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Climate variability, soil type, land use, and vegetation structure modulate soil
organic carbon (SOC) dynamics, but their effects on sensitive soil carbon
indicators are not adequately quantified in semi-arid ecosystems. This research
examined the independent and synergistic impacts of pedo-climate, land use,
and canopy cover on permanganate oxidizable carbon (POXC), soil microbial
respiration (CO,-C), and the carbon mineralization rate (CMR) in the semi-arid
regions of West Africa to determine their effectiveness as indicators of soil carbon
dynamics. We collected 480 composite soil samples across Sudanian and
Sudano-Sahelian zones, covering three land use types (cropland, fallow,
protected area), two canopy positions (subcanopy, intercanopy), and two
depths (0-10 cm, 10-30 cm). POXC, CO,-C, and SOC concentrations were
analyzed, and CMR was derived from CO,-C per unit SOC. The indicators
exhibited distinct sensitivities, with POXC responding primarily to pedo-climate
and canopy cover. CO,-C was influenced by all factors with depth-amplified
variation, and CMR was most sensitive to land use and canopy position in topsoil
but shifted to pedo-climatic control at depth. The fixed effects explained a small
portion (14% to 16%) of topsoil (0-10 cm) variance, indicating significant
unmeasured variability sources. Depth-moderated indicator relationships,
POXC-SOC correlations weakened with depth, whereas CO,-C-CMR
associations strengthened, indicating a transition from surface labile carbon
control to deeper microbial and nutrient constraints. Critically, the indicators
provide complementary, depth-explicit information; POXC and SOC
contextualize pool size and labile availability, whereas CO,-C and CMR assess
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the functional accessibility and energetic feasibility of decomposition. Therefore,
these metrics are best used jointly to signal early changes rather than as
stand-alone indicators. Future work should identify additional drivers to
enhance capacity across depths and contexts.

KEYWORDS

carbon dynamics, soil labile carbon, pedo-climatic conditions, dryland, microbial
respiration, mineralization rates

1 Introduction

Soil organic carbon (SOC) plays a critical role in global
biogeochemical cycles, significantly influencing climate regulation.
It stores more carbon than the atmosphere and vegetation
combined (1, 2), meaning even minor shifts in SOC stocks can
significantly impact atmospheric CO, levels and climate change (3).
Beyond climate regulation, SOC is essential for sustaining
ecosystems by improving soil fertility, increasing water retention,
promoting biodiversity, and supporting essential ecosystem services
such as nutrient cycling and organic matter decomposition (4, 5).
Maintaining and increasing SOC stocks is therefore central to
climate change mitigation, land degradation neutrality, and
achieving multiple Sustainable Development Goals (6, 7).

Semi-arid zones face major challenges in managing soil carbon
due to severe climatic conditions, including high temperatures, erratic
rainfall, and prolonged dry periods, which contribute to soil fragility
(8-10). These pressures limit primary productivity and microbial
activity, leading to inherently low soil organic carbon levels (11) and
making these ecosystems vulnerable to degradation, with climate
extremes exacerbating SOC loss (11-13). Understanding soil carbon
dynamics in these susceptible environments is crucial for developing
effective land management strategies.

Traditional methods for assessing SOC dynamics are often
lengthy and costly, making them impractical for frequent
monitoring or large-scale assessments (14, 15). They can also fail to
capture rapid, short-term changes in carbon pools. Consequently,
there is growing interest in rapid, sensitive, and affordable indicators
such as Permanganate Oxidizable Carbon (POXC), microbial
respiration (CO,-C), and Carbon Mineralization Rate. POXC
represents a labile fraction of SOC that responds quickly to
changes in management and environment (15-18). It offers
valuable insights into soil organic matter quality, nutrient cycling,
and microbial activity, serving as a sensitive and cost-effective
indicator of soil health and carbon dynamics (17, 19, 20). POXC is
particularly valuable for providing an early indication of changes in
soil carbon stabilization and mineralization processes (15, 21).
Similarly, Microbial Respiration (CO,-C) measures the fraction of
SOC decomposable by microorganisms, thereby reflecting soil
metabolic activity and the size of the active carbon pool (22).
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This measurement reveals the efficiency with which
microorganisms convert organic substrates into CO, versus
biomass, its contribution to soil fertility, and its sensitivity to land-
use and land cover changes (23, 24). CO,-C is widely used as an
indicator of soil biological activity and health (25). The Carbon
Mineralization Rate (CMR) complements these two indicators by
quantifying microbial decomposition and CO, release, serving as a
direct indicator of carbon stabilization or loss (26, 27). Monitoring
these labile carbon pools provides early indications of SOC changes
and is vital for improving soil health (28).

Despite their importance, a significant scientific gap remains in
understanding the efficacy of these rapid indicators in reflecting
complex carbon dynamics across varied land use, canopy structure,
and pedo-climatic gradients, especially in West African semi-arid
zones. These regions lack baseline data and suitable methodologies
for resource-limited laboratories, hindering effective management
practices for SOC accrual (29). The complex interactions between
land use, land cover changes, and contrasting pedo-climatic
conditions in regulating SOC dynamics are still poorly understood
(30, 31). Investigating the responses of these indicators to these
complex interactions is fundamental to establishing their role as
diagnostic tools for soil health and carbon sequestration potential.

