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Abstract: Labile organic carbon (OC), a dynamic component of soil organic carbon (SOC),
is essential for improving soil health, fertility, and crop productivity, particularly when
organic and inorganic amendments are combined. However, limited research exists on the
best amendment strategies for restoring degraded gleyic solonetz soggy sodic (GSSS) soils
in West Africa’s coastal zones. A three-year field study (2017-2019) assessed the effects of
various combinations of organic (mature or composted cow dung, with or without biochar)
and inorganic inputs on soil organic carbon fractions, total carbon stocks, and the Carbon
Management Index (CMI) in GSSS soils of Sege, Ada West District, Ghana. The results
showed that organic and inorganic combinations outperformed the sole inorganic NPK
treatment and the control, particularly in the topsoil. Composted cow dung with mineral
fertilizer (CCfert) was especially effective, significantly increasing labile OC, SOC stock, and
CMI by 35.3%, 140.5%, and 26% in the topsoil compared to the control and by 28%, 77.8%,
and 4.3% compared to NPK alone. In the subsoil, mature cow dung-based treatments
performed better. These findings highlight the potential of integrated organic and inorganic
strategies, especially those based on composted manure, to rehabilitate degraded sodic
soils, build carbon stocks, and improve soil quality for sustainable agriculture in coastal
West Africa.

Keywords: organic carbon dynamics; carbon stock; fertility; soil health; labile carbon

1. Introduction

The integration of organic and inorganic soil amendments is essential for enhancing
labile organic carbon (LOC) and soil organic carbon (SOC), both of which play a critical
role in restoring soil health, fertility, and agroecosystem productivity worldwide [1]. Labile
organic carbon, the readily decomposable fraction of SOC, serves as a key energy source
for soil microorganisms that drive nutrient mineralization. SOC, derived from decomposed
plant and animal biomass, is fundamental to sustaining soil fertility. However, in many
urban and peri-urban agricultural systems, intensive continuous cropping—necessitated
by land scarcity and the increasing demand for food—limits smallholder farmers’ ability
to maintain adequate SOC levels [2,3]. The absence of fallow periods and repeated crop
harvesting depletes plant biomass and soil organic matter (SOM), leading to slow or
minimal accumulation of SOC and its labile fractions [2]. These challenges are further
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compounded by rising fertilizer costs and limited access to inorganic amendments such as
sulfate of ammonia, triple superphosphate, and NPK fertilizers at the recommended rate
of 60 kg ha~! [3]. Additionally, the restricted availability of low-input organic fertilizers
exacerbates soil degradation as the lack of SOM and SOC reduces soil nutrient retention and
water-holding capacity, increasing the risks of nutrient leaching and erosion and declining
soil fertility and crop yields [4].

To address these challenges, researchers have been promoting integrated soil fertility
management (ISFM)—which includes a range of organic and inorganic amendments—
that has been explored to enhance SOC accumulation and improve soil health, fertility,
and productivity [5]. Organic amendments, including cow dung, compost, and biochar,
provide sustainable alternatives for replenishing soil nutrients and enhancing microbial
activity [5-7]. Compost and animal manure contain a diverse array of essential nutrients,
while biochar offers a stable carbon source, contributing to long-term SOC sequestration
and soil quality restoration [1,8-10]. However, the separate application of organic and inor-
ganic fertilizers has been shown to yield suboptimal results compared to their combined
use as an integrated soil fertility management strategy. The synergistic effects of integra-
tion stem from the buildup of SOM and SOC and the synchronization of slow nutrient
release from organic amendments with the rapid availability of nutrients from inorganic
fertilizers [11,12]. This combined approach has been widely recognized as an effective
strategy for improving soil fertility, quality, and long-term productivity [13,14].

The Carbon Management Index (CMI) serves as a valuable tool for assessing the
impact of agricultural management practices on soil health and quality [15-18]. Long-term
studies have demonstrated that integrated soil fertility management (ISFM) significantly
enhances CMI, reinforcing its role in promoting sustainable soil management [19].

Despite growing evidence supporting ISFM, research on its application in specific soil
types, especially coastal soggy sodic soil, remains limited. These soils, such as the gleyic
solonetz soils in Sege, Ada West District, Ghana, are characterized by poor drainage, high
sodicity, and inherently low fertility. They are highly vulnerable to degradation, making
them a critical target for sustainable soil-management interventions. Yet, there is a dearth
of empirical studies assessing how integrated organic and inorganic amendments affect
SOC dynamics and soil quality in these unique soil systems. This study aims to fill this
knowledge gap by investigating the effects of locally available organic amendments—cow
dung, compost, and biochar—in combination with inorganic fertilizers on soil carbon
fractions, total carbon stocks, and the Carbon Management Index (CMI) in Sege’s coastal
soggy sodic soils. The research specifically addresses the following scientific questions:

1.  How do integrated organic and inorganic amendments influence labile organic carbon,
soil carbon fractions, and total SOC in gleyic solonetz soils?
2. What is the effect of these amendments on the Carbon Management Index (CMI)?

This study seeks to address this gap by investigating the effects of applying locally
available organic amendments such as cow dung, compost, and biochar alongside inorganic
fertilizers on soil organic carbon fractions, total carbon stocks, and CMI in the coastal soggy
sodic soils of Sege in Ada West District, Ghana. Understanding the potential benefits of
integrated soil fertility management in low-fertility coastal gleyic solonetz soils is essential
for developing sustainable strategies to enhance soil health, fertility, and agricultural
productivity. The findings from this study will provide valuable insights into optimizing
nutrient management practices and improving the resilience of degraded coastal soils.
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2. Materials and Methods
2.1. The Study Area

This study was conducted at experimental research sites managed by the Organic
Resource Management for Soil Fertility (ORM4Soil) Project, located in Sege, within the Ada
West District of the Greater Accra Region, Ghana (Figure 1). Sege lies between latitudes
5°45" Sand 6°00’ N and longitudes 0°20’ W and 0°35’ E, encompassing the Songhor Lagoon
and the Songhor Salt Mining Factory. This region falls within the eastern coastal savannah
agro-ecological zone of Ghana, near the Gulf of Guinea in West Africa.
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Figure 1. Map of the study area.

The vegetation is characterized by short savannah grasses interspersed with shrubs
and small trees [20]. Rapid urbanization, driven by population growth and the expansion of
coastal communities along the West African coastline, is transforming the landscape [21,22].
The area’s climate is typically warm, with average temperatures ranging between 23 °C
and 28 °C, though they can rise to 33 °C during particularly hot seasons. Annual rainfall
averages 750 mm.

