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Abstract: The relationships between soil aggregates, aggregate-associated carbon (C),
and soil compaction indices in pomegranate orchards of varying ages (0–30 years) in
Assiut, Egypt, were investigated. Soil bulk density (Bd) and organic carbon (OC) content
increased with orchard age in both the surface (0.00–0.20 m) and subsurface (0.20–0.40 m)
layers 0.20–0.40 m). The percentage of macroaggregates (R0.25) and their OC content in
the aggregate fraction > 0.250 mm increased as the pomegranate orchard ages increased
in the surface layer (0.00–0.20 m). Older pomegranate orchards show improved soil
structure, indicated by higher mean weight diameter (MWD) and geometric mean diameter
(GMD), alongside reduced fractal dimension (D) and erodibility (K). As orchard ages
increased, maximum bulk density (BMax) decreased due to an increase in OC, while the
degree of compactness (DC) increased, reaching a maximum at both soil layers for the 30 Y
orchards. Soil organic carbon and aggregate-associated C significantly influenced BMax,
which led to reducing the soil compaction risk. Multivariate analyses identified the >2 mm
aggregate fraction as the most critical factor influencing the DC, soil compaction, and K
indices in pomegranate orchards. The OC content in the >2 mm aggregates negatively
correlated with BMax, DC, and K but was positively associated with MWD and GMD.
Moreover, DC and Bd decreased with higher proportions of >2 mm aggregates, whereas
DC increased with a higher fraction of 2–0.250 mm aggregation. These findings highlight
the role of aggregate size fractions and their associated C in enhancing soil structure stability,
mitigating compaction, and reducing erosion risks in pomegranate orchards.

Keywords: pomegranate orchards; fractal dimension; soil aggregates; degree of compactness;
bulk density; erodibility; associated carbon

1. Introduction
Soil compaction is a worldwide challenge, threatening soil structure, lowering pro-

duction, and posing risks to sustainable agriculture. According to Abdel Kawy and Ali,
2012 [1], and El Nahry et al., 2015 [2], soil compaction is a significant issue in arid and
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semi-arid regions, such as Egypt. Soil compaction is caused primarily by heavy machinery
use, overgrazing, intensive tillage, and low organic matter (OM) levels, which damage
soil structure and impair resilience [3]. This leads to the compression of soil layers and
changes the pore structure of the soil, which negatively impacts several soil processes; these
include water infiltration and retention, root penetration and growth, nutrient cycling,
gas exchange (aeration), and microbial activity. Such degradation of the soil’s physical
characteristics can lead to reduced crop yields, increased erosion risks, and diminished
overall soil health. It also greatly affects the efficiency of nutrients and water usage, as
well as increasing the risk of runoff and soil erosion [4]. Soil compaction is a common
hazard in orchards caused by agricultural operations; one factor related to this is that the
majority of orchard practices are implemented while the soil has moisture exceeding the
plasticity limit, which intensifies the degree of compaction [5]. Therefore, soil compaction
levels may vary depending on the climatic conditions and moisture management practices
in specific regions. In arid and semi-arid regions, where orchards are often irrigated, soil
moisture levels can reach or exceed the plasticity limit at certain times, especially following
irrigation [6]. In these cases, soil compaction risks are indeed elevated during operations.
In contrast, in humid regions with naturally higher soil moisture, compaction risk may
be even more consistent due to prolonged wet conditions [7]. This means that one of the
major factors relevant to soil compaction is climate change, as extreme weather increases
soil susceptibility. Addressing compaction requires improved soil management strategies,
such as minimizing tillage, adding organic amendments, and using precision farming to
enhance soil resilience and maintain long-term agricultural productivity [4].

According to previous studies, orchard production changed as plantation age increased
due to unfavorable physical conditions, primarily associated with soil compaction, which
decreased the soil quality and increased the agricultural soil maintenance expenses [8]. The
characteristics of soil are impacted by conventional orchard soil management. Orchard
soil may physically degrade due to anthropogenic activities or natural conditions [9,10].
Irrigation methods [11,12], field traffic, limited crop diversity [13,14], intensive farming
practices, and low organic matter concentration [15] can all significantly contribute to
soil compaction. According to some research, applying extensive chemical fertilizers and
less crop diversification may alter ion distribution in the rhizosphere area, worsening
soil structure and function and contributing to soil compaction [16,17]. For instance,
intensive use of nitrogen fertilizers can lead to localized changes in the soil pH within
the rhizosphere, making it more acidic or alkaline depending on the type of fertilizer
and soil properties. While these pH changes are typically confined to the rhizosphere
and unlikely to affect the entire soil profile, they can still influence nutrient availability
and microbial activity in the root zone. Over time, such changes may disrupt the natural
aggregation of soil particles, particularly in the rhizosphere, and exacerbate compaction
in intensively managed soils. This impacts the mechanism of soil aggregate formation
and causes the clay to migrate downward, resulting in subsurface soil compaction. Soil
compaction and erosion resistance were mostly related to the formation of soil aggregates of
various fraction sizes [18,19]. Additionally, macroaggregates (>0.25 mm), soil compaction,
and soil erodibility were significantly but rather adversely correlated [20]. Soil compaction
was mostly influenced by poor soil aggregation stability due to low contents of SOM [21]
and mud migration downwards [22,23]. One of the most crucial indicators that might
reveal important details about the degree and process of soil compaction and erosion is the
stability of soil aggregates.

According to Six et al., 2000 [24], the aggregate hierarchical model provides a valuable
framework for understanding how SOM influences soil structure at different scales, and in
this model, soil aggregates form in a hierarchical manner, beginning with microaggregates
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(smaller than 0.25 mm) as foundational units that combine to form larger macroaggregates
(>0.25 mm). SOM plays a key role in stabilizing both levels: within the microaggregates,
organic matter binds fine particles like clay and silt, creating stable units that resist break-
down. As these microaggregates cluster to form macroaggregates, SOM (particularly fresh
organic inputs) acts as a “glue,” promoting stability and water resistance. This hierarchical
aggregation process results in a pore network that improves soil aeration, water infiltration,
and root growth. By enhancing the formation and stability of both micro- and macroag-
gregates, SOM ultimately improves soil structure, decreases compaction, and supports
long-term soil health and productivity. In contrast, stable aggregates can efficiently pre-
serve microbially decomposed organic materials [25]. Soil aggregates and associated C can
be used as effective indicators of alterations to soil properties caused by various farming
strategies. Nonetheless, OC content varies significantly between soil aggregate fractions [6].
Thus, modifications to orchard management strategies, such as reduced tillage, organic
amendments, and residue incorporation, can significantly redistribute organic carbon (OC)
among soil pools, altering the soil’s physical composition. For example, reducing tillage
preserves macroaggregates, allowing OC to accumulate in stable forms, which enhances
soil structure, water retention, and erosion resistance. Conversely, intensive practices like
excessive plowing disrupt aggregates, exposing OC to decomposition and increasing car-
bon loss. These changes have critical implications for orchard management: practices that
promote OC accumulation in stable pools, such as cover cropping, mulching, and precision
irrigation, not only improve soil health but also contribute to carbon sequestration and
climate resilience [26]. Soil aggregate-associated carbon (C) may be a good indicator of
changes in soil structure resulting from various management practices and their effects on
soil compaction. Previous research revealed that the soil physicochemical characteristics in
pomegranate orchards varied as plantation ages increased [27–30].