This study aims to address these knowledge gaps by
investigating whether POXC, CO,-C, and CMR effectively reflect
carbon dynamics across varying land use and pedo-climatic
gradients in the semi-arid zones of West Africa. specifically, the
study aims to: (i) assess how pedo-climate, land use, and canopy
cover influence carbon indicators and SOC; (ii) evaluate the
complementarity of key soil carbon indicators by comparing the
relationships between carbon pools (SOC, POXC) and carbon
fluxes (CO2-C, CMR) across two soil depths (0-10 cm and 10-
30 cm).

We hypothesize that: (1) the selected soil carbon indicators
exhibit distinct responses to environmental factors; and (2) POXC,
CO,-C, and CMR provide complementary information for
evaluating SOC dynamics. Testing these hypotheses will help
determine if rapid, cost-effective indicators can effectively
complement intensive SOC monitoring, providing valuable
insights into carbon cycling within West African semi-
arid ecosystems.
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2 Materials and methods

2.1 Study area

The study was conducted in two main climatic zones of Burkina
Faso: the Sudanian and Sudano-Sahelian zones (Figure 1). The
climate is tropical and seasonal, with one rainy season followed by a
long dry season (32). The Sudanian zone corresponds to a dry
subhumid climate, whereas the Sudano-Sahelian zone is semi-arid
(33, 34). The primary differences between the zones stem from the
duration of the wet season, total rainfall, and temperature
variability. Over 2008-2023, the Sudanian zone received an
average annual rainfall of 1058 + 180 mm, compared to 692 +
162 mm in the Sudano-Sahelian zone (National Meteorology
Agency of Burkina Faso). Mean annual temperatures were 27.9 +
0.4°C and 29.2 + 0.3°C, respectively, with relative humidity levels of
66% and 60%.

Vegetation varies along this gradient: the Sudano-Sahelian zone
features savanna grasslands and gallery forests, while the Sudanian
zone supports denser savannas and open woodlands. Soil mapping
(Figure 1c) identified Nitisols, Lixisols, and Plinthosols in the Sudanian
zone, and Plinthosols, Regosols, and Leptosols in the Sudano-Sahelian
zone (35). Because soil types overlap with climatic zones, this study
considers a pedo-climatic effect rather than a purely climatic one. Soils

10.3389/fs0il.2025.1671112

in both zones are generally poor in organic matter and nutrients (36).
The main land uses are croplands, grazing areas, and protected areas.

Croplands are a continuous cultivated area; crop production in
Burkina Faso is mainly rainfed smallholder farming, involving over
73% of the active population, with most farms smaller than 5 ha (37,
38). Major crops include sorghum, millet, maize, rice, and cowpea,
alongside cash crops such as cotton, sesame, groundnut, and soybean.
Crop varieties are adapted to local climates: short-cycle cereals
dominate in the Sudano-Sahelian zone, while the Sudanian zone
supports longer-cycle varieties (39). Grazing lands often consist of
fallow fields, forming transition zones between croplands and protected
areas (40). Both cropland and fallows dominant tree species across both
zones are Vitellaria paradoxa, Parkia biglobosa, Lannea microcarpa,
and Faidherbia albida. In contrast, protected areas, clearly defined
pieces of land by the government, exhibit greater variation in species
composition between climatic zones.

2.2 Study design

This study employed a nested sampling design, capturing
variations across different scales, from broad pedoclimatic zones
down to specific sub-habitat types (Figure 2). To ensure spatial
representativeness, two distinct sites were selected within each
pedo-climatic zone, establishing four total study sites. Three main
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FIGURE 1
Map of the study area showing isohyet distribution and the locations of the study’s protected areas within different climatic zones. The upper left
inset indicates the study country’s location within Africa, while the upper right inset presents the major soil types of Burkina Faso. BNDT, Base
Nationale de Données Topographique of Burkina Faso; WRB, World Reference Base for soil resources.
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Level 1: Pedo-climatic zone (n=2)
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Sudano-sahelian

(Gonsé, Bissiga)

Level 2: Site (n = 2/Zone = 4 Total)

Dinderesso Boni

Level 3: Land Use Type (n = 3)

Protected area
(Minimal disturbance)

Level 4: Plots (n = 10/LUT/Site)

Protected area
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FIGURE 2
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Conceptual diagram of the study design showing the different scales taken into account for soil sampling. LUT, Land use type.

Gonsé Bissiga

Cropland
(Continuous disturbance)

Intercanopy
(Open area)

land use types (LUT), cropland, fallow, and protected area were
delineated. This sequence is commonly used to assess changes in
vegetation structure and soil functioning in West African savanna
landscapes (41, 42). Croplands featured continuous cultivation for at
least 20 years. Fallow lands, uncultivated for a minimum of five years,
served as transitional systems that permit partial recovery of soil
properties and biological activity after cultivation. Protected areas
exhibited minimal or absent anthropogenic disturbance, allowing the
preservation of essential ecosystem functions and services. For each
LUT at every site, ten plots were randomly established, measuring 50
m x 50 m for cropland and fallow, and 50 m x 20 m for protected
areas (43), yielding 120 plots across the study. Within each plot, two
sub-habitat types, subcanopy and intercanopy, were distinguished
based on canopy cover. The subcanopy referred to soil directly
beneath the main tree canopy, while the intercanopy corresponded
to open areas between trees (44). This sub-habitat distinction was
used as a proxy for ecosystem structure and function, reflecting
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processes such as net primary productivity and plant biodiversity,
which are closely associated with soil carbon dynamics (45). In
croplands and fallows, subcanopy measurements typically involved
Vitellaria paradoxa, Parkia biglobosa, and Lannea microcarpa.
Protected areas, however, displayed varied subcanopy species.
Carbon inputs, influenced by climate and land use, demonstrated
varying mean biomass estimates; for instance, croplands showed 0.50
+0.02 t ha™'y" in the Sudanian zone and 0.34 £ 0.02 t ha™'y™" in the
Sudano-Sahelian zone (46), while protected areas had higher values of
5.44 +0.29 tha™'y"" in the Sudanian zone and 3.87 £ 0.12 tha™'y " in
the Sudano-Sahelian zone (47).