The soils in the study area are primarily gleyic solonetz [23], characterized by high
sodium content, poor drainage, and susceptibility to waterlogging due to seawater in-
trusion. These sodic soils exhibit dense columnar or prismatic structures with mottling,
making them challenging for agriculture due to low permeability and poor workabil-
ity [23,24]. A high groundwater table and a distinct hardpan (natric) horizon, located
within 100 cm of the soil surface, further constrain soil productivity [24]. The common food
crops grown in the area are watermelon, tomatoes, pepper, maize, and cassava [20].

2.2. Experimental Design and Treatments

This study was designed as a Randomized Complete Block Design (RCBD) with seven
treatments replicated four times at the gleyic solonetz soggy sodic (GSSS) site from 2017
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to 2019. The treatments comprised various combinations of organic and inorganic soil
amendments, namely:

1. MCfert [matured cow dung + sulfate of ammonia + triple superphosphate] MCbiofert
[matured cow dung + sulfate of ammonia + biochar + triple superphosphate].
2. CCfert [composted cow dung + sulfate of ammonia + triple superphosphate (TSP)].

w

CCbiofert [composted cow dung + biochar + sulfate of ammonia + triple superphosphate].

4. MC + CCfert [matured cow dung + composted cow dung + ammonium
sulfate + triple superphosphate].

5. NPK[15:15:15]—15% nitrogen (N), 15% Phosphorus (P), and 15% potassium (K).

6. The reference soil was an uncultivated natural soil, which served as the control.

The TSP (Ca(H;POy),-H,0) applied contains 46% P,Os5 (phosphorus pentoxide) and

ammonium sulfate (NHy4)25S04) contains 21% nitrogen and 24% sulfur (S).

Based on Lehmann and Joseph [1], it was hypothesized that the combined application
of compost, animal manure, biochar, and inorganic fertilizers would enhance labile soil or-
ganic carbon (SOC) fractions, total carbon stock, and the Carbon Management Index (CMI)
more effectively in the following order: uncultivated soil < NPK < MCfert < MCbiofert <
CCfert < CCbiofert < MC + CCfert. The CMI of uncultivated soil, serving as the reference
(control), was expected to be higher than that of cultivated soils [15]. While NPK fertilizer
may increase CMI compared to unfertilized controls, its effect is generally less pronounced
than that of organic amendments [19,25].

The application of cattle manure (cow dung), biochar, and compost individually is
expected to result in higher CMI values compared to inorganic fertilizers alone [6,19,25].
However, the combined use of organic and inorganic amendments is hypothesized to
yield the highest CMI values and improve crop productivity [19,25]. In other words, while
organic amendments are anticipated to outperform inorganic fertilizers consistently, their
integration is expected to maximize CMI and agricultural productivity [6,19,25].

2.3. Soil Sampling and Measurements of Physical and Chemical Properties

Samples of the treated soils were taken randomly at 0-15 cm (topsoil) and 15-30 cm
(subsoil) depths during the cropping seasons of each year. For each plot, five cores of
soil samples were taken and thoroughly mixed to form a composite. An uncultivated
site near the experimental plot served as the control soil (reference site). A total of
60 composite soil samples were air-dried at room temperature, crushed, and sieved through
a 2 mm mesh for physical and chemical analysis. Particle size distribution or fraction of
the soil samples was determined using the modified Bouyoucos hydrometer method [26].
Approximately 50 g of air-dried, sieved (<2 mm) soil was dispersed in a solution of 5%
sodium hexametaphosphate and distilled water. The suspension was thoroughly mixed
using a mechanical shaker for 16 h to ensure complete dispersion of soil aggregates. After
shaking, the suspension was transferred to a 1-L sedimentation cylinder and brought to
volume with distilled water. A calibrated hydrometer was used to measure the density
of the suspension at specific time intervals (40 s for sand and 2 h for clay fractions) at
20 °C. Readings were corrected for temperature and blank solution values. The relative
proportions of sand, silt, and clay were calculated based on the hydrometer readings using
standard Bouyoucos equations. Soil electrical conductivity (EC) and pH were measured in
a 1:1 ratio (soil-water) using an electrode Oakton pH meter (Oakton Instruments, Vernon
Hills, IL, USA). The soil organic carbon (SOC % = g/kg) was determined using Walkley
and Black’s [27] method. Total SOC stock (%) was calculated using the bulk soil density
approach (SOC stock = SOC x bulk density x soil depth). Using Kjeldahl’s method [28],
total Nitrogen (TN) was determined, while available P was measured through Bray’s P1
method [29]. In addition, soil exchangeable bases (Ca, K, Mg, and Na) were extracted with



Soil Syst. 2025, 9, 62

50f18

100 mL of normal ammonium acetate (NH4OAc), buffered at pH 7, and quantified using an
atomic absorption spectrometer (PINAAcle 900T, Perkin Elmer Inc., Waltham, MA, USA).

2.4. Initial Soil Chemical Analysis

A preliminary data analysis was performed to determine the soil chemical properties
of the biochar, compost, and cow dung). The preliminary data (Tables 1 and 2) helped
in computing the soil organic Carbon Management Index (CMI), total carbon stock, and
fractional carbon in the treated soils. The total organic carbon (TOC) in the soil samples
was determined using the dry combustion method with a TOC analyzer (LECO TruSpec
CN Analyzer by LECO Corporation, Michigan, USA) equipped with a high-temperature
furnace and non-dispersive infrared (NDIR) detector. Inorganic carbon was removed
by pre-treating subsamples with dilute hydrochloric acid (HCl) to eliminate carbonates.
The treated samples were then combusted at approximately 950 °C in the presence of
oxygen, converting organic carbon to CO,, which was quantified by the NDIR detector.
TOC concentrations were calculated based on a calibration curve prepared using certified
reference materials.

Table 1. Initial soil chemical properties at the site before the experiment at Sege.

Soil pH EC CEC Ca Mg K Na Avail. P ocC TN C/N OM
Depth/

Sll‘jlit (1:1) dS/m cmol Exchangeable Bases (cmol/kg) (cmol/kg) (%) (%) %
0-15 cm 49 0.08 8.1 0.43 0.36 0.06 0.4 14.48 0.17 0.05 1:03 0.29
152;30 52 0.05 7.7 0.36 0.23 0.04 0.2 14.06 0.11 0.04 1:6 0.19

Table 2. Initial chemical properties of biochar, compost, and cow dung before the experiment.