Bulk density is often considered as an ineffective indicator of soil compaction due to
its sensitivity to factors such as soil texture and organic matter content [2]. Variations in
these properties make it challenging to use Bd alone to assess soil mechanical quality consis-
tently [31]. As an example, Farag et al. [12] found that high irrigation levels increased soil
bulk density in pomegranate orchards by causing a drop in SOM, resulting in restructured
soil particles and changed soil pores. To address these limitations, researchers prefer using
the DC and the Bmax as more reliable indicators [32]. The DC is calculated by dividing the
field Bd by the Bmax, the latter being derived through the Proctor compaction test [33]. This
approach has been widely adopted in various studies, including Cavalcanti et al. 2019 [14]
and Toledo et al. 2021 [3], as it provides a more consistent measure of compaction across
different soil types. By using DC and Bmax, researchers can better account for the variations
in soil properties, offering a more standardized and effective method for assessing soil
compaction [27].

Pomegranates are one of Egypt’s vital orchard products, contributing significantly to
the national economy’s agricultural industry [34]. The greatest pomegranate-producing
area in Egypt is Assiut Governorate [35]. Pomegranate farming has steadily taken center
stage in rural Assiut economies [36]. Taking into consideration the advancement of intensive
orchard management in privately owned orchards, extensive agriculture produces an
increased number of productive trees and a rise in production, yet extensive plowing, low
vegetation cover, and anthropogenic activities promote soil deterioration. Furthermore, a
significant amount of crop residue is produced annually in deciduous tree orchards [37].
The composition of soil aggregates as well as variations in associated OC concentrations
and their impact on soil compactions and soil erosion under long-term management
strategies should be investigated for sustainable development of the orchard ecosystem.
Nevertheless, a comprehensive assessment of the relationship between OC, especially
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aggregate-associated C, and soil compaction, specifically in pomegranate orchards of
varied ages, represents one of the novel contributions of the current study.

While previous studies have investigated the relationship between OC and soil struc-
ture stability, there has been limited research specifically focused on understanding how the
OC within different soil aggregate size fractions contributes to soil compaction indices and
erosion resistance, particularly in pomegranate orchards. Additionally, the effect of orchard
age on soil compaction and aggregation stability as suitable indicators for monitoring soil
compaction in arid regions such as Assiut, Egypt, has not been thoroughly studied; this gap
is particularly relevant for improving soil management in long-term orchard cultivation,
as well as for mitigating compaction and erosion risks. Thus, this study investigates the
relationships between soil compaction, aggregation stability, and associated carbon across
pomegranate orchards of varying ages, addressing a significant gap in the literature, and
hypothesizes that as orchards age, the danger of soil compaction and erosion will rise,
with an increase in OC and C associated with aggregates, given that the traffic-caused
stresses and agriculture practices are expected to be greater. While previous research has
examined soil compaction or aggregation individually in orchards, this work provides
novel insights by directly comparing these indicators across different orchard ages (using
bulk density, organic carbon content, aggregate size distribution, mean weight diameter,
geometric mean diameter, fractal dimension, and erodibility) in Assiut, Egypt. Therefore,
the goals of the current study were to assess the following: (i) soil compaction and variables
related to soil structure characteristics (aggregate stability, soil porosity) in four different-
aged pomegranate orchards in Assiut Governorate, Egypt; (ii) the relation between soil
compaction indices, the associated C content, and the stability of soil aggregates.

2. Materials and Methods
2.1. Study Sites and Orchard Management:

Samples were gathered from four privately-owned pomegranate orchards (mature
Manfalouty pomegranate trees) at Sahel-Selim (26◦57′00′′ to 27◦12′00′′ N, 31◦15′00′′ to
31◦30′00′′ E), Assiut Governorate, Egypt (Figure 1), for varying orchard ages of three years
(3 Y), ten years (10 Y), twenty years (20 Y), and thirty years (30 Y). The pomegranate
planting intensity is 625 trees per hectare (ha) (4.0 m between trees and between lines).
The research region belongs to the subtropical desert climate zone with an average annual
temperature of 25.89 ◦C and less than 0.35 mm of precipitation. All pomegranate orchards
included in the study were located on similar geomorphological units and had shared
the same soil parent material and fertilization applications. Organic manure, particularly
farmyard manure (animal wastes) containing 0.5% nitrogen (N), 0.2% phosphorus (P),
and 0.5–0.3% potassium (K), was applied annually in December at a rate of 1000 kg ha−1

(1.6 kg tree−1) along with 1.0 kg tree−1 of calcium superphosphate (15.5% P2O2) as a crucial
fertilizer. Additionally, 2.0 kg tree−1 of ammonium sulfate (20.6% N; 1250 kg ha−1) and
350 g tree−1 of potassium sulfate (48% K2O) were applied in two doses in March and
late May as mineral sources. The application of well-decomposed farmyard manure is a
widely recognized practice for improving soil organic carbon (SOC) levels and enhancing
soil structure. Humic substances, which are a major component of well-decomposed
manure, play a pivotal role in soil aggregation. These substances act as binding agents,
promoting the formation of stable macroaggregates through their ability to bridge soil
particles and enhance microbial activity. Humic acids, in particular, contribute to the
stabilization of soil aggregates by forming strong bonds with clay minerals and organic
polymers, thereby improving soil porosity, water retention, and resistance to erosion.
Conventional farming procedures, such as flood irrigation (20–25 m3 tree−1 year−1) and
insect control, were applied to each orchard. Each orchard follows standard management
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practices, including annual pruning to maintain tree health and productivity. Pest control
is applied as needed based on observed pest pressures, primarily during flowering and
fruiting seasons. Regarding land use history, prior to pomegranate cultivation, the land
across these sites was primarily used for low-intensity agriculture, including alfalfa and
traditional cereal crops, for approximately 20–30 years, which may have influenced the
initial soil conditions. Since orchard establishment, management practices have focused
on maintaining optimal soil conditions for pomegranate growth, including consistent
irrigation, organic amendments, and soil testing to guide fertilization. Mechanical tillage
was used for the first five years, after which conventional tillage was implemented due to
the challenges of using machinery due to the high tree density (average depth 20 cm). The
physical and chemical characteristics of the soil are displayed in Table 1.
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Table 1. Soil particle size distribution and chemical characteristics during various ages of the
pomegranate plantation.

