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Land use impacts on soil aggregate stability and carbon sequestration, which are
critical biogeochemical indicators of soil health, are largely understudied in semi-
arid Vertisols. This study aims to bridge the gap. Here, the impacts of different
land use regimes (arable land, grassland exclosures, natural exclosures, and
pastures) on aggregate stability and soil organic carbon contents were
investigated in the semi-arid Vertisols of the Pandamatenga Plains — an
important regional agricultural hotspot in Botswana. Soil samples were
collected at three depths (0-15, 15-30, and 30-45 cm) and fractionated into
macroaggregates (> 0.25 mm) and microaggregates (< 0.25 mm) using the wet
sieving method. Soil aggregate stability was assessed using indices including
water-stable aggregates (WSA), mean weight diameter (MWD), geometric mean
diameter (GMD), and the content of > 0.25 mm aggregates (R0.25). Routine
laboratory procedures were used to analyze the pH, Electrical conductivity,
calcium carbonate, exchangeable cations, soil organic carbon, bulk density,
particle size distribution, and clay mineralogy. Findings indicate that land use
had a substantial impact on soil structural stability and soil organic carbon
dynamics. Natural exclosures recorded the highest MWD (2.95 mm) and GMD
(1.5 mm), reflecting a well-developed soil structure. Grassland exclosures and
pastures showed intermediate stability, while arable land had the lowest
aggregate stability (MWD = 0.5 mm), reflecting degradation. Water-stable
aggregates (WSA) varied with land use types and aggregate sizes, with arable
land having higher WSA (71.91%) in smaller fractions, which are more prone to
erosion and natural exclosures higher WSA (72.07%) in larger sizes, supporting
greater cohesion. Pastures had the most meso aggregates. R0.25 exhibited
uniformity across various land use types due to high clay contents. Soil organic
carbon stocks were highest in natural exclosures (250 kg C m™) and lowest in
pastures (80 kg C m™), with macroaggregates (>0.25 mm) contributing most
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significantly to carbon storage, underscoring their role in carbon storage. A
positive correlation (r = 0.7) was observed between MWD and aggregate-
associated carbon. These findings highlight the importance of long-term
exclosures that minimize disturbance and promote vegetation cover to
improve soil structure and carbon storage.

exclosures, Pandamantenga Plains, soil health, water stable aggregates, Vertisols

1 Introduction

The interconnectedness between land use and soil health is a
key concern in modern agricultural sustainability and
environmental conservation. As the global demands for food, fuel,
and fiber heighten, land use and management practices are
increasingly being recognized not just for their contribution to
economic development and food security, but also for their
profound impact on the long-term viability of ecosystem services
(1). Among the ecosystem services, the ability of the soil to regulate
floods, cycle nutrients, support plant growth, and capture carbon is
especially important in the face of climate change and land
degradation. These biogeochemical processes, which support
terrestrial ecosystem resilience, are inextricably linked to the
physical, chemical, and biological integrity of soils collectively
known as soil health (2). Soil health is commonly referred to as
the capacity of soil to function as a living ecosystem within the
limits of land use and environmental conditions (3). It is critical for
supporting food production, preserving biodiversity, mitigating
climate change through carbon sequestration, and protecting
water quality. Soil health indicators include biological activity,
nutrient availability, structural stability, and ability to hold and
transfer water and air (4). Among these indicators, soil structure,
particularly the development and stability of aggregates, is an
essential factor that controls several important soil processes (5).

One of the primary factors influencing soil structure and
aggregate stability is soil organic carbon (SOC). Soil organic
carbon plays a central role in maintaining and enhancing soil
physical properties, particularly through its interaction with soil
aggregates (6). It functions as both a cementing agent and a nucleus
for aggregate formation, enhancing particle binding forces and
decreasing aggregate wettability, making them more resistant to
slaking and disintegration (7). Soil organic carbon enhances
cohesion through microbial activity, fungal hyphae, and
polysaccharides, and simultaneously improves resistance to
disintegration by decreasing aggregate wettability, which is the
tendency of aggregates to absorb water (8). Thus, SOC and
aggregate stability are mutually reinforcing; SOC promotes stable
aggregate formation, while stable aggregates, in turn, protect SOC
from microbial mineralization by physically occluding it within
their interior (9). Because of these dynamics, soil structure is not
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just a result of soil health but also a means for long-term carbon
storage, a technique for mitigating climate change that is becoming
increasingly significant on a global scale.

However, land use change disrupts organic matter inputs,
increases erosion and mineralization, and modifies microbial
dynamics, resulting in an overall decline in aggregate stability and
soil quality (10). Earlier studies have found that intensive land use
reduces the proportion of water-stable macroaggregates while
increasing the dominance of microaggregates, which are more
susceptible to compaction and erosion (11). While much of the
existing research is based in temperate and humid regions, semi-
arid environments, particularly in Sub-Saharan Africa, remain
largely understudied. These regions face distinct challenges,
including erratic rainfall, high evapotranspiration, and limited
organic matter input (12). Even small-scale land use changes in
such fragile ecosystems can significantly impact soil stability and
carbon storage. Globally, arid and semi-arid soils are home to an
estimated two billion people and occupy about 66.7 million km?* of
land (13), and drylands are projected to increase in size due to
climate change (14).