2.3 Soil sampling strategy

Field data were collected across all sites after crop harvesting,
between October and November. For each of the two
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distinguished sub-habitat types (subcanopy and intercanopy)
within each plot, three 1 m x 1 m quadrats were randomly
placed (Figure 3a). Soils collected from three sides of each
quadrat (Figure 3b) were combined into a single composite
sample per quadrat and per depth. These three quadrat
composite samples were then further combined to form a
single representative sample for each sub-habitat at each
depth. Soil samples were collected from two distinct depths: 0-
10 cm (topsoil) and 10-30 cm (subsurface soil). The complex
design (Table 1) yielded a total of 480 soil samples. After
collection, all soil samples were homogenized, air-dried to
constant weight, and subsequently ground, with only the
fractions measuring less than 2 mm retained for biological and
chemical analysis.

2.4 Laboratory analysis

2.4.1 Permanganate-oxidizable carbon
Mmeasurement

Soil Labile Carbon was quantified as permanganate oxidizable
carbon following the procedure described by Weil et al. (48). Air-
dried soil samples (<2 mm) were weighed (2.5 g) into 50 mL
centrifuge tubes and mixed with 20 mL of a 0.02 mol L= KMnO,
solution. The suspensions were shaken vigorously for 2 min to
ensure complete contact between soil and oxidant. After agitation,
tubes were centrifuged at low speed to obtain a clear supernatant.
An aliquot (0.5 mL) of the supernatant was then diluted with 49.5
mL of deionized water. The absorbance of the diluted KMnO,
solution was measured at 550 nm, and POXC was calculated using
the standard (Equation 1):

20m (50m for cropland and fallow)

10.3389/fsoil.2025.1671112

POXC(mgkg ™)

=1[0,02 - (a+b x Abs)] x 9000 x (0,02/Wt) (1)

where Abs is the sample absorbance, a and b are calibration
constants, and Wt is the soil mass in grams. Results are expressed as
mg POXC per kg of dry soil.

2.4.2 Soil microbial respiration measurement

Soil microbial respiration (CO,-C) or mineralizable carbon was
determined using the incubation method (49, 50), which is based on
the capture of carbon dioxide (CO,) released by microbial activity in
an alkaline solution. For this purpose, 100 g of air-dried and rewetted
to 50% water-filled pore space soil was placed in airtight glass jars,
each containing a small beaker with 10 mL of sodium hydroxide
solution (NaOH 0.1 N) without direct contact with the soil. The jars
were incubated at a constant temperature of 28°C for 21 days. The
CO, released through microbial respiration was trapped by the
NaOH solution and quantified through acid-base titration (51). At
each measurement interval, the NaOH solution was removed and
titrated with hydrochloric acid (HCI 0.1 N) using phenolphthalein as
an indicator. Titrations were performed every 24 hours during the
first week, and every 48 hours from the second week until the end of
the incubation period. This approach allowed for a detailed temporal
monitoring of soil microbial activity. The amount of carbon released
as CO, was calculated using the following, Equation 2:

Soil microbial respiration(mg/100 g soil)
= (Vp = V) X N x 6 x 1000 2)

where Vy, is the volume (in litters) of acid used to titrate the
blank (without soil), V is the volume used to titrate the sample, N is

v

A

(a)

Sub

Int

50m im

Int | 1m

Sub

Int

Sub

Number of individuals (n = 3/plot)

1 composite sample per
soil layer

(b)

1 steel ring
sample for bulk
density

FIGURE 3

quadrat (B). Sub, Subcanopy cover; Int, Intercanopy cover.

Sampling design at plot level with quadrat locations within a plot (A), and the diagram on the right side shows soil sampling locations around a
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TABLE 1 Structure of the nested sampling design showing the
hierarchical organization of sampling units across pedo-climatic zones,
sites, land use types, plots, sub-habitats, and soil depths.

Factor/

Level A Number Modality
variable
Pedo-climati
1 edo-climatic 2 Sudanian and Sudano-Sahelian
zone
3 Dinderesso & Boni; Gonse &
2 Sites per zone 2 o
Bissiga
3 Land Use Type 3 Protected area, Fallow, and
(LUT) Cropland
Randomly distributed within
4 Plot LUT 10
ot pet each LUT
5 Sub-habitats per 2 Subcanopy and Intercanopy
plot
i i
6 Soil sampling 2 0-10 cm and 10-30 cm
depth
Total samples = 2 x 2 x 3 x 10 X 2 x 2 = 480 composite soil sample.

the normality of the acid, and the factor 6 corresponds to the atomic
mass of carbon (12 g/mol) divided by 2, since 2 moles of NaOH
react with 1 mole of CO,. Results were initially expressed in mg of
carbon per 100 g of dry soil and then converted to mg of CO,/kg of
soil to facilitate comparison and interpretation.