Soil
Properties

3 Y 10 Y 20 Y 30 Y 3 Y 10 Y 20 Y 30 Y

0.00–0.20 m 0.20–0.40 m

Silt
%

57.62 ± 0.21 a 55.01 ± 0.27
b 56.92 ± 0.56 a 57.00 ± 0.52 a 55.55 ± 0.37 a 54.51 ± 0.62 a 54.72 ± 0.54 a 55.48 ±

0.32 a

Clay 37.68 ± 0.56 a 39.13 ± 0.36 a 38.43 ± 0.40 a 38.83 ± 0.65 a 38.77 ± 0.64 a 39.86 ± 0.55 a 40.47 ± 0.32 a 39.67 ±
0.60 a

Sand 4.70 ± 0.56 a 5.86 ± 0.49 a 4.65 ± 0.53 a 4.20 ± 0.50 a 5.69 ± 0.67 a 5.63 ± 0.55 a 4.81 ± 0.57 a 4.85 ± 0.62
a

EC mS
cm−1 251 227 270 271 280 265 303 321

pH 8.25 8.40 8.61 8.59 8.30 8.34 8.50 8.33
CaCO3 % 2.65 1.52 2.47 2.53 2.78 1.31 3.48 1.46

Y represents the years of the pomegranate plantation. Different lowercase letters in the same column indicate
significant differences at p < 0.05 according to Duncan’s multiple range tests. ± represent standard errors (N = 4).
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2.2. Soil Sampling

To represent the two soil layers (0.00–0.20 and 0.20–0.40 m), a total of 32 disturbed soil
samples (8 per orchard) and 64 undisturbed soil samples (16 per orchard) were collected
from each orchard in November 2022. For collecting disturbed soil samples (7–10 kg) and
soil cores, four randomly selected 15 × 15 m plots were constructed at every orchard, and
the main physicochemical characteristics of the soil samples were taken from pomegranate
orchards of various ages. Soil samples were brought to the lab and air-dried to achieve
constant weight. They were then carefully broken into aggregate sizes of less than 8 mm at
the natural break by gently crushing them along their natural planes of weakness using
a rubber mallet or a wooden roller; this method ensures that the soil aggregates are not
artificially disrupted or destroyed, preserving their natural structure. This approach is
consistent with standard protocols for soil aggregate analysis, which emphasize minimizing
mechanical disruption to avoid altering the soil’s physical properties. Undisturbed soil
samples collected in cylinders (0.5 m height, 0.5 m diameter) were used to assess bulk
density and soil porosity. The disturbed soil samples were utilized to measure soil particle
distribution (clay, silt, and sand), aggregate stability, OC, Bmax by the Proctor test, and
particle density (Pd).

2.3. Sample Analysis

The distribution of soil particle size was measured using the pipette method while the
soil reaction (pH) and the electrical conductivity (EC) of the soil samples were measured
with a pH meter and a conductivity meter, respectively, using a soil-to-water ratio of 1:2.5
as described by Page (1982) [38]. Calcium carbonate (CaCO3) was determined using the
titration method [39], and the OC content was determined using the acid dichromate wet
oxidation method [40].

To determine the Bd of the soil, undisturbed soil samples were oven-dried at 105 ◦C un-
til they reached a consistent weight. The soil particle density (g cm−3) was estimated using
the pycnometer method [41]. The soil total porosity (%) was calculated using Equation (1).

TP =

(
1 − Bd

PD

)
× 100 (1)

The standard Proctor test for compaction properties was performed according to
the current Egyptian Code of Practice or relevant ASTM D698 (2007) [33,35,42]. The soil
was wet and weighed several times to calculate its BMax. The DC was determined by
applying the relation between Bd (from the field) and BMax, as represented in the following
Equation (2).

DC =
Bd

BMax
× 100 (2)

Based on the wet sieve method described by Elliott, 1986 [42], soil samples that were
sieved via an 8 mm sieve were subsequently divided into four distinct aggregate size
fractions: <0.063 mm, 0.063–0.250 mm, 0.250–2 mm, and >2 mm. Amounts of eighty grams
of each sample were put on the top of a 2 mm sieve and gently immersed in deionized
water for 5 min at room temperature. The aggregates were separated by manually moving
the sieve in a 3 cm vertical distance 50 times in 2 min. The residue of each soil sample on
the 2 mm sieve was collected. The passing soil suspension was transferred to the next finer
sieve, and the sieving operation was repeated. Each fraction was then dried at 60 ◦C in an
oven, weighed, and the proportion of each water-stable aggregate component to the total
dry weight of the sample was calculated. The percentage of the aggregate with a diameter
greater than 0.25 mm to total dry weight is expressed as R0.25, as shown in Equation (3).
The soil aggregate stability index was established by calculating MWD, GMD, K, and D in
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a specific order to systematically evaluate soil aggregate stability. MWD was calculated
first as it directly measures the size of aggregates, reflecting soil stability and resistance to
breakdown. GMD was then calculated to understand the overall distribution of aggregate
sizes and the uniformity of the soil structure. Next, the K was calculated to quantify the
soil’s susceptibility to erosion, which is influenced by the stability and cohesiveness of the
aggregates. Finally, D was calculated to evaluate the complexity of the aggregate structure
and its resistance to compaction and fragmentation. This sequential approach ensures
a comprehensive understanding of soil structure, stability, and erosion risk [6,43–45], by
starting with basic structural properties (MWD, GMD), then assessing susceptibility to
erosion (K), and then evaluating structural integrity at a micro level (D), as represented in
the following Equations (4)–(7).

R0.25 =
mi>0.25

mt
(3)

MWD =
n

∑
i=1

(xiwi) (4)

GMD = Exp

(
n

∑
i=1

wi Inxi/
n

∑
i=1

wi

)
(5)

K = 7.594

0.0034 + 0.0405exp

−1
2

(
lgGMD + 1.659

0.7101

)2
 (6)

D = 3 − lg
[

mi<xi
mi

]
/lg
[

xi
xmax

]
(7)

where wi is the percentage of i-sized aggregates (%), mi > 0.25 is the dry mass of particles
retained on the >0.25 mm sieve (g), mi < xi is the dry mass of particles smaller than the
i-sized particles (g), and mt is the initial dry mass of the entire sample (g). The mean
diameter of each aggregate fraction is represented by xi, while xmax is the average diameter
of the aggregate with the largest particle size (mm).