Chemical Properties Biochar Manure Compost

pH 6.8 8 7.4

EC (dS/m) 5.5 8.6 6.2
CEC (cmol) 82.1 27.9 21.4
Ca (cmol/kg) 3.0 6.5 4.2
Mg (cmol/kg) 74 8.1 6.4
K (cmol/kg) 0.64 1.0 0.74
Na (cmol/kg) 0.33 0.93 0.56
Available P (%) 66.1 91.0 77
OC (%) 37.8 8.0 7.6
TN (%) 0.49 0.69 0.55
C/N 77:1 12:1 11.1

The CMI comprehensively measures the impact of agricultural land management
practices on soil organic carbon and quality, which are crucial for determining soil health,
fertility, and carbon sequestration [15]. The process involved estimating labile carbon (LC),
which defines the easiest decomposable fraction of SOC. The LC was determined using
the procedure described by Blair et al. [15]. A highly reactive LC signifies the amount of
oxidizable carbon by 333 mM KMnO, C. Based on the LC, the CMI was calculated for both
soil depths using Equations (1) and (2).

TOC; L

ToC,; x L x 100 (1)

CMI =

CMI = CPI x LI x 100 )
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where TOC; represents the total organic carbon (TOC) present in the treated soil; TOC, ¢
represents the TOC in the reference soil. The ratio of TOC; to TOC, estimates the soil
Carbon Pool index (CPI), while the Lability Index (LI) was measured using the ratio of
labile carbon (Ls) to the non-labile carbon fraction adjusted to the reference value (L,f). A
high lability (L = %CC) implies that a greater proportion of the TOC is easily decomposable,
available for microbial activity, and can quickly supply nutrients for plant uptake but it
may also mean less stable carbon storage [15]. A CMI > 100 implies the treatment led to an
increased lability and TOC compared to the reference soil. Carbon Pool index (CIM) = 100
implies no change, meaning the treated soil had the same levels of lability and TOC as the
reference soil condition. A CMI < 100 implies the treatment resulted in a decreased lability
and/or TOC compared to the reference condition.

2.5. Statistical Analysis

Descriptive statistics (%, mean, and standard deviation) and Analysis of Variance
(ANOVA) were employed using GenStat (12th edition). Duncan’s Multiple Range Test
(DMRT) at 5% (soil data) probability level was used to determine the significant differences
in treatment means and the effects of the measured soil parameters.

3. Results
3.1. Initial Chemical Properties of Soil, Biochar, Compost, and Cow Dung Before the Experiment

The initial chemical properties of the topsoil (0-15 cm) and subsoil (15-30 cm) before
the experiment are summarized in Table 1. The topsoil exhibited slightly lower pH (4.9) and
higher electrical conductivity (EC) (0.08 dS/m) compared to the subsoil. Cation exchange
capacity (CEC) was marginally higher in the topsoil (8.1 cmol) compared to the subsoil
(7.7 cmol). Exchangeable bases (Na, Mg, K, and Ca) were generally more concentrated
in the topsoil than in the subsoil. Similarly, available phosphorus, organic matter, and
organic carbon levels were higher in the topsoil, while total nitrogen was slightly higher
at the surface. These variations indicate potential differences in soil fertility and nutrient
availability at different depths.

The initial chemical properties of cow dung, biochar, and compost ranged from neutral
to alkaline (Table 2). Cow dung had the highest pH (8.0), followed by compost (7.4) and
biochar (6.8). The total nitrogen content was highest in cow dung, followed by compost
and biochar (cattle manure > compost > biochar). Biochar recorded the highest organic
carbon (OC) content and cation exchange capacity (CEC), highlighting its potential for soil
amendment.

3.2. The Effect of Soil Amendments on Physical Properties of the Sodic Soggy Gleyic Solonetz Soil
After Application of Treatment at Sege

The effects of soil amendments on the physical properties of the topsoil (0-15 cm)
and subsoil (15-30 cm) after the 2019 cropping season are summarized in Table 3. The soil
bulk density before the treatment application was 1.61 g cm 3 and 1.64 g cm 2 for the
0-15 cm and 15-30 cm depths, respectively. Soil bulk density was significantly influenced
by the treatments (p < 0.05). Among the amendments, CCbiofert resulted in the lowest bulk
density (1.51 g cm~2) in the topsoil, while the control recorded the highest (1.63 g cm~3).
In the subsoil, the MCbiofert and MC + CCfert treatments had the lowest bulk density
(1.60 g cm~3), whereas the control had the highest bulk density value.

The treatment did not significantly influence the particle size distribution (p < 0.05)
except for the silt fraction in the topsoil. No significant (p > 0.05) differences were recorded
for particle size distribution (sand, silt, and clay) in the subsoil. Hence, soil texture (loamy
sand) was not significantly different in all treatments (Table 3).
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Table 3. Soil bulk density and particle size distribution.
Treatments Soil Bulk Density % Sand % Silt % Clay Texture
0-15 cm
MCfer 1.56 ab 89.2a 5.0 ab 58a Sand
MCbiofert 153 a 88.3 a 5.0 ab 6.7 a Loamy sand
CCfert 1.54a 87.5a 58D 6.7 a Loamy sand
CCbiofert 151a 87.5a 5.0 ab 75a Loamy sand
MC + CCfert 1.56 ab 88.3 a 58b 58a Sand
NPK 1.61 bc 87.5a 5.0ab 75a Loamy sand
Uncultivated Soil 163 c 89.2a 33a 75a Sand
Alone
L.S.D. (0.05) 0.06 1.7 1.7 2.0
15-30 cm
MCfert 1.65a 88.3a 33a 83a Loamy sand
MCbiofert 1.60 a 879a 33a 8.8a Loamy sand
CCfert 1.61a 87.5a 3.8a 8.8a Loamy sand
CCbiofert 1.63a 88.8 a 3.8a 75a Loamy sand
MC + CCfert 1.60a 87.5a 3.8a 8.8a Loamy sand
NPK 1.63 a 88.3 a 33a 83a Loamy sand
Soil Alone 1.63 a 87.5a 42a 83 a Loamy sand
L.S.D. (0.05) 0.06 1.8 22 22
Value 1 (a) is significantly different from value 2 (b) and value 4 (c); value 2 (b) is significantly different from value
1 (a) and value 4 (c); value 3 (ab) is not significantly different from value 1 (a) or value 2 (b) but is significantly
different from value 4 (c); value 4 (c) is significantly different from all other values (a, b, and ab).
3.3. The Effect of Soil Amendments on Chemical Characteristics of Gleyic Solonetz Soil at Sege
The results of the soil chemical analysis from the 2019 cropping season experimental
site are presented in Tables 4 and 5, indicating slightly acidic soil conditions. As shown in
Table 5, at a 0-15 cm depth, the MCbiofert treatment recorded the highest pH (6.0), while
the control had the lowest (5.6). In contrast, at 15-30 cm, the control soil exhibited the
highest pH (6.0), whereas MCbiofert recorded the lowest (5.6).
Table 4. Organic carbon stock, available P, and C/N ratio of sodic soggy gleyic solonetz soil at Sege.
0-15cm 15-30 cm
Treatments ~ OC(%) 0%  N@)  AVP  oce K N@w)  AvP
(c/ha) (c/ha)
MCfert 0.29 ¢ 6.76 c 0.04a 16.38 b 0.15ab 7.57 c 0.053 b 15.03 ab
MCbiofert 0.35d 8.08 d 0.08 b 16.32Db 0.16 c 7.64c 0.121c¢ 15.11 ab
CCfert 0.37d 8.58 d 0.14c 19.15¢ 0.15ab 7.07 be 0.120 ¢ 15.73 bc
CCbiofert 0.36d 8.14d 0.18d 18.62 c 0.15ab 7.14 bc 0.050 ab 1641 c
MC + CCfert 0.19 ab 4.34 ab 0.05a 1691 b 0.15ab 7.32 bc 0.053 b 14.35a
NPK 0.20b 4.82b 0.12c 16.38 b 0.12 ab 5.84b 0.070 b 1427 a
Soil Alone 0.15a 3.57a 0.04 a 14.33 a 0.09 a 424a 0.027 a 14.29 a