2.4.3 Soil organic carbon measurement

Soil Organic Carbon was measured by the modified Walkley
Black method (52). 0.5g of finely ground and air-dry soil was
weighed and 2.0 mL of 10% (0.34 M) K,Cr,O; solution was
added, followed by 5.0 mL of concentrated H,SO,. The mixture
was allowed to stand for 30 minutes to complete oxidation, then
20.0 mL of distilled water was added, and the samples were left
overnight. The absorbance of the calibration standards and samples
was measured using a spectrophotometer set at 600 nm. A
calibration curve with a correlation coefficient (R?) > 0.99 was
required to validate the analysis. The organic carbon content (%)
was calculated following Equation 3:

(mgC sample — mgC blank) .
w

Weight of air-dry soil

Weight of oven-dry soil

3)

Organic carbon =

100

fx

where mg Csample is the analyte/concentration of carbon in the
sample, mg C blank is the analyte/concentration of C in the blank,
W is the mass of the air-dried soil (mg), and f=1.3 is the correction
factor. Carbon concentrations were converted to g/kg by
multiplying by 10.

2.4.4 Carbon mineralization calculation

The mineralization rate was calculated as the ratio between the
cumulative amount of carbon mineralized (CO,-C) over the
incubation period and the total soil organic carbon content
(Equation 4), expressed as a percentage (53). This index provides
an estimate of the relative proportion of organic carbon subject to
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microbial mineralization under controlled conditions.

CcOo2-C

Carbon Mineralization Rate( % ) =
arbon Mineralization Rate( % ) SOC

x 100 (4)

Where CO,-C is the carbon dioxide released by soil sample
incubation, and SOC, the soil organic carbon.

2.5 Statistical analysis

All statistical analyses were conducted separately for the two soil
depths (0-10 cm and 10-30 cm) using R software (Version 4.4.3) with
the packages Ime4, ImerTest, FactoMineR, ggplot2, and MuMIn (54).
To assess the individual and combined effects of pedo-climatic zone,
land-use type, and canopy-cover type on POXC, CO,-C, CMR, and
SOC, we used linear mixed-effects models (LMM) (55) with pedo-
climate, land use, and canopy type as fixed factors. Initially, we
attempted to specify a full nested random-effects structure, but this
resulted in a singularity warning. Therefore, we simplified the model
according to recommendations for complex designs (56), retaining
only the plot as a random intercept. For each response variable (POXC,
CO,-C, CMR, and SOC), data normality was assessed using the
Shapiro-Wilk test. Given the non-normality of residuals, the data
underwent log transformation before analysis. The significance of
fixed effects was tested using three-way ANOVA with the ImerTest
package in R. To assess the relative contributions of fixed and random
effects, marginal and conditional R* values were calculated using the
MuMIn package (55). Marginal R* quantifies the variance explained by
fixed effects alone, while conditional R reflects the variance explained
by both fixed and random effects combined (57). A marginal R* close to
zero indicates that the fixed effects explain little variation, and a large
difference between marginal and conditional R* suggests substantial
variation due to random effects. Model fit was evaluated through
residual diagnostics, and post-hoc pairwise comparisons were
performed using Tukey-adjusted means. The relationships between
POXC, CO,-C, CMR, and SOC were analyzed while controlling for
fixed effects such as pedo-climatic zone, land use type, and canopy
cover type. This was done using Pearson correlation, with coefficients
calculated for each grouping factor and visualized through correlation
heatmaps. These analyses aimed to determine whether POXC, CO,-C,
and CMR offer complementary insights for evaluating SOC dynamics.
For all statistical tests, a significance level of o = 0.05 was used.

3 Results

3.1 Effect of pedo-climate, land use, and
canopy cover on carbon pools, respiration,
and carbon mineralization rate

The indicators responded differently to pedo-climate, land use,
and canopy cover under semi-arid conditions. POXC varied
significantly with climatic zone (p < 0.001) and canopy cover (p <
0.001); however, neither land use nor interactions among the main
factors had significant effects (p > 0.05, Table 2). The Sudanian zone

frontiersin.org


https://doi.org/10.3389/fsoil.2025.1671112
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Nadjire et al.

and subcanopy cover had the highest POXC values (Table 2).
Regardless of soil depth, POXC showed similar responses to
climate, land use, and canopy cover, with these factors together
explaining only 16% of the variation (R*’m = 0.16) in topsoil. When
accounting for the random effect of plot, explained variation
increased to 70% (R’c = 0.70), indicating that POXC depends
more on site-specific management practices than on climatic
zone, land-use category, or canopy cover.

CO,-C, in contrast, was significantly influenced in topsoil by pedo-
climate (p = 0.013), canopy cover (p < 0.001), land use (p = 0.015), and
the land use x canopy cover interaction (p = 0.005). In subsurface soil,
only pedo-climate (p <0.001) and canopy cover (p = 0.003) had
significant effects (Table 2). Higher CO,-C concentrations were
observed in the Sudanian zone (627.49 + 331.44 mg CO, kg™" soil),
fallows (676.30 + 381.65 mg CO, kg™ soil), and subcanopy cover
(643.93 +206.31 mg CO, kg™" soil) in topsoil, with similar patterns also
observed in subsurface soil (Table 3). The variance explained was R*m
= 0.16 and R’c = 0.70 in the topsoil, and R°'m = 0.122 and R’c = 0.436
in the subsurface soil, indicating a stronger influence of random plot-
level effects compared with fixed effects. No significant interactive effect
between Pedo-climate x land use and pedo-climate x land use x canopy
cover was observed for CO,.C (Table 2).