2.4. Statistical Analysis

SPSS 21.0 (SPSS Inc., Chicago, IL, USA) was used to perform statistical analyses. In
orchards of different ages, the analysis of variance (ANOVA) was used to examine the
aggregate stability indices, aggregate-associated C concentrations, and soil compaction
attributes. The relationship between the important parameters was assessed using mul-
tivariate statistical analyses in the form of principal component analysis (PCA). Using
set Verimax rotation with Kaiser Normalization, principal component analysis was per-
formed on a matrix of 17 parameters. Also, Pearson’s bivariate test was used to analyze
the relationship between the key variables. “In the present study, the aggregation stability
indices such as MWD, GMD, and the K-factor were included in the PCA and Pearson
correlation analyses due to their significance in understanding soil structural dynamics
and erosion susceptibility. However, we recognize that these indices are derived from
the same dataset used to calculate soil aggregate size distribution, potentially leading to
interdependence and redundancy in the statistical analyses. While these indices provide
valuable insights into soil physical properties, their inclusion may influence the weighting
of principal components and correlation outcomes. The potential interdependence of these
indices was considered in the interpretation of results. The graphical presentation was
generated with Origin, 2018 (Northampton, MA, USA, Origin Lab).
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3. Results
3.1. Soil Mechanical and Physical Properties

All orchards, regardless of age, exhibited a silty clay loam to silty clay texture in
both soil layers, with silt contents ranging from 57.62 to 54.51%, clay contents ranging
from 40.47 to 36.68%, and sand contents ranging from 5.86 to 4.20% (Table 1). The total
clay content increases with depth throughout all orchard ages, although the silt content
decreases. In all orchard ages, there was no significant variation in particle density between
the two soil layers, with particle density in the 0.0–0.20 m layer ranging from 2.27 Mg m−3

in the 30-year-old orchard (30 Y) to 2.35 Mg m−3 in the 3-year-old orchard (3 Y); and from
2.30 Mg m−3 (3 Y) to 2.39 Mg m−3 (30 Y) in the layer of 0.20–0.40 m (Table 2).

Table 2. Changes in particle density (Pd), bulk density (Bd), total porosity (TP), maximum density
(BMax), and degree of compactness (DC), as affected by plantation age of pomegranate orchards.

Soil
Properties

3 Y 10 Y 20 Y 30 Y 3 Y 10 Y 20 Y 30 Y

0.00–0.20 m 0.20–0.40 m

Pd Mg
m−3

2.35 ± 0.05 a 2.36 ± 0.02 a 2.28 ± 0.02 a 2.27 ± 0.03 a 2.30 ± 0.01 a 2.34 ± 0.02 a 2.37 ± 0.04 a 2.39 ± 0.01
a

Bd 0.93 ± 0.01 d 1.01 ± 0.03 c 1.04 ± 0.0 b 1.26 ± 0.01 a 1.15 ± 0.01 d 1.38 ± 0.01 a 1.28 ± 0.02 b 1.21 ± 0.01
c

TP % 60.59 ± 0.02 a 57.18 ± 0.02
b 54.47 ± 0.02 c 44.77 ± 0.02

d 49.76 ± 0.02 a 41.29 ± 0.02 c 45.93 ± 0.02
b

49.36 ±
0.02 a

BMax Mg
m−3 1.85 ± 0.02 a 1.65 ± 0.03 c 1.68 ± 0.01 bc 1.70 ± 0.02 b 1.80 ± 0.01

ab 1.81 ± 0.02 a 1.76 ± 0.03 b 1.67 ± 0.01
c

DC % 49.87 ± 0.75 c 61.15 ± 0.68
b

61.54 ± 0.36
b 73.72 ± 0.69 a 64.20 ± 0.57 c 76.33 ± 0.93 a 72.56 ± 0.78

b
72.72 ±
0.55 b

Y represents the years of the pomegranate plantation. Different lowercase letters in the same column indicate
significant differences at p < 0.05 according to Duncan’s multiple range tests. ± represent standard errors (N = 8).

3.2. Indicators of Soil Compaction

The Bd of the 0.0–0.20 m layer varies significantly by orchard age, with the 3-year-
old orchard having the lowest value (0.93 Mg m−3) and the 30-year-old orchard having
the highest value (1.26 Mg m−3) (Table 2). Pomegranate orchards that were 10, 20, and
30 years old had an average increase in soil Bd of 8.6, 11.29, and 34.95%, respectively,
compared to those that were 3 years old. Although a similar behavior was found in the
0.20–0.40 m layer, the 10-year-old orchard had the highest value of Bd (1.38 Mg m−3). The
total porosity (TP) differs significantly between pomegranate orchard ages in the two soil
layers (Table 2). Regardless of the pomegranate orchard ages, Bd increased with soil depth,
while TP decreased. BMax was higher in the 3-year-old orchard (3 Y) compared to orchards
aged 10, 20, and 30 years, observed in both soil layers (Table 2). At the surface layer,
BMax was generally 11, 9, and 8% lower in the 10 Y, 20 Y, and 30 Y compared to the 3 Y,
respectively. In the 0.00–0.20 m layer, there were significant differences in BMax between 3 Y
and the other older soils from pomegranate orchards. There were insignificant differences
between 3 Y, 10 Y, and 20 Y for the deeper layer (0.20–0.40 m), while 3 Y and 30 Y varied
significantly (Table 2).

On the other hand, the DC values for depths of 0.00–0.20 and 0.20–0.40 m in the
pomegranate orchards varied significantly (Table 2), but they went up from 3 Y to 30 Y
as the pomegranate orchards grew older. Except for 30 Y, the DC was generally higher in
the subsurface layer than in the surface layer. In the 10 Y, 20 Y, and 30 Y, the DC was, on
average, 23, and 48% higher than in the 3 Y at the surface layer, and it was, on average, 19,
and 13% higher in the subsurface layer.
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3.3. Soil Aggregate Size Distribution and Stability

In the surface layer (0.00–0.20 m), the 10 Y and 30 Y orchards had significantly larger
aggregates with a size > 2 mm than the 3 Y orchards. In both soil layers, the older orchards
had a much greater impact on the aggregate with a size of 2–0.25 mm than the 3 Y orchard
(Table 3). In comparison to the 3 Y orchard, the pomegranate orchards’ ages resulted in
significant variations in the aggregate sizes of 0.250–0.063, and <0.063 mm in both soil
layers. In the soil layers for all orchards, tiny macroaggregates (2–0.250 mm) dominate,
followed by microaggregates (0.250–0.063 mm). The percentage of macroaggregates (R0.25)
varied significantly depending on the pomegranate orchard ages in both soil layers. The
surface soil layer (0.00–0.20 m) revealed that R0.25 was highest under the 30 Y and 20 Y
orchards (74.84–68.50%), followed by the 10 Y orchard (66.41%), and lowest under the 3 Y
orchard (60.20%). The same trend in proportion to R0.25 was identified in the subsurface
layer, which extends from 0.20 to 0.40 m.

Table 3. The structure indices and stability of soil aggregates as affected by the plantation age of
pomegranate orchards.