Values within a column followed by the same letter are not significantly different at p < 0.05.

Soil amendments significantly (p < 0.05) influenced total soil organic carbon at both
depths. All treatments enhanced organic carbon levels in the topsoil (0-15 cm) compared to
the control (Table 4). CCfert recorded the highest organic carbon content (0.37%), while the
control had the lowest (0.15%). In the subsoil (15-30 cm), organic carbon content ranged
from 0.09% to 0.16%, with CCbiofert exhibiting the highest (0.16%) and the control the
lowest (0.09%). However, no significant differences (p > 0.05) were observed among the
treatments (MCfert, CCfert, CCbiofert, MC + CCfert, and NPK) (Table 4).
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Table 5. Treatment effects on chemical properties of sodic soggy gleyic solonetz soil at Sege.
Treatment pH EC CEC Ca Mg K Na
(Water) dSm-1)  (cmol kg™1) (cmol/kg)

0-15cm
MCfert 59a 0.04b 3.0d 1.8d 094d 0.068 e 0.220 f
MCbiofert 6.0a 0.05b 21b 1.3b 0.48 a 0.063d 0.166 a
CCfert 5.8a 0.04b 29d 19e 0.80c 0.067 e 0.196b
CCbiofert 59a 0.05b 27c¢ 1.7d 0.70 bc 0.050 b 0.199 c
MC + CCfert 5.8a 0.06 b 26¢ 1.7d 0.65b 0.063 d 0.201d
NPK 5.6a 0.09 c 1.7 a 11a 0.43 a 0.055 c 0.207 e
Soil Alone 5.6a 0.02 a 22Db l4c 0.40 a 0.047 a 0.194b

15-30 cm
MCfert 5.6a 0.037 e 1.7e 1.06 d 0.44d 0.071e 0.133 e
MCbiofert 5.6a 0.030 cd 12c 0.82 ¢ 0.22 bc 0.033b 0.107 d
CCfert 5.7 a 0.031d 12c 0.83 ¢ 0.23 ¢ 0.032b 0.132e
CCbiofert 5.7 a 0.026 be 09a 0.59 a 0.20b 0.040d 0.067 a
MC + CCfert 5.8a 0.024b 1.0b 0.64b 0.21 be 0.030 a 0.075b
NPK 5.7 a 0.039 e 09a 0.62 ab 0.14 a 0.034b 0.073 b
Soil Alone 6.0a 0.019 a l1.6d 0.61 ab 0.21 be 0.037 ¢ 0.085 ¢

Values within a column followed by the same letter are not significantly different at p < 0.05.

Soil amendments had a significant effect (p < 0.05) on total nitrogen (N). All treatments,
except MCfert, increased available nitrogen levels. CCbiofert recorded the highest total
nitrogen content (0.18%), while MCfert and the control had the lowest (0.04%). No signif-
icant differences (p > 0.05) were observed among MCfert, MC + CCfert, and the control.
At 15-30 cm soil depth, the control exhibited the lowest total nitrogen (0.027%), whereas
MCbiofert had the highest (0.121%). However, there was no significant difference (p > 0.05)
between MCbiofert and CCfert.

Soil-available phosphorus (P) was also significantly affected (p < 0.05) by the soil
amendments (Table 4). At 0-15 cm, CCfert recorded the highest available phosphorus
(19.15 ppm), while the control had the lowest (14.33 ppm). No significant differences
(p > 0.05) were observed among MCfert, MCbiofert, MC + CCfert, and NPK. At
15-30 cm, CCbiofert had the highest available phosphorus (16.41 ppm), while NPK recorded
the lowest (14.27 ppm). No significant differences (p > 0.05) were found between MCfert
and MCbiofert, as well as among MC + CCfert, NPK, and the control (Table 4).

Values within a column followed by the same letter are not significantly different at
p <0.05. The concentration of exchangeable cations varied across treatments and soil depths.
At the 0-15 cm soil depth, the highest exchangeable calcium (Ca) content was observed in
the CCfert treatment (1.9 cmolc kg ~!), while the lowest was recorded in the NPK treatment
(1.1 cmolc kg~ 1). Statistical analysis revealed a significant difference (p < 0.05) between
CCfert and all other treatments except CCbiofert and MC + CCfert.

For exchangeable magnesium (Mg) in the 0-30 cm soil depth, values ranged from
0.14 cmolc kg~! in NPK to 0.94 cmolc kg~! in MCfert. A significant difference (p < 0.05)
was found between MCbiofert, NPK, and the control. Exchangeable potassium (K) values
ranged from 0.047 cmolc kg ! (control) to 0.068 cmolc kg ! (MCfert). However, no signif-
icant difference (p > 0.05) was observed between MCfert and CCfert, as well as between
MCbiofert and MC + CCfert.