CMR exhibited depth-specific variation. In topsoil, CMR
differed significantly by land use (p = 0.0001) and canopy cover
(p = 0.018), while in subsurface soil, only pedo-climate had a
significant effect (p = 0.028, Table 2). The highest mineralization
rates were found in fallows (9.24 + 3.11%) and subcanopy cover
(8.29 £ 3.01%) in topsoil, and in the Sudanian zone in subsurface
soil (Table 3). No interactive effect between factors was observed for
CMR. Fixed effects of pedo-climate, land use, and canopy explained
only a modest proportion of the variance (topsoil: R®'m = 0.14;
subsurface: R?’m = 0.061), while conditional R* values (topsoil: R*c =
0.48; subsurface: R’c = 0.353) indicate that plot-level variability
accounted for most of the explained variance (Table 2).

SOC showed similar spatial patterns to POXC. In the topsoil, SOC
was significantly influenced by pedo-climatic conditions and canopy
cover, whereas in the subsoil, only canopy cover had a significant
effect (Table 2). In both layers, land use and all interaction terms had
no significant effect on SOC. SOC concentrations were higher in the
Sudanian zone (7.91 + 2.86 gkg') and under subcanopy cover
(Table 3). Although the land use effect was not significant, SOC
tended to be higher in protected areas and lower in croplands in the
topsoil. In the subsoil, SOC remained greater under subcanopy cover,
with slightly higher values in croplands and lower in protected areas,
though differences were not significant. Fixed factors explained 12% of
SOC variation in the topsoil and 7.9% in the subsoil, increasing to 75%
and 73.4%, respectively, when random effects were included.

3.2 Relationship between soil organic
carbon, permanganate oxidizable carbon,
respiration, and mineralization rate

Pearson’s correlation analyses were used to explore the
relationships and potential complementarity among various soil
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carbon indicators across different pedo-climatic zones, land use types,
and canopy positions in both topsoil (Figure 4) and subsurface soil
(Supplementary Figure S1). A consistent and strong positive correlation
was observed between SOC and POXC across all evaluated factors. The
correlation coefficient r ranged from 0.77 in the Sudano-Sahelian zone
to 0.82 in the Sudanian zone (Figure 4A) and from 0.78 to 0.86 in
different land use types (Figure 4B), indicating that POXC represents a
large and proportional fraction of the total SOC pool. CO2-C was also
positively correlated with both SOC and POXC. The relationship
between CO2-C and POXC was consistently strong, with r values of
0.61-0.67 in pedo-climatic zones and 0.65-0.74 across land uses, and
0.56-0.69 in canopy type (Figure 4C). This suggests that the labile
POXC fraction is a key substrate for microbial activity. In contrast, the
CMR displayed distinct correlation patterns. It showed a moderate to
strong positive correlation with CO2-C across most conditions (r = 0.53
to 0.67), linking it directly to soil biological function. However, CMR
exhibited a weak and non-significant correlation with the absolute
amount of labile carbon, POXC (r = -0.08 t0 0.19), and a similarly weak,
often slightly negative, correlation with total SOC (r = -0.19 to 0.07).
This demonstrates that CMR provides information that is not captured
by measurements of the carbon pool alone.

In the subsurface layer (10-30 cm), the relationships between soil
carbon indicators were notably different from those in the topsoil,
reflecting altered biogeochemical drivers at depth (Supplementary
Figure S1). The positive correlation between SOC and POXC
persisted, but was generally weaker than in the topsoil layer, with r
values ranging from 0.63 to 0.74 (Supplementary Figure S1). This
suggests that while POXC still represents a component of the total
SOC pool, its proportional contribution may be less consistent at
depth, where organic matter is typically older and more processed. A
key distinction in the subsurface was the pronounced decoupling of
carbon pool (SOC and POXC) from soil respiration (CO2-C). The
correlations between CO2-C and both SOC and POXC were
substantially weaker and more variable across all conditions
compared to the topsoil. For example, in the intercanopy position
and cropland, the correlation between CO2-C and POXC was very
weak (r = 0.13 and r = 0.14, respectively). This indicates that the
absolute quantity of total or labile carbon is a poor predictor of
microbial activity in the subsurface. Despite this decoupling, the
CMR maintained a strong and significant positive correlation with
CO2-C across most contexts (r = 0.57 to 0.85). Concurrently, CMR
remained uncorrelated or was negatively correlated with both POXC
(r =-0.32 to 0.22) and SOC (r = -0.36 to -0.02). This robust pattern
underscores that CMR reflects a dimension of soil carbon dynamics
that is independent of the size of the carbon stocks and is a more
reliable indicator of soil function at depth.

4 Discussion

4.1 Pedo-climatic controls on soil carbon
availability, turnover, and vulnerability

Pedo-climate emerged as a dominant control, fundamentally
shaping soil organic carbon dynamics and microbial activity.
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TABLE 2 Linear mixed model testing the effect of climate, land use, and canopy cover on permanganate-oxidizable carbon, microbial respiration, and
carbon mineralization rate, with plot as a random effect.