Composition
of Aggregates

(%)

3 Y 10 Y 20 Y 30 Y 3 Y 10 Y 20 Y 30 Y

0.00–0.20 m 0.20–0.40 m

Composition of aggregates (%)

>2 mm 4.93 ± 0.40 c 7.77 ± 0.28 a 4.32 ± 0.34 c 6.24 ± 0.81 b 1.71 ± 0.16 b 1.58 ± 0.47 b 1.89 ± 0.30
b

3.43 ± 0.54
a

2–0.250 mm 58.39 ± 1.23
c

57.89 ± 0.65
c

63.17 ± 1.00
b

67.52 ± 1.16
a 51.07 ± 1.3 c 57.80 ± 1.38

b
64.44 ±
0.69 a

65.99 ±
0.25 a

0.250–0.063 mm 23.23 ± 0.95
a

20.17 ± 0.40
b

20.85 ± 0.38
b

16.77 ± 0.55
c

28.65 ± 1.25
a

24.44 ± 0.41
b

21.71 ±
0.43 c

18.90 ±
0.37 d

<0.063 mm 12.08 ± 0.26
a

13.05 ± 0.25
a

10.18 ± 0.33
b 8.01 ± 0.44 c 18.13 ± 0.30

a
13.72 ± 0.21

b
10.91 ±
0.39 c

10.69 ±
0.26 c

R0.25 64.20 ± 0.54
c

66.41 b ±
0.18 c

68.50 ± 0.30
b

74.84 ± 0.75
a

53.01 ± 0.78
d

60.87 ± 0.46
c

67.03 ±
0.41 b

70.11 ±
0.31 a

Aggregation stability index

MWD (mm) 0.95 ± 0.01 b 1.09 ± 0.01 a 0.98 ± 0.01 b 1.11 ± 0.01 a 0.72 ± 0.01 c 0.79 ± 0.01 b 0.84 ± 0.01
b

0.95 ± 0.02
a

GMD (mm) 0.74 ± 0.001
c

0.76 ± 0.001
bc

0.77 ± 0.001
b 0.84 ± 0.01 a 0.63 ± 0.003

d
0.69 ± 0.002

c
0.74 ±
0.004 b

0.77 ±
0.004 a

D 2.30 ± 0.01 b 2.33 ± 0.01 a 2.26 ± 0.01 c 2.26 ± 0.01 c 2.23 ± 0.01 a 2.19 ± 0.03 a 2.19 ±
0.003 a

2.24 ± 0.01
a

K 0.056 ± 0.00
a

0.055 ± 0.00
b

0.055 ± 0.00
b

0.052 ± 0.00
c

0.063 ± 0.00
a

0.059 ± 0.00
b

0.056 ±
0.00 c

0.055 ±
0.00 d

Different lowercase letters in the same column indicate significant differences at p < 0.05 according to Duncan’s
multiple range tests. ± represent standard errors (N = 8).

The MWD and GMD of the soil in the pomegranate orchards exhibited a varied
increase with the advancement of orchard age at both soil layers (Table 3). The subsurface
layer has reduced MWD and GMD indices compared to the surface layer. The surface
layer’s MWD values were highest in the 30 Y, 10 Y, 20 Y, and 3 Y pomegranate orchards,
respectively, although there was no significant difference between the 3 Y and 20 Y (Table 3).
Additionally, the smallest values for D at both soil layers were found in the 20 Y and 30 Y
orchards at the surface layer with a significant variance, and in 10 Y and 20 Y orchards
at the subsurface layer without significant variation. On the other hand, soil K factor in
pomegranate orchards reduced significantly with the increase in orchard age at both soil
layers (Table 3). The 0.00–0.20 m soil layer has a lower K value than the 0.20–0.40 m soil layer,
indicating that the surface soil is more resistant to soil erosion than the subsurface soil.
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3.4. Organic Carbon in Bulk Soil (SOC) and Different Aggregate Fractions (OC)

The content of SOC in pomegranate orchards progressively increased with the orchard
age in both the surface and subsurface soil layers (Table 4). Specifically, the SOC content in
the 30-year-old orchards was 13.88% higher than that of the 3-year-old orchards. The 30 Y
and 20 Y had the highest OC contents in the aggregate fractions > 0.063 mm; additionally,
the 3 Y had the highest content of OC in the silt + clay fraction at the surface soil layer.
The macroaggregates had the highest OC content in the surface soil layer, ranging from
11.87 to 15.30 g C/kg soil, which was higher than that in the small macroaggregates,
microaggregates, and silt + clay fraction. Furthermore, the OC content in the 2–0.250,
0.250–0.063, and >2 mm fractions increased with increasing orchard age. However, the C
content in the <0.063 mm fraction initially decreased at the 10 Y and 20 Y orchard ages,
before increasing later at the 30 Y. In the subsurface soil layer, the OC content in >2 and
2–0.250 mm fractions decreased (10 Y and 20 Y, respectively) and then increased (30 Y) with
orchard age, whereas the OC content in the 0.25–0.063 and >0.063 mm fractions increased
with orchard age. In the subsurface soil layer, the OC content in the >2 and 2–0.250 mm
fractions decreased (10 Y and 20 Y, respectively) and then increased (30 Y) with orchard
age, whereas the OC content in the 0.250–0.063 and >0.063 mm fractions increased with
orchard age. The OC content in the <0.063 mm fractions initially declined at the subsurface
soil layers compared to the surface soil layer but then increased with orchard age. As a
result, at the 10 Y, 20 Y, and 30 Y orchard ages, the OC content in the <0.063 mm fraction
increased by 8.6, 13.5, and 16.6%, respectively, at the 0.20–0.40 m soil layer compared to the
0.00–0.20 m soil layer.

Table 4. Impact of pomegranate orchard plantation age on soil aggregate-associated carbon (C) and
carbon in bulk soil (OC).

Bulk Soil (OC) +
Soil Aggregates

(C)

3 Y 10 Y 20 Y 30 Y 3 Y 10 Y 20 Y 30 Y

0.00–0.20 m 0.20–0.40 m

OC (g kg−1)

>2 mm 11.87 ± 0.19
c

12.67 ± 0.10
b

14.84 ± 0.23
a

15.30 ± 0.10
a

11.87 ± 0.20
b

10.80 ± 0.16
b

10.85 ±
0.12 b

11.26 ±
0.31 a

2–0.250 mm 10.65 ± 0.24
c

11.15 ± 0.28
c

13.42 ± 0.30
b

14.83 ± 0.17
a

10.65 ± 0.24
b

10.50 ± 0.17
b

10.19 ±
0.10 b

10.55 ±
0.17 a

0.250–0.063 mm 10.09 ± 0.25
b

10.16 ± 0.33
b

11.15 ± 0.25
a

12.03 ± 0.25
a

10.09 ± 0.27
b 9.48 ± 0.33 b 10.05 ±

0.16 a
10.97 ±
0.11 a

<0.063 mm 11.39 ± 0.29
a

10.33 ± 0.20
b

10.27 ± 0.43
b

11.17 ± 0.29
ab

10.69.39 ±
0.29 c

11.22 ± 0.29
bc

11.66 ±
0.31 b

13.02 ±
0.14 a

Bulk soil 13.76 ± 0.21
c

14.47 ± 0.21
b

15.30 ± 0.28
a

15.67 ± 0.33
a

12.89 ± 0.15
c

13.76 ± 0.25
b

13.83 ±
0.18 b

15.22 ±
0.17 a

Lowercase letters indicate significant differences (p < 0.05) between treatments. ± represent standard errors
(N = 8).