In the Pandamatenga agricultural Plains, Botswana, land use
management has changed dramatically over recent decades. Much
of the natural vegetation has been turned into large-scale
agricultural land in response to national food security goals and
agricultural development projects. This land use change, while
economically significant, is expected to have an impact on the
physical integrity and organic carbon storage capability of the soils,
especially in the Vertisols that dominate the region. Although some
studies have looked into particular issues like irrigation practices,
tillage systems, and soil water management (15, 16), there is no
integrative research that assesses the cumulative effects of land use
types on aggregate stability and SOC on the Plains. To address this
knowledge gap, this study aims to investigate the differential effects
of various land use practices on soil aggregate stability and SOC
stocks in the Pandamatenga alluvial Plains. The specific objectives
are to: (i) characterize the physical, chemical, and mineralogical
properties of soils, (ii) assess the distribution and stability of water-
stable aggregates across different size classes under varying land use
type, (iii) quantify organic carbon associated with each aggregate
class and determine their contributions to bulk SOC, and (iv)

evaluate bulk soil SOC stocks and their variations across land use
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types and aggregate fractions. This study will improve our
understanding of soil organic carbon in semi-arid Vertisols.
Importantly, it will provide the data needed to establish site-
specific, evidence-based management strategies that improve soil
health, increase sustainable agricultural output, and contribute to
climate change mitigation.

2 Materials and methods
2.1 Environmental setting of the study area

The study area is in the Pandamatenga Plains, which is located
in the northeast fringe of Botswana between latitudes 18.30° S and
18.69° S and longitudes 25.45° E to 25.61° E at elevations between
1066 m and 1088 m (Supplementary Figure S1). The Pandamatenga
region experiences a semi-arid climate characterized by hot, humid
summers and mild, dry winters. Annual rainfall averages
approximately 600 mm, primarily from convective processes, and
varies significantly even over short distances. Most precipitation
occurs from October to April, with the peak months being
December, January, and February. This rainfall often results in
short, intense storms that cause rapid flooding on some farms due
to high run-off. The maximum temperatures range from 26°C to 34°
C between October and March, whereas the minimum
temperatures range from 11°C to 20°C from November to July.
The soil climate of Pandamatenga is characterized by an ustic
moisture regime and an iso-hyperthermic temperature regime,
with an aqueous moisture regime present in the poorly drained
parts of the alluvial plain. The soils that predominate in these
alluvial Plains consist of Eutric Vertisols characterized by sandy clay
loam to clay texture, comprising an average clay content of more
than 30% in all land use types. The vegetation in the study area is
characterized by extensive grassland savanna interspersed with
mopane (Colophospermum mopane spp) and various acacia
species. The dominant land use types include agriculture,
particularly pastoral and arable farming, which are integral to the
livelihoods of the local population. In addition to agricultural
activities, the landscape features natural exclosures and extensive
grasslands, which contribute to the region's biodiversity.

2.2 Land use types and soil sampling

Four specific land use types were selected for this study: arable
land (AL), pasture (PA), natural exclosures (NE), and grassland
exclosures (GE) (Supplementary Figure S2). Natural exclosures
refer to areas where both human activity and livestock grazing
have been excluded for extended periods, allowing natural
vegetation regeneration, while grassland exclosures (GE) are
formerly grazed grasslands that have been protected from grazing
to allow recovery of grass cover and soil structure (Table 1).

Soil samples were collected from each of the plots at three
depths (0-15, 15-30, and 30-45 cm) with a bucket auger. These
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depth intervals were selected to capture vertical variations in soil
properties, particularly those influenced by land use management,
as they represent typical topsoil and subsoil layers in Vertisols. For
each land use type, the first sampling point was randomly selected,
and the subsequent two points were systematically placed 1 meter
apart. At each depth, the soil samples were collected three times and
mixed to create composite samples. This resulted in nine soil
samples per land use type and a total of 36 samples for all land
use types among the disturbed bulk soil samples. Core samples were
also collected at each land use type for the determination of bulk
density. For these measurements, three core samples were collected
at each sampling point, giving a total of 27 core samples per land use
type and a total of 108 core samples across all land use types.

2.3 Laboratory methods

Before conducting the soil physical and chemical analysis, the
soil samples were ground and passed through a 2 mm mesh. The
particle size distribution was determined via the hydrometer
method (17). The bulk density of the soil was determined via the
core sampling method (18). Soil pH and EC were measured in a
soil-water dispersion of 1:2.5 (19). The exchangeable base cations
(sodium, calcium, magnesium, and potassium) were determined
using the ammonium acetate extraction method buffered at a pH of
7 (20). The base cation concentration was then determined using
the inductively coupled plasma optical emission spectrometry (ICP-
OES). The content of soil organic carbon was determined by using
the Walkley-Black wet digestion method. Calcium carbonate
content was determined gasometrically using a Royal
Eijkelkamp® calcimeter.

The size distribution of water-stable aggregates (WSA) was
determined via the wet sieving method (21, 22). For every soil
sample, a 100 g soil sample was passed through a set of sieves with
mesh sizes of 4.75 mm, 2.0 mm, 1.0 mm, 0.5 mm, and 0.25 mm. The
sieves were stacked with a pre-saturated soil sample in the top sieve
and were shaken in water for 10 minutes at a rate of 30 vertical
oscillations per minute. The soil retained on each sieve was then
corrected for sand content and dried at 105°C for 36 hours, and the
proportion of aggregates in each size class was calculated as a
percentage. The WSA method was preferred over the dry stable
aggregates (DSA) technique because it better reflects the natural
conditions of Vertisols in the Pandamatenga alluvial Plains, where
surface water flow is a greater threat to water than wind erosion.

The weights of the different sizes of water-stable aggregates
(Equation 1) were used to compute parameters such as the mean
weight diameter (MWD), Equation 2; proportion of aggregates
larger than 0.25 mm (R0.25), Equation 3; and geometric mean
diameter (GMD), Equation 4.

WSA = [[Wa — Wc]/Wo] x 100 (1)

where WSA is the water-stable aggregate for each size class, Wa
is the weight of the material on the sieve after wet sieving, Wc is the
weight of the coarse material in size, and Wo is the weight of the
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TABLE 1 Key characteristics of the selected land use types.