For exchangeable sodium (Na), the highest value (0.220 cmolc kg’l) was recorded in
MCfert, whereas the lowest (0.166 cmolc kg’l) was observed in MCbiofert. There was no
significant difference (p > 0.05) between CCfert and the control.
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At a broader range, exchangeable Ca varied from 0.59 cmolc kg~! (CCbiofert) to
1.06 cmolc kg~ (MCfert). No significant difference (p > 0.05) was observed between
MCbiofert and CCfert and between NPK and the control. Exchangeable Mg ranged
from 0.14 cmolc kg ! (NPK) to 0.44 cmolc kg ! (MCfert). However, differences among
MCbiofert, MC + CCfert, and the control were not statistically significant (p > 0.05). For
exchangeable K, values ranged from 0.030 cmolc kg~! (MC + CCfert) to 0.071 cmolc kg !
(MCfert). The treatments MCbiofert, CCfert, and NPK were statistically similar.

MCfert recorded the highest sodium (Na) value of 0.133 cmolc kg !, though this was
not significantly (p > 0.05) different from CCfert. In contrast, CCbiofert had the lowest
Na value (0.067 cmolc kg~1). The results also showed no significant (p > 0.05) difference
between MC + CCfert and NPK.

A significant (p < 0.05) difference was observed in the soil cation exchange capac-
ity (CEC) among the different soil amendments (Table 5). The CEC ranged from 1.7 to
3.0 cmolc kg~ ! in the 0-15 cm soil depth and 0.9 to 1.7 cmolc kg~ ! in the 15-30 cm depth.
For the 0-15 cm depth, MCfert recorded the highest CEC value (3.0 cmolc kg ~!), whereas
NPK had the lowest (1.7 cmolc kg ~!). However, there was no significant difference between
MCfert and CCfert. Additionally, no significant (p > 0.05) differences were observed be-
tween MCbiofert and the control (soil alone), or between CCbiofert and MC + CCfert. In the
15-30 cm depth, MCfert recorded the highest CEC value (1.7 cmolc kg 1), while NPK had
the lowest (0.9 cmolc kg ~1). The results further indicated no significant (p > 0.05) differences
between MCbiofert and CCfert, nor between CCbiofert and NPK (Table 5).

The treatments had a significant (p < 0.05) effect on soil electrical conductivity (EC)
(Table 5). At the 0-15 cm soil depth, EC values ranged from 0.02 to 0.09 dS m™~!, with NPK
recording the highest (0.09 dS m~!) and the control the lowest (0.02 dS m~1!). However,
no significant (p > 0.05) differences were observed among MCfert, MCbiofert, CCfert, and
CCbiofert. For the 15-30 cm depth, EC values ranged from 0.019 to 0.039 dS m~!, with
NPK having the highest (0.039 dS m~ 1) and the control having the lowest (0.019 dS m ).

The distribution of carbon fractions in sand, silt, and clay is summarized in Table 6.
No significant differences were observed among soils treated with MCbiofert, CCfert, and
CCbiofert across all soil fractions at both depths. However, in the sand fraction at the
0-15 cm depth, soils amended with MCbiofert exhibited a carbon content of 0.11%, which
was 2.8 times higher than that of the control (0.04%).

In the silt fraction at a depth of 0-15 c¢m, the control soil had a carbon content of 0.02%,
which was three times lower than that of the CCfert treatment (0.06%), the highest recorded
value. No significant differences were observed among MCfert, MC + CCfert, NPK, and
the control at the topsoil level. Similarly, at the subsoil level, no significant treatment effects
were observed, except for MC + CCfert.

For the clay fraction at 0-15 cm, the control soil contained 0.07% carbon, nearly three
times lower than the CCfert-amended soil (0.20%). However, the carbon content in CCfert-
treated soil was not significantly different (p > 0.05) from that in CCbiofert and MCbiofert
at the same depth. At 15-30 c¢m, the control soil had a carbon content of 0.04%, which was
2.5 times lower than that of MC + CCfert (0.10%), the highest recorded value.

Soil amendments significantly influenced (p < 0.05) the percentage of carbon in the
labile fractions (Table 7). At 0-15 cm depth, CCfert recorded the highest KMnO4-C (0.023),
whereas the control exhibited the lowest (0.017). No significant differences (p > 0.05) were
found among MCbiofert, CCbiofert, and MC + CCfert. Similarly, MCfert and NPK did not
show statistically significant differences. The KMnOj4-C values varied significantly among
the different soil fractions (sand, silt, and clay).
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Table 6. Soil organic carbon fractions in sand, silt, and clay.
Topsoil at 0-15 cm (%) Subsoil at 15-30 cm (%)
Treatment ocC Sand Silt Clay ocC Sand Silt Clay
MCfert 0.29 ¢ 0.08 bc 0.04 a 0.15¢ 0.15ab 0.04 a 0.021 b 0.09b
MCbiofert 0.35d 0.11c 0.05 bc 0.19d 0.16 b 0.04 a 0.020 b 0.09b
CCfert 0.37d 0.10 ¢ 0.06 ¢ 0.20d 0.15 ab 0.03 a 0.020 b 0.08 b
CCbiofert 0.36d 0.10c¢ 0.05 bc 0.20d 0.15 ab 0.04 a 0.018 b 0.08 b
MC + CCfert 0.19b 0.06 ab 0.02a 0.10b 0.15 ab 0.03 a 0.016 ab 0.10b
NPK 0.20b 0.05a 0.02 a 0.12b 0.12 ab 0.04 a 0.019b 0.06 ab
Soil Alone 0.15a 0.04 a 0.02a 0.07 a 0.09 a 0.03a 0.007 a 0.04 a
Values within a column followed by the same letter are not significantly different at p > 0.05.
Table 7. Labile carbon fractions of soils influenced by organic and inorganic amendments at Sege.
Topsoil at 0-15 cm (%) Subsoil at 15-30 cm (%)
Treatment KMnOy-C Sand LF Silt LF Clay LF KMnOy-C Sand LF Silt LF Clay LF
MCfert 0.018b 0.008 a 0.0014 b 0.0023 a 0.021 e 0.010 ¢ 0.0008 a 0.0032 b
MCbiofert 0.019 ¢ 0.015¢ 0.0014 b 0.0026 a 0.014 b 0.007 a 0.0007 a 0.0033 b
CCfert 0.023d 0.018d 0.0019 cd 0.0027 a 0.019d 0.010 ¢ 0.0009 a 0.0034 b
CCbiofert 0.019 ¢ 0.014 ¢ 0.0016 be 0.0030 a 0.018 ¢ 0.011d 0.0008 a 0.0029 b
MC + CCfert 0.019 ¢ 0.010b 0.0016 be 0.0023 a 0.015b 0.010 ¢ 0.0008 a 0.0034 b
NPK 0.018 b 0.008 a 0.0014 b 0.0030 a 0.018 ¢ 0.009 b 0.0007 a 0.0034 b
Soil Alone 0.017 a 0.008 a 0.0008 a 0.0026 a 0.012 a 0.007 a 0.0008 a 0.0022 a
RF 0.040 e 0.033 e 0.0022d 0.0053 b 0.028 f 0.019e 0.0017 b 0.0046 ¢

Values within a column followed by the same letter are not significantly different at p < 0.05; RF = reference soil.