3.5. Principal Component Analysis (PCA) and Pearson Correlation

The principal component analysis of the surface layer (0.00–0.20 m) revealed three com-
ponents with eigenvalues greater than one, with group factors relating to soil compaction,
aggregate stability, and their associated OC distribution (Table 4). The first factor accounted
for 68.202%, the second factor was 18.23%, and the third factor was 8.47%. Factor 1 shows a
high load of factors linked to soil compaction, soil structure, and aggregate-associated OC
distribution. Bd, DC, GMD, R0.25, 2–0.250 mm, >2 mm OC, 2–0.250 mm OC, 0.250–0.063 mm
OC fractions, and SOC all showed strong positive loadings, whereas K, D, 0.250–0.063 mm,
and <0.063 mm had a negative association. Factor 2 components are mostly connected to
aggregate stability. Components with high factor 2 loadings include MWD and aggregates
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larger than 2 mm. Factor 3 components are primarily related to maximum density and OC
concentration in the <0.063 mm fraction.

PCA results from the subsurface layer (0.20–0.40 m) revealed two principal com-
ponents (PC) (Table 5). PC1 accounted for 71.134% of the overall variation and mostly
consisted of soil compaction attributes (BMax and DC), soil aggregate stability, soil struc-
ture indices (MWD, GMD, K, and R0.25), SOC concentration, and aggregate-associated
OC fractions.

Table 5. Principal component analysis of the soil parameters.

Soil Attributes
0.00–0.20 m 0.20–0.40 m

1 2 3 1 2

BMax −0.318 −0.45 0.792 −0.702 −0.563
Bd 0.923 0.358 0.014 0.285 −0.83
DC 0.862 0.439 −0.227 0.679 −0.579

MWD 0.455 0.878 −0.109 0.95 0.278
GMD 0.925 0.322 0.008 0.992 0.007
R0.25 0.955 0.236 −0.024 0.992 −0.007

K −0.922 −0.34 0.021 −0.994 0.046
D −0.784 0.601 −0.093 0.002 0.757

>2 mm −0.145 0.973 −0.111 0.637 0.639
2–0.250 mm 0.974 −0.09 0.045 0.969 −0.043

0.250–0.063 mm −0.835 −0.474 0.06 −0.985 −0.074
<0.063 mm −0.941 0.129 −0.11 −0.955 0.183
>2 mm OC 0.939 −0.102 −0.282 0.758 0.568

2–0.250 mm OC 0.961 −0.011 −0.115 0.665 0.7
0.250–0.063 mm

OC 0.955 −0.058 0.043 0.946 0.155

<0.063 mm OC 0.11 0.011 0.939 0.885 0.408
SOC 0.899 0.05 −0.242 0.966 0.075

Total 11.594 3.098 1.44 12.093 3.106
% of Variance 68.202 18.225 8.473 71.134 18.271
Cumulative % 68.202 86.427 94.9 71.134 89.405

BMax: maximum soil bulk density; Bd: bulk density; DC: degree of compactness; MWD: mean weight diam-
eter; GMD: geometric mean diameter; D: fractal dimension; K: soil erodibility. >2 mm: >2 mm size aggre-
gates; 2–0.250 mm: 2–0.250 mm size aggregates; 0.250–0.053 mm: 0.250–0.063 mm size aggregates; <0.063 mm:
<0.063 mm size aggregates; >2 mm OC: >2 mm aggregate-associated OC; 2–0.250 mm OC: 2–0.250 mm aggregate-
associated OC; 0.250–0.053 mm OC: 0.250–0.063 mm aggregate-associated OC; <0.063 mm OC: <0.063 mm
aggregate-associated OC; SOC: bulk soil organic carbon.

PC2, on the other hand, contributed 18.27% of the total variance, with notable loadings
for Bd and D. The results of the PCA analysis show that PC1 is a highly significant factor at
both soil layers, accounting for a significant portion of the variance in the indices of soil
compaction, aggregate stability, and their associated OC distribution, which is influenced
by orchard ages. The 30 Y pomegranate orchard soils trended positively with Bd, DC,
GMD, R0.25, 2–0.250 mm, >2 mm OC, 2–0.250 mm OC, 0.250–0.063 mm OC fractions, and
SOC, and also highly positively with PC1 (Figure 2a). The 3-year-old orchards, on the other
hand, trended negatively with PC1 and negatively with microaggregates (0.250–0.063 mm),
silt + clay fraction (>0.063 mm), BMax, and K. Clustering (Figure 2b) showed that the 10 Y
and 20 Y pomegranate orchards’ soils were strongly correlated with soil compaction indices
(BMax, Bd, and DC), with DC and Bd having positive values of PC1 and BMax having a
negative value of PC1. In contrast, BMax, Bd, and DC had high negative PC2 values. The
3 Y pomegranate orchards’ soils tended to have a higher K and lower SOC than the 20 Y
and 30 Y; these clusters were explained primarily by the high negative values of PC1.
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Regarding Pearson correlation, aggregates > 2 and 2–0.250 mm showed a positive corre-
lation with soil MWD, GMD, and R0.25; however, aggregates of 0.250–0.063 and < 0.063 mm
showed a negative correlation (Table 6). In contrast, soil erodibility (K) demonstrated a pos-
itive correlation with aggregates of 0.250–0.063 and < 0.063 mm and a negative correlation
with aggregates of > 2 and 2–0.250 mm. Soil maximum density was linked negatively with
aggregates > 2 and 2–0.250 mm, but positively with aggregates 0.250–0.063 and < 0.063 mm.
Additionally, the degree of compactness (DC) and soil bulk density (Bd) were negatively
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related to aggregates > 2 mm and positively linked to aggregates of 2–0.250 mm. These
findings suggest that increasing macroaggregates reduces soil compaction and erodibility.
Soil MWD, GMD, and R0.25 showed significant positive correlations with the aggregate-
associated OC concentration and the SOC, while soil K showed a negative correlation.
Aggregate-associated OC content and SOC had an important negative correlation with soil
BMax. Conversely, the OC content in the microaggregates, silt + clay fractions, and SOC
content correlated positively with DC (Table 6). As a result, increased aggregate-associated
OC and SOC content decreased the BMax and K while increasing MWD, GMD, and R0.25.

Table 6. Pearson correlation coefficients for aggregate size fractions, associated C, and aggregate
stability (N = 8).