10.3389/fs0il.2025.1629431

Sampling point Land use Coordinates Elevation (m) Crop type Land management
ALL AL S 18.69845 1071 Sun Hemp 30 years of crop rotation (sun hemp,
E 25.49689 maize, and millet), convectional tillage,
regular inorganic fertilizer usage
AL2 AL S 18.69945 1071 Sun hemp 30 years of crop rotation (sun hemp,
E 25.49353 maize, and millet), convectional tillage,
regular inorganic fertilizer usage
AL3 AL S 18.69851 1075 Millet 30 years of crop rotation (sun hemp,
E 25.49249 maize, and millet), convectional tillage,
regular inorganic fertilizer usage
GE1 GE S 18.68153 1082 None >20 years exclosure (no
E 25.61514 grazing/tillage),
GE2 GE S 18.68190 1088 None >20 years exclosure (no grazing
E 25.61576 or tillage)
GE3 GE S 18.68210 1080 None >20 years exclosure (no grazing/tillage)
E 25.61519
PA1 PA $ 18.31065 1067 None >30 years of continuous
E 25.45451 communal grazing
PA2 PA S 18.31039 1066 None >30 years of continuous
E 25.45405 communal grazing
PA3 PA S 18.30975 1070 None >30 years of continuous
E 25.45363 communal grazing
NE1 NE S 18.47415 1072 None > 20 years of exclosures; natural
E 2558123 vegetation regeneration
NE2 NE S 18.47403 1071 None > 20 years of exclosures; natural
E 2558159 vegetation regeneration
NE3 NE S 18.47425 1071 None >20 years of exclosure; natural
E 25.58109 vegetation regeneration

AL, Arable land; GE, Grassland exclosures; PA, Pasture; NE, Natural exclosures.

aggregates placed on the sieve before wet sieving, as shown in

Equation 2.

MWD = E?:lXi ‘ Wi

2

where Xi is the mean diameter of the ith sieve size and Wi is the

proportion of the total aggregates in the ith fraction. If the value of

the MWD is high, the proportions of macroaggregate and
microaggregate fractions are greater in the soil.

Roos = Mgsg05/M

3)

where m,.q,s is the mass of aggregates with particle sizes
greater than 0.25 mm and where M is the total weight of the
sample used for the analysis.

GMD = exp(

W logxl)
Wi

4)

where Wi is the weight of the aggregates present in a diameter

class, Xi and Xn i-1, and Wi is the total weight of the experimental

soil sample.

Clay mineralogy analysis was conducted via X-ray diffraction
(XRD) with a Bruker-AXS D8 Advance Powder X-ray
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diffractometer after extracting the clays through repeated cycles of
sedimentation and centrifugation.

2.4 Estimation of soil organic carbon
stocks

Equations 5-7 were used to compute SOC stocks of bulk soil
samples, the amount of soil in aggregate size fractions, and organic
carbon stocks in aggregate size fractions respectively (23).

SOC stocks in bulk soils:

SOCstocks = SOC% xBD x D x 10 (5)
Stocks of organic carbon in aggregate size fractions:

M_D><BD><W;-

i 10 (6)

StOCkOC,v = Mi X OC, (7)

Where D is the depth (cm); BD is the bulk density (g cm™); Mi
is the amount of soil in the ith size fraction (g); OCi is the organic
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carbon (OC) content of the ith size fraction (%); Wi is the
proportion of the total soil in the ith size fraction (%).

2.5 Estimation of the contribution rate of
different sizes

The contributions of different factors to total SOC under
different land use types were evaluated using Equation 8:

wy; % SOC,

=T T L 100% (8)

! wy X SOCb

Where Wai is the mass weight of aggregate i (g); SOCai is the

organic carbon in aggregate i (%); W), is the mass weight of the bulk

soil(g); SOCDb is the soil organic carbon in bulk soil (%); C,; is the
contribution of aggregate i to soil organic carbon.

2.6 Statistical analysis

Microsoft Excel was used to organize the data. Descriptive
statistics, including means and standard deviations for the soil
physicochemical properties, were performed and visualized via R
Studio version 4.4.1 (24). The distributions of soil aggregates of
different sizes; distributions of organic carbon within different
aggregate sizes; MWD, GMD, and R0.25; soil organic carbon stocks
in both bulk soil samples and aggregate sizes; and contribution rates of
different aggregate sizes to soil organic carbon across various land use
types and soil depths were compared through two-way variance
analysis (ANOVA). When ANOVA indicated a significant effect,
Tukey's post hoc test at the P < 0.05 significance level was applied for
pairwise comparisons. Simple linear regression was used to explore the
relationships between organic carbon stocks within different aggregate
size classes and total (bulk) soil organic carbon stocks. Both ANOVA
and regression analyses were conducted and plotted via R Studio
version 4.4.1. Multivariate statistical analyses and factor analyses were
performed with OriginPro 2024 software (25).

3 Results
3.1 Soil properties

The soil particle size distribution at three depths (0-15 cm, 15-30
cm, and 30-45 c¢m) is shown in Supplementary Table SI. The soils
generally have clay contents above 30%. Based on soil textural
classification, AL soils are sandy clay loam, whereas PA, GE, and NE
as clay. The soil bulk density (BD) in pastures revealed a non-uniform
trend, with some land use types (such as NE and GE) increasing with
depth and AL declining with depth. The highest BD value (1.3 g cm™)
was found at the 0-15 cm depth in AL, whereas the lowest value (0.8 g
cm™) was found in GE (Supplementary Table S1).