For the sand labile fraction, CCfert-treated soils had the highest labile carbon content
(0.018%), which was 2.3 times higher than that of the control soil (0.008%). No signifi-
cant differences (p > 0.05) were observed between MCfert and NPK, as well as between
MCbiofert and CCbiofert. In the silt fraction at 0-15 cm, CCfert recorded the highest carbon
content (0.019%), while the control had the lowest (0.008%). No significant differences
(p > 0.05) were observed among MCfert, MCbiofert, and NPK, as well as between CCbiofert
and MC + CCfert. In the clay labile fraction, no significant differences (p > 0.05) were
detected among the treatments.

In the topsoil (0-15 cm), the CCfert treatment had the highest carbon content in the
silt fraction (0.0019%), while the control recorded the lowest (0.008%). ANOVA results
showed no significant differences (p > 0.05) among MCfert, MCbiofert, and NPK. Similarly,
CCbiofert and MC + CCfert were not statistically different. Additionally, no significant
(p > 0.05) differences were observed among treatments in the clay labile fraction.

The Carbon Management Index (CMI) results, presented in Table 8, indicate that for
all treatments at both soil depths, CMI values were 0.4 to 0.8 times lower than those of
the reference soil. At a depth of 15-30 cm, KMnOj4-C values ranged from 0.012 to 0.021.
The highest KMnO,4-C (0.021) was recorded in MCfert-treated soil, while the lowest (0.011)
was found in the control. No significant differences (p > 0.05) were observed between
MCbiofert and MC + CCfert, as well as between CCbiofert and NPK. However, KMnQOy4-C
was significant in the sand labile fraction (Table 8), with CCbiofert recording the highest
value (0.011%), whereas the control had the lowest. No significant (p > 0.05) differences were
found among MCfert, CCfert, and MC + CCfert. Similarly, MCbiofert and the control did
not differ significantly. For the silt and clay fractions at 0-15 cm, no significant differences
(p > 0.05) were observed among treatments.

The incorporation of organic amendments at both soil depths led to a higher Carbon
Management Index (CMI) compared to inorganic (NPK) treatments. In the topsoil (0-15 cm),
the highest CMI was recorded in CCfert (58), while MCfert and the control had the lowest



Soil Syst. 2025, 9, 62

11 0f 18

values (46). No significant differences (p > 0.05) were observed between MCbiofert and
CCbiofert. At the subsoil level (15-30 cm), MCfert-amended soils recorded the highest CMI
(83.45), whereas the control soil recorded the lowest value (46.81). Similarly, no significant
differences (p > 0.05) were found between MCbiofert and MC + CCfert treatments.

Table 8. Carbon Management Index as influenced by organic and inorganic amendments.

Topsoil at 0-15 cm Subsoil at 15-30 cm
Treatment TOC (%) LI CPI CMI TOC (%) LI CPI CMI
MCfert 0.29 ¢ 25b 0.18 ¢ 46 a 0.15 ab 8.10 de 0.10 ab 83 e
MCbiofert 0.35d 22b 0.22d 49b 0.16 b 5.00 b 0.11b 52b
CCfert 0.37d 25b 024d 58 d 0.15ab 7.58 de 0.10 ab 74 d
CCbiofert 0.36d 21b 0.23d 48 b 0.15 ab 6.95 cd 0.10 ab 69 ¢
MC + CCfert 0.19b 44d 0.12b 51c¢ 0.15ab 5.50 bc 0.10 ab 57b
NPK 0.20b 3.7¢ 0.13b 47 ab 0.12 ab 8.89 e 0.08 ab 71 cd
Soil Alone 0.15a 5.0e 0.09 a 46 a 0.09 a 8.07 de 0.06 a 47 a
RF 158 e 10a 1.00 e 100 d 1.48 ¢ 1.00 a 1.00 ¢ 100 f

Values within a column followed by the same letter are not significantly different at p > 0.05, while those with
different letters are significant at p < 0.05; RF reference soil.

The treatments significantly influenced (p < 0.05) the total soil organic carbon stock
(Table 4). In the topsoil (0-15 cm), carbon stock ranged from 3.57 to 8.58 t/ha. The CCfert-
amended soil had a 2.4-fold increase compared to the control, which recorded the lowest
stock (3.57 t/ha). No significant differences (p > 0.05) were observed among MCbiofert,
CCfert, and CCbiofert.

For the subsoil (15-30 cm), carbon stock varied between 4.24 and 7.64 t/ha, corre-
sponding to MCbiofert and the control (4.24 t/ha), respectively. No significant differences
(p > 0.05) were observed between MCfert and MCbiofert, as well as among CCfert,
CCbiofert, and MC + CCfert treatments.

4. Discussion

4.1. The Effect of Combined Organic and Inorganic Amendment on Physicochemical Properties of
Gleyic Soggy Sodic Soils at Sege

The organic treatments applied in this study significantly influenced key soil physico-
chemical properties, including bulk density, pH, electrical conductivity (EC), soil organic
carbon (SOC), total nitrogen (TN), available phosphorus (P), exchangeable potassium (K),
calcium (Ca), magnesium (Mg), sodium (Na), and cation exchange capacity (CEC) at both
topsoil (0-15 cm) and subsoil (15-30 cm) depths.

Organic amendments reduced the bulk density of the topsoil (0-15 cm) compared to the
untreated soil. This effect was particularly evident in soils treated with MCbiofert, CCfert,
and CCbiofert, likely due to the accumulation of SOC over time. However, bulk density
remained lower in the topsoil compared to the subsoil across all amended treatments. Since
bulk density serves as an indicator of soil compaction, aeration, and the ability to support
root growth and structural functions [30], the observed reductions suggest improved soil
conditions for plant development.

