and unspecified. Vertical
variation in soil texture within profiles may result from a
combination of inherited material properties, gradual soil
development, and post-depositional reorganisation, partic-
ularly in cultivated areas where PSD may change in the
horizons. Variation matrices indicate horizon and profile
levels textural organisation. Surface horizons are homo-
genised by cultivation, whereas subsurface horizons show
selective sorting linked to parent material influence and
limited pedogenic differentiation (Hartmann et al., 2020).
Along the slope, textural variability decreases downslope,
reflecting transport controlled fine and sorting particles
accumulation (Zadorova et al., 2023; Luo et al., 2024).
End-member modelling highlights clear vertical and
lateral variations in particle-size organisation along the
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hillslope. The dominance of coarse-grained assemblages
(EM1) at upslope, the mixed contributions (EM3-EM4)
at midslope, and the prevalence of fine-grained assem-
blages downslope reflect systematic textural organisation
associated with the morphology of the area. Such gradients
reflect particle-size fractionation controlled by transport
efficiency and slope geometry, consistent with conceptual
erosion-deposition models and recent EMMA applications
in soil systems (Dietze et al., 2014, 2022).

The convergent patterns revealed by clr-transformed
heatmaps, principal component analysis (PCA), variation
matrices, and end-member modelling analysis (EMMA),
indicate a clear textural gradient along the hillslope. In
profile P2, where the soil profile is located close to the
parent rock that constitutes the primary source of mate-
rials, relatively homogeneous particle-size assemblages
dominated by coarse fractions prevail, reflecting limited
transport and a strong lithological control. In profile P4
display, there is an abundance and heterogeneity of PSDs.
The downslope profile P5 shows a marked enrichment in
fine fractions. Where geomorphological conditions, partic-
ularly slope gradient and proximity to the watercourse-pro-
mote particles transport by surface runoff. This organisa-
tion corresponds to the slope gradient, particle sorting and
redistribution driven by hydrodynamic and topographic.
The coherence between field observations and the results
of multivariate compositional and statistical analyses sup-
ports this interpretation and is consistent with classical

60 80 100

Percentage (%)

Stacked barplot of end-member percentages per sample grouped in each profile.

conceptual models of soil evolution along hillslopes (Quine
et al., 1997; Egli et al., 2008).

Since this study is based on three soil sections located
along a single agricultural hillslope, the interpretations
presented here should be considered specific to this area.
Extrapolation these patterns to other agricultural hillslopes
would require additional spatial replication and compara-
tive datasets.

CONCLUSIONS

This study provides a focused assessment of vertical and
lateral soil PSD along an agricultural hillslope at Mechtat
Kef Laatatfa (Ouled Hamla, northeastern Algeria), using
an integrated compositional and multivariate analytical
framework. By jointly applying CoDA, PCA, and EMMA,
the study demonstrates the relevance of compositional ap-
proaches for analysing soil granulometry while accounting
for the closed nature of particle-size data.

The results reveal a coherent downslope organisation of
soil texture, characterised by coarse, parent-material-dom-
inated soils in upslope positions, a texturally heterogeneous
and actively reworked midslope zone, and fine-enriched,
relatively stable soils at the slope base. This systematic
pattern highlights hillslope position as a primary control
on PSD structuring and sediment redistribution within the
studied agricultural landscape.
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A key contribution of this work lies in the combined use
of CoDA and EMMA for soil particle-size analysis. This
integration enables a more refined characterisation of fine-
ness gradients, internal structural variability, and trans-
port-related sorting processes that are not readily captured
by conventional texture indices. Treating particle-size frac-
tions explicitly as compositional data within the Aitchison
geometry reduces statistical artefacts associated with clo-
sure and allows granulometric variability to be interpreted
in a physically meaningful way. When coupled with PCA
and end-member modelling, this framework enhances
sensitivity to subtle textural changes and strengthens the
linkage between statistical patterns and geomorphological
processes.

From an applied perspective, the findings contribute to
a better understanding of soil structural variability and its
relationship with hillslope characteristics, with direct im-
plications for assessing erosion susceptibility, guiding soil
management practices, and informing land-use planning
on cultivated slopes. While the exclusive use of dry siev-
ing and the aggregation of fractions finer than 0.063 mm
limit detailed interpretation of pedogenetic processes,
the observed patterns remain robust at the hillslope scale
and consistent with the identified sediment redistribution
mechanisms.

Future research should integrate mineralogical and geo-
chemical tracers, hydrological measurements, and tempo-
ral monitoring to further constrain sediment sources, quan-
tify transport dynamics, and evaluate the persistence of
PSD patterns over time. Such extensions would strengthen
process-based interpretations and broaden the applicability
of compositional frameworks in hillslope soil and geomor-
phological studies.
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