The electrical conductivity (EC) varied from 30 to 350 pS cm™
Across all land use types, EC increases with soil depth, except for
NE, where it decreases. The GE presented the greatest EC value of
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350 uS cm’' at the 30-45 cm depth, whereas NE presented the
lowest EC values, ranging from 30 to 70 uS cm™ across all depths
(Supplementary Table S2). The pH varied greatly with land use
types and soil depth (Supplementary Table S2). The pH of AL
ranged from 7.2 to 7.8, with little variation among depths. The GE
soils were slightly acidic, with pH values ranging from 6.8 to 7.5 and
increasing with depth. Pastures (PA) consistently had the highest
pH values, ranging from 7.5 to 8.3, with the pH gradually increasing
as depth increased. In contrast, the NE soils had the lowest pH
levels, ranging from 5.6 to 6.2, with the greatest variation found in
the topsoil layer (0-15 cm).

The calcium carbonate (CaCQOs3) levels varied between land use
types and soil depths, ranging from not detected in NE to 40 gkg ™" in
AL. In AL, CaCOs; concentrations increased with soil depth, from
20 gkg! at 0-15 cm to 40 g kg™ at 30-45 cm. The GE soils presented
consistently low CaCO; values at all depths. The CaCO; levels in PA
increased gradually with depth, from 0 to 4 g kg'. The NE soils
presented no detectable CaCOj5 at any depth (Supplementary Table
52). The soil organic carbon content varies depending on land use
type and soil depth. The soil organic carbon (OC)concentration in
arable land decreased with increasing depth, from 0.9% to 0.6%
(Supplementary Table S2). However, GE maintained a steady
organic carbon concentration of 0.9% throughout all the soil
depths. The SOC levels in pastures ranged between 0.7% and
0.9%. The NE presented the highest OC concentrations, ranging
from 1.00% at 30-45 cm to 1.7% at 0-15 cm.

The soil depth and land use type strongly affected the nutrients,
exchangeable calcium (Ca*"), magnesium (Mg*"), potassium (K*), and
sodium (Na*) levels. The trends for exchangeable calcium differ in
response to land use types (Supplementary Table S2). Calcium content
in GE slightly decreased with depth, whereas in AL soils, it generally
increased with soil depth. Conversely, NE showed a fluctuating trend
across the soil profile. The highest concentration of exchangeable
calcium (35.0 cmol kgfl) was observed in GE, whereas the lowest
concentration (20.0 cmol kg ') was recorded in NE. The exchangeable
magnesium concentrations across the land use types ranged from 2.5
cmol kg™ to 10.2 cmol kg™ at the 0-15 cm depth, 2.3 cmol kg™ to 10.3
cmol kg™ at the 15-30 cm depth, and 2.7 cmol kg™ to 10.3 cmol kg™
at the 30-45 cm depth. At all depths, the lowest concentrations of
exchangeable magnesium were found in AL, whereas the highest values
were consistently observed in GE (Supplementary Table S2). All land
use types presented decreased concentrations of exchangeable
potassium (K*) and sodium (Na'), ranging from 0.2 cmol kg' to
1.3 cmol kg' and 0.05 cmol kg to 0.9 cmol kg™', respectively.
Potassium showed a decreasing trend with soil depth across all land use
types (Supplementary Table S2). Sodium presented the highest
concentration (1.3 cmol kg ') in PA at the 30-45 cm depth, whereas
the lowest concentration (0.05 cmol kgfl) was recorded in AL at the
15-30 cm depth.

The XRD analysis showed that montmorillonite was the
dominant mineral in the soils, with identical diffraction patterns
observed in each sample, confirming uniformity in mineral
composition. Montmorillonite showed a characteristic diffraction
peak at 5.9°.
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3.2 Water-stable aggregates

Land use type had a significant (P<0.05) effect on the distribution
of water-stable aggregate (WSA) sizes. Among all land use types, AL
soils had a greater proportion of mesoaggregates (0.5-0.25 mm) than
macroaggregates (>4.75-0.5 mm), whereas NE soils had a greater
proportion of macroaggregates. Depth-wise, the distributions of
microaggregates, mesoaggregates, and macroaggregates varied
significantly across land use types. At 0-15 c¢m, the proportion of >
4.75 mm WSAs was highest in NE (46.62%), followed by GE (12.36%),
whereas PA and AL soils had the lowest proportions of aggregates
>4.75 mm, with values of 5.82% and 0%, respectively (Table 2).
Conversely, the proportion of mesoaggregates (0.5-0.25 mm)
increased significantly in PA and AL soils, while the highest
percentage of microaggregate water-stable aggregates (47.36%) was
found in AL soils. There was no significant (P > 0.05) difference in the
4.75-2.0 mm WSA between land use types (NE, GE and PA).
Similarly, no significant (P > 0.05) differences were detected in the
distribution of <0.25 mm WSA across depths. Notably,
microaggregates (<0.25 mm) accounted for the lowest percentage of
WSA across all land use types.

The percentages of water-stable macroaggregates decreased
dramatically at the 15-30 cm depth, ranging from PA (46.62%) >
GE (31.28%) > NE (7.76%) > AL (0%). PA and GE had much
greater proportions of macroaggregates and mesoaggregates, with
the largest percentages observed in the 2.00-1.00 mm and 1.00-0.50
mm size classes. In contrast to those at the 0-15 cm depth, the
proportions of macroaggregates in the NE decreased. In AL, there
was a significant increase in the 2.00-1.00 mm and 1.00-0.50 mm
aggregates, accompanied by a slight decrease in the 0.50-0.25 mm
size class (Table 2).

At the 30-45 cm depth, GE and NE presented the highest
proportions of > 4.75 mm at 53.18% and 50.67%, respectively.
Arable land (AL), on the other hand, presented an increase in
intermediate-sized aggregates (2.00-1.00 mm and 1.00-0.5 mm)
but a decrease in smaller aggregate fractions (0.50-0.25 mm).