The decrease in bulk density in biochar-amended soils (MCbiofert and CCbiofert) may
be attributed to the porous nature of biochar, which retains the cell wall structure of its
biomass feedstock [31]. This finding aligns with previous research by Laird et al. [32], who
reported significantly lower bulk density in biochar-amended soils compared to untreated
soils in a column incubation study. Similarly, Mankasingh et al. [33] found that biochar
amendments reduced bulk density from 1.66 to 1.53 g cm>. Studies by Ulyett et al. [34]
also observed lower bulk density in compost-treated soils. Moreover, organic manure
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application has been shown to improve soil structure by reducing bulk density while
increasing porosity and moisture retention compared to chemical fertilizers alone [35]. The
enhancement of soil physical properties in treatments incorporating biochar, compost, and
inorganic fertilizers may be attributed to greater stabilization of soil organic matter, which
promotes microbial activity and soil aggregation.

The treatments did not significantly affect soil pH at either depth (0-15 cm or
15-30 cm). This finding is consistent with the study by MacCarthy et al. [5], which investi-
gated the use of rice husk biochar in irrigated rice cropping systems on vertisols in Ghana.
While biochar application is often associated with increasing soil pH in acidic soils [36-38],
the current study found no such effect in the biochar-treated plots. The soil pH across all
treatments remained within the optimal range of 5.5-7.5 for crop production, as reported
by Raemaekers [39].

Soil EC increased at both depths in all amended soils compared to the untreated soil.
This increase is likely due to the introduction of cations such as Ca?*, Mg?*, and Na* from
organic amendments and the soil itself, which contribute to higher EC levels. Similar trends
have been reported in studies by Chintala et al. [40] and Al-Wabel et al. [41]. The most
pronounced increase in soil EC was observed in fields treated with NPK alone at both
soil depths, likely due to the salt content of the fertilizer. Additionally, EC levels were
higher in the subsoil (15-30 cm) than in the topsoil, suggesting the leaching of cations from
the surface to deeper layers. This leaching effect may be attributed to the coarse-textured
nature of the soil, which facilitates the downward movement of soluble ions. Previous
studies have also highlighted that variations in soil EC are primarily influenced by soil
texture, moisture content, bulk density, and CEC [42].

The application of organic amendments significantly increased exchangeable potas-
sium (K), calcium (Ca), magnesium (Mg), sodium (Na), and cation exchange capacity
(CECQ) in the topsoil compared to the untreated soil. This finding aligns with the studies
of Lehmann et al. [43], Rondon et al. [44], and Chan et al. [45], who observed improved
nutrient availability following biochar application. Specifically, Chan et al. [45] reported
a notable increase in soil nutrient retention after biochar incorporation. The higher CEC
observed in organically amended soils supports the assertion by Vanlauwe and Giller
(2006) [12] that organic amendments serve as a primary source of CEC, particularly in
sandy soils.

Available phosphorus (P) was more enriched in the topsoil (0-15 cm) than in the subsoil
(15-30 cm) following organic and inorganic amendments. This enrichment is likely due to
the direct addition of organic materials that improve phosphorus availability. The results
are consistent with the findings of Davis et al. [46], who reported an increase in P levels
in soils amended with cow dung, composted manure, biochar, and inorganic fertilizers.
Similar increases in available P have been documented by Olowoake and Adeoye [47] and
Sanni [48].

Total nitrogen (TN) is a crucial component of soil organic matter (SOM) that influences
decomposition and humification processes. Most amendments increased TN in the surface
soil, except for MCfert. However, TN levels in the topsoil were inconsistent with those in the
subsoil. The most pronounced effects were observed in CCfert and CCbiofert treatments,
likely due to the high nitrogen content of the composted cow dung applied, as opposed to
the relatively lower contribution from inorganic fertilizers. In tropical soils, TN typically
ranges from 0.02% to 0.40%, with approximately 95% present in organic forms [49]. The TN
levels in this study (0.03-0.14%) fall within this normal range. However, nitrogen values
remained low across all treatments, with lower levels in the topsoil, likely due to leaching.
The post-harvest decline in TN could also be attributed to plant nitrogen uptake during
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growth and development, a trend similar to the findings of Sanni [48], who observed low
nitrogen levels in cow dung-treated and compost-treated plots.

All organic treatments resulted in increased soil organic carbon (SOC) in the topsoil
compared to the control, which aligns with previous studies [50-52]. The observed increase
in SOC ranged from 20% to 57%, likely due to organic matter accumulation in the surface
layer (0-15 cm). The most substantial SOC increases were recorded in MCbiofert, CCfert,
and CCbiofert treatments, mirroring the TN trends. These results are in line with the
findings of Tanimu et al. [53], who reported that cow dung application enhances soil
organic carbon content. However, organic amendments did not significantly affect SOC in
the subsoil (15-30 cm), where levels remained consistently lower than in the topsoil. This
could be due to the naturally higher concentration of soil organic matter in deeper soil
layers [54,55]. Additionally, studies by Moreno et al. [56] and Zhao et al. [57] suggest that
SOC and TN content are strongly influenced by soil type and management practices.

4.2. The Effect of the Organic and Inorganic Amendment on Soil Labile Carbon of the Gleyic Soggy
Sodic Soils at Sege

Labile pools of organic carbon (C) are more responsive to management practices
compared to recalcitrant pools [58]. The results of this study showed a notable increase
in soil labile C across all organic and inorganic treatments at both soil depths, with a
more pronounced effect in the surface soil (0-15 cm) than in the subsoil (15-30 cm). This
increase is likely due to the addition of organic matter and the application of inorganic
fertilizers, which may have enhanced root biomass yield, thereby contributing to higher
labile C levels in the soil [52]. Roots naturally exude labile carbon compounds [59], and
various management practices known to increase soil carbon have been shown to enhance
KMnOg-extractable C [60,61]. The greater accumulation of labile carbon (C) in the surface
soil (0-15 cm) compared to the subsoil (15-30 cm) observed in this study can be attributed
to several interrelated factors grounded in both biological activity and soil management
practices. Primarily, the surface soil receives the bulk of organic inputs such as plant
residues, compost, and manure, which are rich in labile organic compounds. These inputs
are typically retained in the top layer due to limited downward movement, especially in
soils with relatively coarse texture or moderate structure [62,63].