Response . o
varigble Depth (cm) Predictors F Value R? marginal R? conditional
Pedo-climate 14.248 < 0.001%%*
Land use 0.554 0.576
Canopy 44.207 < 0.001*+*
Pedo-climate x Land
edo-climate x Lan 0,690 0.504
use
0-10
Pedo-climate x
0.314 0.576
Canopy
Land use x Canopy 2.569 0.081
Pedo-cli L
edo-climate x Land 181 0.169
Permanganate use x Canopy 0.16 0.76
Oxidizable Carbon
(POXC) Pedo-climate 6.926 0.010**
Land use 1212 0.301
Canopy 25.640 < 0.001*+*
Pedo-cli L
edo-climate x Land 1245 0292
use
10-30
Pedo-cli
edo-climate x 0.191 0.663
Canopy
Land use x Canopy 1.897 0.155
Pedo-climate x Land
0.458 0.634
use x Canopy 0.11 0.68
Pedo-climate 6.35 0.013*
Land use 4.37 0.015*
Canopy 38.86 < 0.001***
Pedo-cli L
edo-climate x Land 109 0341
use
0-10
Pedo-climate x
0.06 0.808
Canopy
Land use x Canopy 5.48 0.005**
Pedo-climate x Land
C 020 0817 0.16 0.70
Microbial Respiration use x L.anopy . .
(C-Co2) Pedo-climate 14325 < 0,001
Land use 0.914 0.404
Canopy 9.155 0.003**
Pedo-cli L
edo-climate x Land 0312 0732
use
10-30
Pedo-climate x
0.460 0.499
Canopy
Land use x Canopy 2.145 0.122
Pedo-climate x Land
1.244 0.292
use x Canopy 0.12 0.44
Carbon Mineralization 010 Pedo-climate 0.00 0.947
Rate (CMR) Land use 9.58 < 0,001 0.14 0.48

(Continued)
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TABLE 2 Continued

Response 2 . 2 o
. Depth (cm " F Value R marginal R® conditional
variable i (B Predictors 9
Canopy 5.72 0.018*
Pedo-climate x Land
1.96 0.146
use
Pedo-climate x
0.16 0.686
Canopy
Land use x Canopy 3.11 0.048
Pedo-climate x Land
0.55 0.581
use x Canopy
Pedo-climate 4.944 0.028*
Land use 0.892 0.413
Canopy 1.116 0.293
Pedo-climate x L
edo-climate x Land 0.044 0957
use
10-30
Pedo-climate x
0.780 0.379
Canopy
Land use x Canopy 2.287 0.106
Pedo-climate x Land
1.510 0.225
use x Canopy 0.06 0.35
Pedo-climate 10.692 0.001**
Land use 0.175 0.840
Canopy 36.482 <0.001*+**
Pedo-climate x Land
0.080 0.923
use
0-10
Pedo-climate x
1.000 0.319
Canopy
Land use x Canopy 1.237 0.294
Pedo-climate x Land 1703 0.187
Soil organic carbon use x Canopy 0.12 0.75
(S0C) Pedo-climate 4.084 0.05
Land use 1.614 0.204
Canopy 21.245 <0.001+**
Pedo-climate x Land
0.300 0.741
use
10-30
Pedo-climate x
0.013 0.909
Canopy
Land use x Canopy 0.708 0.495
Pedo-climate x Land
0.580 0.561
use x Canopy 0.08 0.73

420,001 ** 0.01 % 0.05; Sum Sq, Sum of Squares; Mean Sq, Mean Square; NumDF, Numerator Degrees of Freedom; DenDF, Denominator Degrees of Freedom. F, Fratios; p, probabilities.
The bold terms and values are used to highlight the significant p-values, and the corresponding R* values.

The Sudanian zone consistently exhibited higher concentrations of ~ taller grasses and higher tree density (58, 59), characteristic of the
POXC, SOC, and CO,-C efflux across soil depths compared to the = Sudanian zone. Higher rainfall, lower temperatures, and denser
drier Sudano-Sahelian zone. This marked contrast is attributed to  vegetation promote more substantial organic matter inputs,
the more favorable moisture-temperature regimes and greater — microclimate regulation, and sustained microbial activity, thereby
biomass inputs, specifically from the woodland-savanna with  enhancing labile carbon pools and overall decomposition rates (58).
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TABLE 3 Permanganate-oxidizable carbon, microbial respiration, and carbon mineralization rate variation across climatic zones, land use types, and

canopy cover type (mean + SD).

Plot Permanganate

Depth Factors oxidazable carbon

number

mg/kg

Soil respiration

Carbon
mineralization
rates

Soil organic carbon

mg CO2/kg of soil % a/kg

Pedo-climatic zones

Sudanian n= 120 660.47 + 260.51a 627.49 + 331.44b 8.02 + 3.14a 7.91 + 2.86a

Sudano-Sahelian n= 120 510.09 + 239.20b 515.81 + 300.29a 7.89 + 2.77a 6.49 + 2.57b

Land use types

Protected area n= 80 612.71 + 268.64a 541.95 + 313.44b 7.29 + 2.76a 7.37 £ 2.87a
0-10 cm

Fallow n= 80 570.95 + 288.08a 676.30 + 381.65¢ 9.24 + 3.11b 7.25 + 2.93a

Cropland n= 80 572.18 + 221.99a 496.71 + 221.81a 7.31 + 2.56a 6.98 + 2.63a

Canopy cover

Subcanopy n= 120 642.15 + 272.90a 643.93 + 206.31b 829 + 3.01a 7.78 + 2.99a

Intercanopy n= 120 528.42 + 235.55b 499.365 + 217.52a 7.62 + 2.88a 6.63 + 2.50b

Pedo-climatic zones

Sudanian n= 120 376.76+ 175.11a 405.92 + 239.75b 7.55 + 4.76a 5.75 + 2.27a

Sudano-Sahelian | n= 120 309.79+ 158.07b 293.10 + 163.46a 6.17 + 3.57a 497 + 1.54a