To further assess the aggregate stability characteristics, three
different indicators were used (Figure 1). Greater agglomeration
and stability of soil aggregates are indicated by higher R0.25, MWD,
and GMD values. The soil aggregate MWD and GMD varied
significantly depending on land use type and soil depth (P<0.05).
A trend was observed for the MWD and GMD across the three soil
depths (0-15 cm, 15-30 cm and 30-45 cm). The recorded MWD
and GMD values followed a similar pattern and were strongly
correlated (r = 1.0) (Figure 2). Among the three soil layers, the
average MWD and GMD values under AL were significantly lower
than those under NE, GE, and PA.

The MWD and GMD values at the 0-15 cm depth were in the
following order: NE> GE> PA> AL. Similarly, the MWD and GMD
values at this depth were much greater under NE and GE than
under AL. At the 15-30 cm depth, the MWD and GMD decreased
in the following order: GE > PA > NE > AL. At the 30-45 cm depth,
the MWD and GMD followed the trend of GE > NE> PA > AL.
Notably, at all the soil depths, the MWD and GMD values in the
30-45 cm soil layer were significantly (P< 0.05) greater than those
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recorded in the upper layers. The R0.25 values did not differ
significantly (P < 0.05) across land use types (P > 0.05) but did
vary significantly across soil depths. The R0.25 content was
unaffected by land use types, since the values remained consistent
across the various management approaches. While the R0.25
content increased with soil depth, the differences were quite
small. The R0.25 content was significantly (P < 0.05) greater in
deeper soil layers (15-45 cm) than in topsoil layers (0-15 cm).
Although the R0.25 content significantly (P < 0.05) differed across
the soil depths), the actual numerical changes were relatively small.

3.3 Aggregate-associated organic carbon
under the land use types

Variations were observed in the various soil aggregate size
fractions associated with SOC concentrations across land use
types and depths. The land use type had a significant (P < 0.05)
effect on the SOC concentrations recorded in various aggregate size
classes. The SOC concentration of the macroaggregates (>
0.25 mm) was greater than that of the microaggregates (<
0.25 mm) in all the land use types, except for the AL, where the
SOC was concentrated in the microaggregates. However, no
significant variation (P>0.05) was detected in macroaggregate
organic carbon storage with depth (Table 3).

For the 4.75 mm aggregates, the SOC did not significantly
(P>0.05) differ among the land use types (NE, GE, and PA). At
4.75-2.00 mm, SOC was significantly greater in NE, whereas GE
and PA presented inconsistent trends with fluctuating SOC
concentrations with depth. For 2.00-1.00 mm, both land use
types and soil depth significantly affected the SOC (P<0.05).
Among all the soil layers, the SOC content was highest in the NE
soil, and the lowest was recorded in the AL soil. The SOC content
was relatively high in the upper layers (0-15 cm) for NE, GE and
PA, but the highest concentrations were observed at 30-45 cm. In
contrast, the lowest concentrations were observed in AL (Table 3).

Significant differences (P<0.05) were detected among the land
use types in the 1.00-0.5 mm water-stable aggregates. The highest
SOC percentage and the lowest SOC percentage were recorded in
the AL, ranging from 0.95-1.44% and 0.48-0.70%, respectively. No
significant differences (P>0.05) were detected in the soil depths
from 1.00-0.5 mm. Similar observations were made at 0.5-0.25
mm, where the highest contents were also reported under NE and
the lowest under AL. Microaggregates (<0.25) did not significantly
(P>0.05) differ with land use. The differential contributions of
different aggregate sizes to the bulk soil organic carbon under the
land use types are shown in Figure 3, while the correlation between
soil properties, aggregate-associated organic matter, and total SOC
is presented in Figures 2 and 4.

3.4 Soil organic carbon stocks

The SOC stocks among the aggregate size fractions were
significantly (P < 0.05) impacted by both soil depth and land use
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TABLE 2 Distributions of water-stable aggregates across different land use.

4.75-2.00 mm 2.00-1.00 mm 0.5-0.25 mm <0.25 mm
0-15cm
AL - - 11.39 + 3.23a 24.55 + 15.50a 47.36 + 18.50b 8.07 + 3.67a
PA 5.82 + lL.4lbc 6.29 + 2.30a 17.23 + 8.71a 24.99 + 0.31a 24.35 + 7.77ab 7.18 + 1.84a
GE 12.36 + 2.51a 9.20 + 10.52a 29.34 + 8.73a 12.77 + 7.30a 17.41 + 6.65a 4.65 + 2.60a
NE 46.62 + 9.04d 8.28 +2.17a 6.29 + 3.52a 17.94 + 3.88a 8.27 + 1.43b 5.72 + 0.63a
15-30 cm
AL - - 12.33 + 1.87a 26.54 + 14.53a 46.27 + 18.88b 8.37 + 3.20a
PA 46.62 + 9.04cd 578 + 3.13a 22.00 + 11.71a 34.44 + 18.88a 13.61 + 5.20b 6.69 + 0.94a
GE 31.28 + 14.05ab 16.48 + 3.64a 22.10 * 12.49a 7.71 + 3.05a 12.89 + 4.36a 4.01 + 1.33a
NE 7.76 + 2.52d 6.00 + 1.00a 12.33 + 1.87a 37.59 + 8.26a 17.32 + 6.85b 7.05 + 1.60a
30-45 cm
AL - - 28.62 + 8.65a 32.43 + 19.15a 21.60 + 6.54b 7.21 + 1.48a
PA 13.00 + 4.58cd 14.33 + 4.04a 18.28 + 11.84a 21.11 + 8.83a 19.16 + 5.68b 5.78 + 1.36a
GE 53.18 + 7.77ab 12.52 + 6.95a 10.40 + 2.46a 7.54 + 3.00a 7.00 + 4.82ab 3.62 + 1.36a
NE 50.67 + 9.24d 11.88 + 5.59a 9.51 + 5.10a 11.58 + 3.35a 9.00 + 2.26b 4.48 + 0.92a