Soil Properties BM Bd DC MWD GMD R0.25 K D

>2 mm −0.481
**

−0.547
** −0.376 * 0.921 ** 0.641 ** 0.536 ** −0.644

** 0.856 **

2–0.250 mm −0.492
** 0.225 0.392 * 0.559 ** 0.869 ** 0.929 ** −0.561

** −0.109

0.250–0.063 mm 0.646 ** −0.015 −0.235 −0.842
**

−0.958
**

−0.971
** 0.734 ** −0.27

<0.063 mm 0.415 * −0.056 −0.200 −0.709
**

−0.936
**

−0.949
** 0.617 ** −0.099

>2 mm OC −0.608
** −0.193 0.014 0.791 ** 0.827 ** 0.784 ** −0.794

** 0.353 *

2–0.250 mm OC −0.597
** 0.017 0.22 0.668 ** 0.777 ** 0.758 ** −0.784

** 0.197

0.250–0.063 mm OC −0.465
** 0.238 0.392 * 0.578 ** 0.832 ** 0.867 ** −0.627

** −0.035

<0.063 mm OC 0.017 0.353 * 0.361 * −0.059 0.163 0.258 −0.223 −0.258

SOC −0.620
** 0.179 0.379 * 0.620 ** 0.854 ** 0.902 ** −0.611

** 0.035

* Correlation is significant at p < 0.05 level (2-tailed). ** Correlation is significant at p < 0.01 level (2-tailed).

4. Discussions
As pomegranate orchards age, soil compaction increases due to repeated agricultural

activities, reducing porosity, water infiltration, and root penetration; this may negatively
impact soil aggregate stability, carbon sequestration, and overall orchard productivity,
depending on management strategy, soil type, cover vegetation, and region conditions.

Particle size distribution is a particularly crucial variable influencing soil geometry,
compaction, and structure features. In our results, the silt fraction was superior to clay and
sand for all pomegranate orchards’ ages in both layers. According to Butzer (1959) [46],
silt originates in the Blue River due to the weathering of basalt or other igneous materials
from the Ethiopian High Plateau, which is regarded as an important source of water and
silt for the Nile. However, the low sand amount can be attributed to wind-blown sand
from the Eastern and Western deserts [47]. The current data indicate a slight variance in
the soil particle size distribution assessed for all pomegranate orchard ages in both layers,
particularly in the clay fraction concentration, one of the major variables influencing soil
compaction indicators [32].

In the present research, the continuous application of manure (well-decomposed farm-
yard manure (FYM) with an average composition of 0.5% nitrogen (N), 0.2% phosphorus
(P), and 0.5% potassium (K), was applied at a rate of 1000 kg ha−1 (1.6 kg tree−1)) in
pomegranate orchards, coupled with the supply of tree litter, enhanced the carbon inputs
to the SOC pools, and as the orchards aged, this increase in organic matter contributed to
higher SOC concentrations, demonstrating a positive relationship between orchard age and
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SOC levels; these results align with previous studies by Zhang et al. 2023 [48] and Wang
et al. 2022 [49]. This emphasizes the role of organic amendments in improving soil fertility
and carbon storage in agricultural ecosystems. The three-year-old orchard (3 Y) had the
lowest SOC concentration, which may have been caused by significant soil disturbance
during tree planting [24,50]. The observations of this study showed that as the pomegranate
orchard grew older, the SOC contents in both soil layers gradually rose, particularly in
the aggregate fractions > 0.063 mm; this agrees with our second premise. This was likely
caused by an increase in the amount of organic material that was incorporated into the
soil. Higher C contributions from increasing organic wastes might promote the creation
of soil aggregates [9,11,51] and, as a result, enhance the stability of SOC [29,52], because
macroaggregate formation is considered one of the key methods for SOC conservation
in the soil [53]. Because the binding agents in microaggregates are more resistant than
those in macroaggregates, variations in pomegranate orchard ages have a lower effect on
microaggregate fractions and the carbon maintained within them; the outcomes of the
research agree with those of previous investigations by Gioacchini et al. 2024 [54]. Our
findings demonstrated that the OC contents rose in the aggregate fractions < 0.063 mm of
the subsurface soil layer when compared with the surface soil layer as the pomegranate
orchard aged. This could be a result of intensive tillage, farming practices, and limited
canopy cover during the initial years of tree planting, which can promote C mineralization
by inhibiting the development of soil aggregation.

Soil compaction, driven by repeating agricultural activities, reduces porosity and in-
creases bulk density, leading to physical pressure that disrupts soil aggregates, particularly
macroaggregates (>0.250 mm), thereby weakening soil structure and stability. Conversely,
the breakdown of soil aggregates, especially under conditions of low organic carbon (OC)
and fine textured soils with high silt and clay fractions, increases the soil’s susceptibility to
compaction by reducing its structural integrity and resistance to mechanical stress. In part,
soil compaction can be attributed to inadequate soil aggregation capacity, and long-term
pomegranate orchards might increase the danger of soil compaction. Macroaggregate
content is frequently linked to stable aggregate structures, which support and stabilize de-
veloped, permeable soil layers [55]. The results of this study show that soil macroaggregates
(>0.250 mm) predominated in all pomegranate orchards (64.20–74.84% and 53.01–70.11% in
both soil layers, respectively), indicating that these aggregates are more stable under the
present management. The present finding is consistent with the study conducted by Cao
et al. 2021 [6], who revealed that macroaggregates accounted for 86.17–91.87% in various
citrus orchard ages in Hunan province, China. Pomegranate planting years had significant
effects on the soil macroaggregates (>0.250), with the 30 Y showing higher aggregate stabil-
ity at both soil layers. As the orchard grew older, a steady rise in soil organic carbon led
to the formation of large and stable soil aggregates. Additionally, plant polysaccharides
and the polymeric compounds secreted by soil microorganisms result in the production of
colloids, which promote soil particle aggregation [56]. This indicates that as pomegranate
orchards grow older, their soil structure may progressively develop. It also suggests that
the Assiut pomegranate orchards’ compacted soil has a greater stability of soil aggregates
than the non-compacted soil; this finding is consistent with that of Wei et al. 2022 [5]. The
clay content of the soil is a crucial factor for the macroaggregate formation. Accordingly, a
small proportion of the clay-sized units cause the formation of larger soil aggregates [57].
On the other hand, surface charge and electric attraction play an essential function in the
interaction between soil aggregations and organic polymers [58].

An important factor in determining the stability of soil aggregates is their MWD and
GMD values. Higher MWD and GMD values indicate that the aggregates are more stable
due to an improved capacity for aggregate formation and that the soil is more resilient
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to erosion and deterioration [48,52]. The ages of the orchard significantly affected the
MWD and GMD in the present study; in both soil layers, the 30 Y orchard had higher
aggregate stability than the other orchards. Soil D and K are important indices of soil
structural geometry and erodibility [46,59]. Increased orchard ages result in more stable
soil structures, which causes the soil D and K to decrease as the soil compaction increases,
suggesting that good management of orchards improves soil erosion resistance, and the
results of this study were in line with earlier studies [25,48,60]. By enhancing the stability
of soil aggregates, plants could decrease the soil’s resistance to erosion; this is because years
of tillage and fertilizer strategies raise the organic carbon contents, which in turn causes
an increase in the soil fauna activity and a gradual rise in the cementing substance that
binds soil particles together [7,47,58] Physical root impacts and compression of the upper
soil layer may be the cause of the poor soil structure and significant soil compaction in a
subsurface soil layer. The soil D and K levels would rise with larger silt and clay amounts;
in contrast, they decrease with higher sand contents. The examined soils had significant
levels of silt and clay, exceeding 90% (Table 1). Nevertheless, in the current study, the K
factor provided the opposite result; this was probably caused by flood irrigation with high
irrigation levels, low organic carbon contents, and conventional tillage practices, which
dispersed the weakly aggregated soils. Dispersal thus causes surface pores to seal and
increases the runoff with high concentrations of fine clay particles that are simply moved.