Land use types

Protected area n= 80 356.05 + 162.85a 313.46 + 141.27b 6.69 + 3.71a 5.05 + 1.99a
10-30 cm

Fallow n= 80 313.40 + 164.90a 354.81 + 231.71c 6.3 8 +3.58b 5.58 + 1.74a

Cropland n= 80 360.38 + 179.32a 380.26 + 246.07a 7.52 + 524a 545+ 2.15a

Canopy cover

Subcanopy n= 120 37557 + 177.42a 368.62 + 351.41b 6.75 + 3.62a 5.67 + 2.11a

Intercanopy n= 120 310.97 + 155.98b 330.39 + 268.87a 6.97 + 4.81a 5.05 + 1.77b

Values with different letters indicate significant differences (p < 0.05, post hoc test with Tukey adjustment) between climatic zones, land use types, and canopy cover; SD = standard deviation.

Conversely, the Sudano-Sahelian zone’s drier, more variable climate
and sparser vegetation (open savanna-steppe with shorter grasses)
restrict microbial activity and substrate availability, leading to lower
carbon concentrations and efflux. Soil type may also contribute to
these differences, as it is confounded with the climate effect in this
study, which is consistent with previous studies showing that POXC
is sensitive to edaphic and climatic variation (19, 20). Given that
POXC acts as a sensitive measure of active, biologically available
organic matter and is highly responsive to recent additions (60), its
variation with pedo-climate in semi-arid zones strongly indicates
that local microclimatic conditions play a dominant role in shaping
the status of easily accessible carbon. The elevated CO,-C in the
Sudanian zone, therefore, signifies faster mineralization and
potentially lower carbon stabilization unless balanced by higher
plant productivity.

The impact of pedo-climate on carbon mineralization rate was
notably depth-dependent. While POXC, SOC, and CO,-C showed
general sensitivity to pedo-climate across depths, CMR was
significantly affected by pedo-climate primarily in subsurface soils,
with the lowest values in the Sudano-Sahelian zone. This is likely due to
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stronger mineral association of organic matter and diffusional limits in
subsurface soils, which are relaxed more frequently under the wetter
Sudanian conditions (Cao et al., 2019). Studies have shown that carbon
mineralization potentials are negatively correlated with aridity (61, 62)
and that microbial communities from drier soils can exhibit higher
moisture sensitivity (63). This implies that while surface carbon
dynamics respond broadly to pedo-climate, subsurface soil carbon
cycling is more acutely constrained by sustained moisture availability,
emphasizing that drier conditions limit substrate diffusion and
microbial activity at depth (62). Consequently, enhancing deeper
carbon inputs through management practices such as deep-rooted
species or mulching is crucial for carbon stabilization in the Sudano-
Sahelian subsurface soils.

4.2 Effect of land use and canopy cover on
soil carbon indicators

Land use exerted a nuanced influence on soil carbon dynamics,
often interacting with local vegetation structure. Interestingly,
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showing by climatic zone (A), land use type (B), and canopy cover type (C).

Pearson correlations among Soil organic carbon, Permanganate-oxidizable carbon, microbial respiration, and carbon mineralization rate in topsoil,

POXC and SOC showed a limited response to the three land use
types. This can be explained by several factors, including relatively
modest differences in carbon inputs among land uses due to some
anthropogenic perturbation in the protected area (47, 64), and the
tree keeping in the cropland and Fallow (65, 66). Furthermore, due
to financial constraints precluding the purchase of mineral
fertilizers, farmers in the region applied manure and compost to
their croplands (67, 68), which is a good source of carbon inputs in
cropland. This practice, while beneficial, may not always be fully
reflected by certain indicators. For instance, the limited
responsiveness of POXC to land use can be influenced by the
characteristic low SOC levels in semi-arid environments (11, 69). In
such complex systems, where aridity strongly mediates microbial
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activity and soil organic matter properties, the interpretation of
carbon indicators like POXC can be challenging due to inherent
variability and the multitude of uncaptured mechanisms affecting
decomposition rates (70). Additionally, potential methodological
limitations of the POXC assay might obscure subtle changes in
composition (21, 60, 71).

In contrast, CO,-C efflux and CMR in topsoil were significantly
and consistently modified by land use, following the sequence of
Fallow > Cropland = Protected area. This sensitivity highlights their
role as functional output indicators, effectively capturing microbial
responses to disturbance, residue management, and substrate
quality. Fallow systems, benefiting from greater litter and root
inputs and minimal disruption, provide readily mineralizable
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substrates, even smaller, and improved microhabitats, thus
enhancing respiration and mineralization. This finding aligns
with evidence of superior biological activity and restoration
potential in fallow lands (42, 72, 73), although it also points to a
trade-off with increased nutrient cycling and potential carbon loss
(74), suggesting a low carbon stabilization potential as higher CMR
(6.17-9.24%).