Values are mean + standard error. Values with different letters indicate significant differences (analysis of variance; P<0.05) within the same aggregate. AL, Arable land; GE, Grassland exclosures; PA, Pasture; and NE, Natural exclosures.
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Aggregate stability parameters. Mean weight diameter (MWD), GMD (Geometric mean diameter), R0.25; aggregates >0.25 mm. Different letters
indicate significant differences between land use types and soil depths (analysis of variance; P<0.05). AL, Arable land; GE, Grassland exclosures; PA,

Pasture; NE, Natural exclosures.

types. In comparison with the other land use types, NE resulted in
greater SOC stocks in macro and mesoaggregates (>4.75 mm and
4.75-2.00 mm) at the 0-15 cm and 30-45 cm soil depths (Figure 5).
Compared with the other land use types, GE resulted in the highest
SOC stocks in the 2.00-1.00 mm aggregate size fraction at 0-15 cm,
with the SOC stocks decreasing with depth, and the lowest value
(1965 kg C m™?) was recorded at 30-45 cm. The SOC stocks in the
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1.00-0.50 mm aggregate size class did not differ significantly (P >
0.05) among the soil depths and land use types. However, in the
0.50-0.25 mm aggregate fraction, land use type had a substantial
effect on SOC levels, with AL resulting in greater SOC stocks.
Nevertheless, no significant differences (P>0.05) were detected
among the soil depths. The SOC stocks in the <0.25 mm fraction
was the lowest among all aggregate size classes, and neither soil
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depth nor land use types had a significant (P > 0.05) effect on
their concentrations.

Land use types had a significant (P < 0.001) effect on the SOC
stocks in the bulk soil, according to the two-way ANOVA result.
Across all depths, NE had the highest SOC stores overall (Figure 6).
The SOC stocks at 0-15 cm was greatest in NE (250 kg C m™2),
followed by AL (80 kg C m™?). On the other hand, the SOC stocks in
AL tended to decrease with depth. The impact of land use types on
SOC stocks varied with depth. At 0-15 cm, the SOC stocks followed
the order NE > AL > PA > GE, whereas the following decreasing
pattern of SOC stocks was observed (NE > GE > AL > PA) at 15-30
cm. At 30-45 cm, the SOC stocks followed the sequence NE > GE >
PA > AL

To assess the relationship between aggregate-associated and
bulk soil organic carbon stocks, a simple linear regression analysis
was conducted (Figure 7). The linear model was statistically
significant. However, in some cases, there were weak to no
correlation scenarios between the SOC in the aggregates and bulk
soils. The bulk soil organic carbon stocks were more significantly
related to the macroaggregates (>4.75 mm and 4.75-2.00 mm), with
coefficients of determination (R) of 0.34 and 0.2, respectively, than
to the mesoaggregates (0.5-0.25 mm and <0.25 mm). This finding
indicates that only a small proportion of the variation in large
aggregate-associated SOC can be explained by bulk SOC.

Frontiers in Soil Science

4 Discussion

4.1 Soil properties

The particle size distribution analysis result shows that all the
soils at the three depths consistently had clay contents above 30%.
This is in agreement with the soil map of the region (26), which
classified the soils of Pandamantenga as Vertisols, given that they
contain vertic layers (clayey subsurface horizons with polished and
grooved ped surfaces known as slickensides) and wedge-shaped
parallelepiped structural aggregates. The high clay content of the
soils can be attributed to the nature of the parent material, basalt.
Parent material has been proven to be an active factor in soil
formation. In Botswana, Vertisols are quite limited and, where
available, are extensively used for agriculture because of their ability
to retain moisture (27).

The soil bulk density pattern in pastures was non-uniform. In
NE and GE, it increased with depth, and declined with depth in AL.
The highest bulk density (1.3 g cm™) was recorded at the 0-15 cm
depth of AL, whereas the lowest value (0.8 g cm™) was found in GE
(Supplementary Table S1). The pattern seen in the bulk density
results could be attributed to the influence of land use, such as
tillage in the arable land, texture, organic matter, and moisture
content. Due to their high clay contents, the physical properties of
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TABLE 3 The distribution of aggregate-associated organic carbon at a soil depth of 0—45 cm across various land use.

1.0-0.50 mm 0.5-0.25 mm <0.25 mm
0-15cm
AL - - 0.40 + 0.35cd 0.48 + 0.30bc 0.47 + 0.23cde 0.73 + 0.45a
PA 1.11 + 0.16a 1.04 + 0.13ab 1.00 + 0.07bc 0.90 + 0.14abc 0.71 + 0.11ab 0.60 + 0.20a
GE 1.24 +0.32a 1.31 + 0.08a 1.09 + 0.00a 1.04 + 0.23a 0.91 + 0.04a 0.89 + 0.07a
NE 1.74 + 0.43a 2.37 + 0.50b 1.61 + 0.16bcd 1.44 + 0.23bc 1.14 + 0.10bcd 1.04 + 0.06a
15-30 cm
AL - - 0.67 + 0.13d 0.50 + 0.26¢ 0.23 + 0.01de 0.46 + 0.62a
PA 1.50 + 0.64a 1.56 + 0.54b 0.76 + 0.05bc 0.77 + 0.04abc 0.65 + 0.20ab 0.44 + 0.30a
GE 1.24 +0.29 0.96 + 0.14ab 1.03 + 0.08ab 0.96 + 0.06ab 0.89 + 0.07ab 0.39 + 0.35a
NE 1.81 + 0.14a 1.83 +0.11b 1.24 + 0.21bcd 0.96 + 0.29bc 0.90 + 0.07bcd 0.74 + 0.12a
30-45 cm
AL - - 0.38 + 0.35d 0.70 + 0.14c 0.38 + 0.18¢ 0.77 + 0.20a
PA 1.62 + 0.24a 1.91 + 0.04b 0.82 + 0.14bc 0.84 + 0.06abc 0.58 + 0.16abc 0.60 + 0.26a
GE 1.31 +0.39% 1.17 + 0.26ab 0.91 + 0.06abc 0.91 + 0.06abc 0.82 + 0.00ab 0.72 + 0.06a
NE 1.97 + 0.80a 1.85 + 0.91b 1.03 + 0.16bcd 0.95 + 0.08bc 0.87 + 0.10bcde 0.79 + 0.11a