Orchard tree growth requires a bulk density of between 1.00 and 1.65 Mg m−3 [5,61].
Consequently, our study showed that both soil layers offered the perfect bulk density
(0.93–1.38 Mg m−3) for pomegranate trees. The results revealed that soil Bd and DC in-
crease as pomegranate orchards age and as soil depth increases, whereas the soil porosity
and BMax decrease (Table 2). The main factors responsible for the decreased TP and BMax

and the increased Bd and DC are farming operations, traffic, conventional tillage, and a lack
of vegetative cover caused by excessive herbicide usage [5,7,62]. The higher DC values in
this investigation indicated subsurface soil layer compaction, especially if compared with
surface soil layer values. This is because conventional tilling practices eventually generate
the most severe compaction because a plow pan forms directly beneath the tilling layer. As
reported by Liao et al. (2021 and 2023) [18,19], long-term tillage resulted in the formation
of a plow pan at depths of 20 to 40 cm, which indicates an increase in soil compaction.
According to our findings, the OC in both soil layers increased steadily as the pomegranate
orchard aged, which may have contributed to a reduction in BMax [30,57,58]; this is due
to organic matter holding more moisture, which decreases the maximum dry density and
makes compaction processes more difficult to occur [16,22].

The results of the PCA analysis showed that soil compaction parameters are closely
related to soil aggregation and SOC. In the current study, Bd and DC had a highly posi-
tive relationship with GMD, R0.25, small macroaggregates, SOC, and OC associated with
>0.063 mm aggregate fractions. At the same time, they had a negative relationship with K,
D, microaggregates, and silt–clay fractions, suggesting that soil aggregation and SOC play
an important role in improving soil compaction and erodibility [63]. Furthermore, PCA
analysis revealed that at both soil layers, PC1 trended negatively with the 3 Y and 10 Y
orchards and with K and BMax, indicating that soils in young pomegranate plantations are
more susceptible to compaction and erosion. At the early stages of orchard growth, the soil
was disturbed because of tree-planting operations; also, the rate of C decomposition was
greater than the rate of C inputs [8,9].

The Pearson correlation analysis demonstrated that BMax and K were negatively
influenced by the percentage of aggregate fractions > 0.250 mm, by the OC associated
with aggregate fractions > 0.063 mm, and by the SOC. Furthermore, DC showed a neg-
ative association with the >2 mm fraction but a significant positive correlation with the
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proportion of the >2–0.250 mm fraction, the SOC, and the OC content in the aggregate
fractions > 0.250 mm. This due to high SOC contents promoting the formation of larger
macroaggregates, which enhance soil aggregate stability and improve soil resistance to
erosion and compaction [48,63].

Despite the interdependence of MWD, GMD, and the K-factor, their inclusion
in the PCA and correlation analysis yielded results that align with established soil
structure–function relationships. The strong associations between the aggregate-associated
OC content and these indices support the hypothesis that increased macroaggregate forma-
tion and stability reduce the soil compaction and erodibility.

Our findings suggest that as orchard age increases, OC accumulation enhances the
formation and stability of macroaggregates (>2 mm), which are critical in reducing soil
compaction and erodibility. The increased OC in these larger aggregates likely enhances
aggregate stability by binding soil particles more effectively, thus lowering Bd and BMax;
this stabilization effect is further reinforced by reducing D and K, indicators of improved soil
structure stability. Additionally, the increase in the MWD and GMD of soil aggregates with
orchard age implies enhanced resistance to breakdown, a key mechanism in maintaining
soil integrity under compaction pressures. Therefore, our study posits that OC-associated
macroaggregates play a dual role in mitigating soil compaction and enhancing structural
stability, thereby reducing erosion risk over time in pomegranate orchards.

5. Conclusions and Recommendations
This study highlights the critical influence of orchard age on soil properties, par-

ticularly soil organic carbon (SOC) accumulation and aggregate stability, providing a
comprehensive understanding of how soil quality evolves in pomegranate orchards over
time. As orchards age, the accumulation of soil organic carbon (SOC) and the formation of
stable macroaggregates improve soil structure, reduce compaction, and enhance erosion
resistance, thereby supporting sustainable orchard productivity and ecosystem services
such as water regulation and soil conservation. These findings highlight the need for
management strategies that prioritize organic carbon inputs and promote soil aggregation
to ensure the long-term viability of pomegranate orchards and maintain soil health in
agricultural ecosystems.

To achieve these benefits, we recommend adopting sustainable soil management
practices tailored to pomegranate orchards. First, the continuous application of organic
amendments, such as manure, compost, and tree litter, should be prioritized. These
materials increase SOC levels and promote the formation of stable macroaggregates through
the action of organic polymers and microbial by products, which act as binding agents
for soil particles. This practice not only enhances soil structure but also improves water
retention and reduces erosion.

Second, reducing soil disturbance through minimized or no-till practices is essential,
particularly in the subsurface layer. Conventional tillage often leads to the formation of
plow pans and increased compaction, which can be mitigated by adopting reduced tillage
methods. This approach helps preserve soil porosity and structure, allowing for better root
growth and water infiltration.

Third, integrating cover cropping during fallow periods can protect the soil surface,
reduce erosion, and contribute additional organic matter. Cover crops also enhance soil
microbial activity and nutrient cycling, further supporting soil health. Additionally, transi-
tioning from flood irrigation to more efficient methods, such as drip or sprinkler systems,
can reduce waterlogging and soil dispersion, thereby maintaining soil structure and mini-
mizing erosion risks.
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Finally, the use of organic mulches on the soil surface can conserve moisture, regulate
soil temperature, and buffer the physical impact of rainfall. Mulching also contributes to
the gradual increase in SOC over time, further enhancing soil stability and resilience.

In conclusion, this study underscores the long-term benefits of effective soil manage-
ment in pomegranate orchards. As orchards age, the accumulation of OC and the formation
of stable macroaggregates improve soil structure, reduce compaction, and enhance erosion
resistance, thereby supporting sustainable orchard productivity and ecosystem services
such as water regulation and soil conservation. These findings highlight the need for
management strategies that prioritize organic carbon inputs and promote soil aggregation
to ensure the long-term viability of pomegranate orchards and maintain soil health in
agricultural ecosystems.
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