The combined application of organic and inorganic amendments resulted in higher
KMnQO4-C content at both soil depths compared to soils that received only NPK fertilizer
or no amendment. The increased labile C observed in organically amended plots can be
attributed to the substantial organic matter input under these treatments. Previous studies
have demonstrated that soils amended with manure exhibit higher labile C levels than
those treated with mineral fertilizers or left unamended [64,65]. These findings are in line
with earlier research by Cambardella and Elliott [66] and Janzen et al. [67], who reported
that labile C concentrations are higher in systems with high substrate input and lower in
those with minimal inputs.

The increase in labile C was more pronounced in the surface soil than in the subsoil.
Similar trends have been reported in other studies, where labile C increased by 20% to
33% across different soil depths (0-10 cm, 10-20 cm, and 20-30 cm), mainly due to the
accumulation of above- and below-ground biomass [68,69]. The application of locally
available organic materials, such as cow dung and rice husk biochar, has the potential
to enhance soil organic matter accumulation while reducing farmers” dependence on
inorganic fertilizers. This approach could significantly increase labile C and improve
nutrient availability in agricultural soils.

Regardless of treatment differences, labile C concentration was highest in the sand
fraction, followed by the clay fraction, and lowest in the silt fraction at both soil depths.
The study found that 44-78% of labile C in the surface soil (0-15 cm) and 47-58% in the
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subsoil (15-30 cm) were associated with the sand fraction. These results contrast with the
findings of Christenson et al. [70], who reported minimal labile C in sand fractions due
to their limited capacity to retain soil organic carbon (SOC) as an organic coating. The
high labile C content in the sand fraction observed in this study is likely attributed to the
inherently sandy nature of the study site.

4.3. The Influence of Combined Organic and Inorganic Amendment on the Carbon Management
Index of the Gleyic Soggy Sodic Soils at Sege

The integration of the soil organic carbon (SOC) pool and carbon lability into the
Carbon Management Index (CMI), as originally proposed by Blair et al. [15], provides a
valuable tool for evaluating how management practices influence soil quality. This study
found that the combined application of organic and inorganic amendments significantly
increased CMI compared to the use of inorganic fertilizer alone in the surface soil (0-15 cm).
Among the organic treatments, CCfert had the highest CMI, indicating its superior ability
to enhance soil carbon storage. These findings are consistent with those of Blair et al. [71],
who demonstrated significant improvements in CMI under long-term organic amendments.
Similarly, Liu et al. [72] found that manure application in maize-wheat systems significantly
increased CMI by improving both labile carbon and overall SOC contents. This study
supports the growing consensus that organic amendments not only supply carbon-rich
materials but also stimulate microbial activity and promote soil aggregation, thereby
enhancing carbon stabilization.

Interestingly, CMI values were higher in the subsoil than in the topsoil, suggesting that
the subsoil has a greater potential for carbon storage. This trend diverges from the findings
in many other studies, where CMI tends to be greater in surface layers due to higher organic
inputs from plant residues and manure [62,73]. This may be due to the relatively higher
clay content in this soil, which contributes to increased carbon protection, as reflected in the
higher Carbon Pool Index (CPI) and Lability Index (LI). The observed trend in CMI closely
mirrors that of total organic carbon (TOC). As highlighted by Kalambukattu et al. [74], CMI
serves as an effective tool for assessing changes in soil carbon dynamics. While the absolute
CMI values themselves may not be highly significant, they offer critical insights into the
impact of different management practices on soil health [15].

Overall, soils receiving organic amendments exhibited higher CMI values compared to
those treated with chemical fertilizers alone or left unamended. These findings align with
the results of a long-term study by Blair et al. [71], which also reported significant increases
in CMI following organic amendments. The most substantial improvements in CMI were
observed in the 0-15 cm soil depth, primarily due to the higher CPI values associated with
organic material inputs in these treatments.

4.4. The Influence of Combined Organic and Inorganic Soil Amendment on Total Soil Organic
Carbon Stock of the Gleyic Soggy Sodic Soils at Sege

The results demonstrated that integrating organic and inorganic fertilization signifi-
cantly enhanced soil carbon (C) storage. Above-ground biomass from fields was incorpo-
rated into the soil at the end of each growing season, contributing to higher soil C stocks in
treatments with organic materials compared to those with only NPK or the control plots.
These findings align with studies by Gami et al. [75] and Zhang et al. [52], which reported
substantial increases in soil organic carbon (SOC) stocks up to a 60 cm depth following
long-term manure and inorganic fertilizer applications in Nepal and China, respectively.

In this study, soil C stock accumulation in the 0-15 cm depth increased by 47%, 56%,
58%, 56%, 18%, and 26% under MCfert, MCbiofert, CCfert, CCbiofert, MC + CCbiofert,
and NPK treatments, respectively, relative to the control. At the 15-30 cm depth, the
corresponding increases were 40%, 44%, 40%, 40%, 40%, and 25%. These results indicate
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that soil C accumulation was more effective in the topsoil (0-15 cm) than in the subsoil
(15-30 cm).

4.5. Limitations

This study focused on KMnOy-oxidizable carbon to estimate the labile carbon pool due
to its simplicity and proven sensitivity to management changes; however, this single metric
does not capture the full spectrum of labile soil organic carbon. Future studies should
incorporate key fractions such as Particulate Organic Carbon (POC), Water Soluble Carbon
(WSC), and Microbial Biomass Carbon (MBC), which provide a more comprehensive
assessment of labile carbon dynamics.

5. Conclusions

The combined application of organic and inorganic amendments significantly in-
creased soil labile C content and the Carbon Management Index (CMI) compared to NPK
alone and the control. The increase in labile carbon was more pronounced in the surface soil
than in the subsoil, with labile C content decreasing significantly with depth. The CCfert
treatment exhibited the highest accumulation of labile C and the highest CMI, making it a
promising option for farmers in the Ada West District.

Despite these gains, labile C values remained relatively low across all treatments,
likely due to the short duration of this study. Further long-term research (over 10 years) is
needed to assess the sustained effects of combined organic and inorganic amendments on
soil labile C, particularly in gleyic solonetz soils. Additionally, soil organic carbon storage
was higher in organically amended plots, with greater accumulation in the surface soil
than in the subsoil. Among the treatments, CCfert and MCfert showed the highest total C
stocks, making them the most effective for soil C sequestration. Overall, the application
of combined organic and inorganic fertilizers improved the soil’s physical and chemical
properties, reinforcing its potential as a sustainable soil-management strategy.
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