Values are mean + standard error. Values with different letters indicate significant differences (analysis of variance; P<0.05) within the same aggregate. AL, Arable land; GE, Grassland exclosures; PA, Pasture; and NE, Natural exclosures.
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depths (analysis of variance; P<0.05) within each aggregate size. AL, Arable land; GE, Grassland exclosures; PA, Pasture; and NE, Natural exclosures.

Vertisols are generally affected by moisture content due to their
characteristic shrinking and swelling (28). The relatively high bulk
density of the soils is also attributed to the low content of organic
matter. High organic matter content has been reported to lower soil
bulk density (29).

For the most part, the pH of the soils exceeded 7, indicating they
are alkaline. It is very common to find alkaline soils in Botswana and
semi-arid soils in general due to low rainfall, which promotes the
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accumulation of basic cations at and near surface soils (30, 31). Based
on the soil salinity classes, the soils are non-saline, given that the values
were below 2000 uS cm™. The non-salinity of the soils could be
attributed to the location of the study area on alluvial Plains, which
from time to time is subjected to an influx of water. With regards to
the nutrients (basic cations), the parent material could have played an
important role. Ultrabasic rocks like basalt are known to have high
calcium content, and this is quite evident from the high contents of
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Ca®" in the soils. The calcium is actively involved in the formation of
pedogenic carbonates in soils. In semi-arid environments, soil
inorganic carbonates play key roles in terrestrial carbon cycling (32).
Parent materials and anthropogenic sources account for basic cations
in soils. Therefore, given the uniformity of parent materials in the
Plains, variations in the content of nutrients could be attributed to
human influence and land use.

4.2 Soil aggregate parameters and land use

The factor analyses (Supplementary Figure S3) show that arable
land was mostly associated with meso and microaggregate fractions,
suggesting a shift toward microaggregate dominance under this
land use regime. This pattern aligns with the findings of (33), who
reported that agricultural land tends to have a higher proportion of
microaggregates, which may result from the physical disruption of
macroaggregates due to conventional management practices.

In contrast, macroaggregates (mostly >4.75 mm and 4.75—2.00
mm) were observed in both NE and GE. These land use types also
recorded higher MWD, GMD, and R0.25 as compared to AL. This
can be associated with the fact that soil aggregate stability is
primarily regulated by binding agents between soil particles, with
organic materials being the most prominent in these soils (34).
Factor analyses showed that BSOC was mostly linked to NE and GE
(Supplementary Figure S3), where leaf litter and root exudates from
plant biomass contributed to the soil organic matter. Organic
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matter increases soil aggregation through enhancing microbial
activity, resulting in cementing agents that bind soil particles
together to form large and stable aggregates (35). Lower SOC
levels in AL soils, in comparison, could reflect reduced organic
matter inputs and increased rates of SOC mineralization. This is
consistent with reports by (36) who found that forest soils had
higher MWD and GMD and more resilient macroaggregates than
cultivated soils. Similarly, previous studies (37-39) show that long-
term conservation tillage (as obtained in arable land) can promote
WSA macroaggregates, improve MWD, and enhance SOC content
and storage. These insights support the broader understanding that
land use management significantly influences soil structure and
carbon dynamics. Furthermore, higher MWD and GWD can be
attributed to the recurring wetting and drying (WD) of the soils and
higher clay contents. Large aggregates are therefore formed as a
result of WD being encouraged by the high clay concentration in
the soils under natural and grassland exclosures. The findings
highlight the effects of land use change and management
approaches on soil structure and aggregate size distribution,
highlighting the necessity of sustainable land management in
preserving soil stability and function.

For aggregate-associated SOC in the land use regimes, our
findings align with earlier research, indicating that aggregate-
associated SOC varies for aggregate size and land use regimes
(40-42). All aggregate fractions in NE showed increases in OC
concentrations (Supplementary Figure S4). In addition, fast
turnover aggregate fractions, such as the macroaggregates (>
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Aggregate associated organic carbon stocks per land use. Different letters indicate significant differences between land use types and soil depths
(analysis of variance; P<0.05) within each aggregate size (mm). SOC stocks expressed in kg C m=2). AL, Arable land; GE, Grassland exclosure; PA,

Pasture; and NE, Natural exclosure.

4.75 mm, 4.75-2.00 mm, and 2.00—1.00 mm), showed greater
increases in OC concentrations in natural and grassland
exclosures (Table 3). The greater SOC content in macroaggregates
observed in this study can be explained by the hierarchical soil
aggregation theory (43). According to this theory, organic
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cementing agents such as root exudates, fungal hyphae, and
polysaccharides bond together smaller soil particles (e.g., silt and
clay) to produce macroaggregates. As the binding agent
concentration increases, the SOC becomes more stable within
larger aggregates, reducing degradation by soil microorganisms.
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These results are consistent with the results of (44) study, which
found that the majority of SOC was deposited in macroaggregates,
indicating that organic materials were the primary binding agent for
aggregates in their soils.