The vegetation structure, particularly canopy cover, played a
critical role in modulating microclimatic conditions and carbon
dynamics within all land use types. Soils beneath subcanopy areas
consistently exhibited higher POXC, SOC, CO,-C, and CMR
compared to intercanopy areas. This is attributed to the
protective role of large tree canopies, which shield the soil from
erosion and extreme temperatures, maintain higher and more stable
soil moisture, and provide continuous organic matter inputs
through litter and root exudates, as revealed by several studies
(75-78). This buffering effect creates a more favorable microhabitat
for microbial activity, enhancing decomposition and carbon
cycling, and ultimately contributing to improved soil structure,
fertility, and ecosystem resilience. This underscores the central role
of aboveground vegetation in mitigating environmental extremes
and sustaining soil carbon in water-limited landscapes. Therefore,
strategies that preserve or restore tree cover are essential for soil
carbon sequestration and ecosystem functioning in these
vulnerable regions.

Critically, pedo-climate, land use, and canopy cover explained
together less than 20% of the variation in these indicators,
suggesting their responses are driven by more intricate
interactions, such as site-specific edaphic properties and
microclimate (62). The limited response of POXC to land use
confirms that it alone is insufficient to characterize soil carbon
dynamics, which is consistent with Margenot et al. (79) findings;
instead, it should be combined with process-oriented measures.

4.3 Vertical stratification of carbon
dynamics and the complementary roles of
selected indicators

The functional complementarity of soil carbon pools (SOC,
POXC) and flux (CO,-C, CMR) indicators is revealed through a
distinct vertical stratification of carbon dynamics. The relationships
between carbon pools and microbial activity shift fundamentally
with depth, transitioning from a substrate-driven paradigm in the
topsoil to a system where carbon processing is decoupled from
carbon pool size in the subsurface soil. This depth-dependent shift
exposes the unique and non-interchangeable information provided
by each indicator, consistent with studies showing that labile carbon
proxies and respiration metrics respond differently across
environmental and management contexts (80, 81). In the topsoil,
where fresh organic matter is abundant, there is a notable overlap
between indicators, with POXC serving as a highly reliable proxy
for available fuel, due to its strong positive relation with CO,-C,
which confirms that carbon quantity is a primary driver of flux in
this layer. However, in the subsurface soil (10 to 30 cm), the
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connection between carbon pools and fluxes breaks down. This
means that microbial activity depends on factors beyond just the
availability of easily accessible carbon, but is also influenced by the
stability of older organic matter as revealed by several studies (82,
83). SOC and POXC effectively quantify quantity and lability, but
biological indicators CO,-C and CMR register realized and
potential microbial processing under prevailing constraints. This
divergence reveals that these indicators provide essential, distinct
information: POXC indicates potential substrate, whereas CO,-C
and CMR reflect realized ecosystem function. Combining them
avoids blind spots inherent in any single class of metrics. This
necessity of integrating different types of metrics, such as combining
chemical and biological measures, is supported by other studies
seeking a holistic view of soil function (84, 85). Therefore, this study
demonstrates that a robust assessment of soil carbon in semi-arid
zone requires moving beyond any single measurement. For a
complete picture, use POXC with CO,-C/CMR in topsoil to
capture labile-pool sensitivity and functional response, but
prioritize CO,—C and CMR in subsurface soils to estimate
accessibility and energy limits while using SOC/POXC to
contextualize pool size and stabilization state. Reporting depth
—stratified panels that pair chemical fractions with respiration
metrics provides a defensible, process—oriented evaluation of
carbon dynamics in semi—arid soils across land use and
environmental gradients.

5 Conclusion

This study evaluated the effectiveness of Permanganate
Oxidizable Carbon (POXC), soil microbial respiration (CO,-C),
and carbon mineralization rate (CMR) as indicators of carbon
dynamics in semi-arid zones, considering the influences of pedo-
climate, land use, and canopy cover. POXC and Soil Organic
Carbon (SOC) primarily responded to pedo-climatic zones and
canopy cover, indicating that inherent soil and climate conditions,
along with vegetation structure, are more dominant than
management practices in shaping their dynamics. CO,-C showed
a general sensitivity to all three factors, confirming its roles as an
integrated measure of microbial activity and carbon turnover.
CMR’s responses varied with depth; land use and canopy cover
influenced it in the topsoil, while climate influenced it at deeper
levels. Despite their observed responsiveness, the factors studied
(pedo-climate, land use, and canopy cover) explained only a small
portion (less than 20%) of the total variation in these indicators.
This suggests that other unquantified factors, complex interactions,
or soil heterogeneity significantly influence these indicators,
meaning a solely factor-based approach offers an incomplete
understanding. POXC, CO,-C, and CMR are important
preliminary indicators that reflect changes in soil carbon
dynamics across various land uses and climatic conditions. As
soil depth increases, CO,-C and CMR become more closely
linked, while the correlation between SOC and POXC remains
positive but weaker in subsurface soils. This suggests a transition
from surface dynamics driven by substrate availability to
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constraints related to accessibility and protection deeper in the soil
profile. Together, the depth-specific responses of POXC, CO,-C,
and CMR highlight their complementary strengths, including pool
size and lability in the topsoil, as well as functional accessibility
and energetic limitations in subsurface soils. This information
provides a clear, process-oriented foundation for evaluating
carbon dynamics and management impacts in semi-arid West
Africa.For evaluating carbon dynamics, employ POXC alongside
CO,—C/CMR in the topsoil to assess the sensitivity of the labile
carbon pool and its functional responses. When looking at subsoils,
concentrate on CO,—C and CMR to understand accessibility and
energy limitations. Furthermore, use the SOC/POXC ratio to offer
insight into the size and stabilization status of the carbon pools.
Future research should identify additional influential factors,
refine depth-specific thresholds, and test indicator resilience
under extreme climate scenarios to inform comprehensive soil
management in semi-arid ecosystems.
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