Interestingly, our factor analysis (Supplementary Figure 54) also
showed that AL lacked a significant amount of aggregate-associated
organic carbon. This pattern indicated the loss of protective
aggregate structures and reduced organic matter inputs. The
breakdown of macroaggregates in AL likely increased the
exposure of SOC to microbial decomposition, contributing to
carbon loss. These findings support earlier studies such as (45),
which reported that land conversion to agriculture leads to
macroaggregate disintegration and SOC redistribution or depletion.

Due to the addition of significant amounts of plant debris to the
soil, the no-tilled ecosystems (such as NE and GE) caused fine soil
particles to aggregate or increased root exudates, which is why the
outcomes were anticipated. The less soil disturbance in NE aided in
shielding SOM from microbial degradation in various aggregate-
size classes, which in turn promoted the formation of physically
stable soil macroaggregates (46). In addition (47), reported that in
the forests of Desa'a and Hugumburda, Ethiopia, macroaggregates
had higher organic carbon levels than microaggregates, particularly
in the surface layer, which suggested that macroaggregates play a
crucial role in the retention of organic carbon in their study. These
findings imply that macroaggregate dynamics may have a bigger
impact on the long-term carbon sequestration potential in these
soils than direct land use effects on microaggregates, since
microaggregates are known to shield SOC from microbial
decomposition over longer timescales (48).
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4.3 Soil organic carbon stocks and
management implications

Soil depth had a substantial impact on SOC stocks across the land
use types. Overall, greater SOC stocks were found in the topsoil (0-15
cm), with a significant decrease in deeper layers (Figure 5). This
pattern is compatible with the accumulation of new organic matter
on the soil surface, which is mostly sourced from plant biomass, litter,
and root residues, supported by dense fine root networks. However,
there was one exception in NE, where SOC stocks were larger in the
30-45 cm layer than in the 15-30 cm layer. This anomaly could be
due to the downward migration of dissolved organic carbon (49),
deep-rooting vegetation, or enhanced microbiological contributions
(50). This tendency is consistent with (51), who observed a similar
SOC increase in deeper layers following an initial fall, and it could be
attributed to mechanisms such as bioturbation, mixing by soil fauna,
or leaching and illuviation. Earthworm activity, particularly by anecic
species, can transfer considerable amounts of surface organic matter
into subsoil strata via burrows and middens (52), hence increasing
SOC accumulation at lower depths. In a related study (53), reported
higher SOC stocks in the upper soil layers in forest soils. The tree's
deeper root systems accumulate more biomass, which is shielded
from decomposition due to slower oxygen diffusion and substrate
restriction (54). In contrast, grassland exclosures showed rising SOC
stocks with depth, possibly due to periodic veldfires, which might
have depleted carbon while promoting carbon stabilization in subsoil
layers via resistant root biomass. Additionally (55), found similar
findings, with grasslands having more SOC adsorption capacity than
cultivated fields.
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Linear relationships between organic carbon stocks within different aggregate size classes and total (bulk) soil organic carbon stocks.

Our findings further show that arable land held more organic
carbon stocks in the surface soils than in the subsoils. However,
since SOC stocks were calculated using BD as a multiplying factor,
the elevated values in arable soils may be more indicative of
increased soil compaction resulting from repeated tillage and
heavy machinery use than of higher organic carbon
concentrations. Likewise, arable land exhibited higher SOC stocks
in the upper surface (0-15 cm) in the 0.5-0.25 mm fraction. This
may be attributed to frequent tillage, which might have promoted
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aggregate turnover by fragmenting larger aggregates into smaller
aggregates and transferring carbon into this finer aggregate size
(56). These findings highlight the importance of focused soil
conservation methods, such as minimal soil disturbance and
vegetative cover, to increase SOC sequestration, improve soil
fertility, and promote long-term crop production.

The results of this study emphasize the necessity of preserving
stable macroaggregates in order to maximize soil quality and SOC
sequestration. In semiarid alluvial ecosystems like Pandamatenga
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Plains, land management techniques that promote the development
of macroaggregates and soil moisture conservation, such as reduced
tillage, organic supplements, and vegetation restoration, may be
crucial in reducing carbon losses and enhancing soil health. These
practices not only promote aggregate stability but also help to
ensure the long-term resilience and sustainability of agricultural
systems in dryland environments.

5 Conclusion

This study assessed the differential impacts of land use regimes
on soil aggregate stability and soil organic carbon (SOC) storage in
the semi-arid Vertisols of the Pandamatenga Plains, northern
Botswana. The findings suggest that land use significantly affects
soil structural characteristics and organic carbon dynamics.
Exclosures supported higher macroaggregate formation and
greater aggregate stability, as indicated by increased mean weight
diameter and geometric mean diameter. These land use regimes also
showed higher aggregate-associated SOC, particularly within
macroaggregate fractions. In contrast, arable land recorded
reduced macro aggregation, lower stability indices, and a
dominance of smaller aggregates. Although higher surface SOC
stocks were observed in arable land, the overall structure was more
vulnerable to degradation, suggesting possible limited carbon
protection. The study further revealed that finer soil particles
(clay and silt) positively influenced aggregate stability, while sand
content had a negative effect. Strong positive relationships between
aggregate stability indices and SOC content reinforce the central
role of organic matter in soil structural stability and functioning.
This study emphasizes the importance of sustainable land use
management, such as reduced soil disturbance, organic matter
inputs, and vegetation restoration, to promote macroaggregate
formation and enhance SOC sequestration. Such practices are
essential for improving soil health, reducing erosion, and building
climate resilience in dryland agricultural systems. Future research
should include long-term monitoring across seasons and explore
biological drivers of aggregation to better inform land use strategies
that enhance carbon retention and soil sustainability.
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