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Abstract: Soil amendments such as limestone and gypsum can influence microbial car-
bon use efficiency (CUE) by altering nutrient stoichiometry, particularly nitrogen (IN) and
phosphorus (P). However, their effects beyond the topsoil, especially under no-till sys-
tems, remain unclear. This study assessed microbial CUE through substrate use efficiency
(SUE) following glucose addition as a factor influencing carbon (C) sequestration poten-
tial. Two experiments were conducted in tropical soil. The first evaluated the addition of
14C-glucose (G) to soil treated with lime, lime + gypsum, and a control, with or without
the addition of N. The second compared limestone + gypsum and control treatments,
incorporating G with N and P. Soil microbial respiration (CO, emission) was measured
after 14 and 42 days. In the surface soil (0-10 cm), CUE increased with limestone or
limestone + gypsum when N was applied. In the subsoil (40-60 cm), these amendments
enhanced CUE compared to untreated soil in the absence of N. Treatments with G+N+P or
G+P improved CUE in the surface soil. At the same time, G+N+P increased CUE in the
subsoil regardless of acidity alleviation. Differences in #CO, evolution indicated higher mi-
crobial CUE with acidity correction. Balanced N and P applications significantly enhanced
CUE, highlighting the importance of both soil acidity correction and nutrient availability
for microbial carbon processing.

Keywords: CUE; gypsum; lime; pH; soil amendments

1. Introduction

Soil management alters the size, structure, and activity of the soil microbial community
and consequently affects biogeochemical cycling by changing the quantity and quality
of plant residues entering the soil system [1]. The application of lime modifies microbial
dynamics, diversity, and enzymatic activity by increasing the pH and inducing a priming
effect on soil CO, emissions [2—4]. Furthermore, nitrogen (N) fertilization, combined with
lime and gypsum application, benefits the N and carbon (C) cycles, reduces greenhouse
gas emissions, and increases soil N and C stocks in tropical weathered soils [5].

As C dynamics in the soil profile are modified, the processes regulating surface and
subsurface C storage may differ [6,7]. Additionally, the microbial population may vary
with soil depth due to differences in pH, substrate quality (often recalcitrant and less
biodegradable), and oxygen availability. Soil pH [5] and oxygen concentration are shown to
decrease with soil depth. Therefore, specialized microbial populations transform substrates
added to both the arable layer and subsoil, but at different rates [6,8,9]. While lime and
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gypsum ameliorate soil acidity throughout the profile, their effect on C cycling via microbial
biomass may be minimal, particularly in the subsoil [10]. It has been reported that greater
microbial C use efficiency (CUE) may occur in subsoil microbial communities due to
persistent carbon limitation [11,12]. However, the role of other nutrients on microbial CUE
throughout the soil profile remains poorly understood. Microbial metabolism has been
extensively studied using isotopic techniques to quantify the behaviour and fate of '3C and
14C-labeled substrates applied to soils and measure the amount of C released via microbial
respiration. Of the C taken up from soil, part is incorporated in the microbial biomass
for growth in anabolic processes (cell growth and maintenance), while the remainder
portion is mineralized to CO, tnrough catabolic processes associated withcell maintenance
(respiration) [13]. Factors controlling the transformation of C by microbial biomasses
into soil organic carbon (SOC) through immobilization [14], along with the availability of
inorganic nutrients (e.g., N, P, S), are considered important regulators of C storage rates [15].
These factors are recognized as processes associated with efficient CUE by soil microbial
CUE [16].

Nutrient addition changes soil C dynamics because, in the absence of other limiting
factors (e.g., pH, water, oxygen availability), microbial growth can increase efficiently
when nutrients are no longer limiting it [11,17,18]. Increases in soil C following nutrient
addition have been attributed to enhancing net primary productivity, which induces greater
rhizodeposition and an increased production of above-ground plant residues [19,20]. Cover
crop species can also shape microbial community structures and networks, eventually
improving soil quality and health in the arable layer by altering base saturation and nutrient
availability, such as N and P, in the soil [21]. However, the microbial requirements and
relative efficiency of microorganisms are often overlooked, even though microorganisms
may respond to nutrient addition, especially at different soil depths, due to heterogeneity
in the microbial community composition.

Soil microbes secrete enzymes to degrade complex plant and soil organic matter into
smaller compounds, which are subsequently assimilated for growth and metabolism [22].
Changes in pH can alter soil enzymes through reversible ionization and deionization of
functional groups at the enzyme active sites or through irreversible enzyme inactivation [23].
However, optimal pH can vary between enzymes and soils and is influenced by the origin
of the enzymes and their degree of stabilization on solid surfaces [24]. As a result, soil pH
serves as a key regulator of microbial processes impacting C accumulation. Raising soil
pH beyond a certain threshold (~6.2) leads to C loss by stimulating microbial activity and
decomposition. In contrast, in near-neutral pH soils, C loss under intensification is driven
not by increased decomposition but rather to a decline in microbial biomass and growth
efficiency, likely due to trade-offs between stress alleviation and resource acquisition [25].
Lime-induced changes in soil pH can affect both CUE and microbial activity; however,
these effects depend on the initial pH and the extent of pH change [26].

Some authors suggest that, under nutrient-limited conditions, microorganisms decom-
pose native soil organic matter (SOM) to meet their nutrient demand. Following nutrient
addition, this “mining” behavior diminishes, potentially increasing SOC stocks [27,28].
Therefore, we hypothesize the following: (i) The application of gypsum and lime to acidic
soils creates favorable conditions for soil microorganisms to transform the C added to
the soil and increase SOC; (ii) Carbon not used for growth due to nutrient limitation is
redirected to overflow respiration; thus, nutrient addition should enhance the amount of C
immobilized in the microbial biomass; and (iii) consequently, CUE would be increased in
amended soils. This study aimed to evaluate microbial CUE by assessing CO, evolution
from microbial respiration in the arable layer and subsoil as affected by acidity alleviation,
with or without N and P addition.
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2. Materials and Methods
2.1. Soil

Soil samples were collected from a non-tilled medium-term field experiment—the cash
crops were planted over the cover crop desiccated residues, with soil preparation—in Botu-
catu, SP, Brazil (782 m asl; 22°49'50.70" S; 48°25/38.79" W). The soil was a well-structured
Typic Hapludox [29], with 343 g kg~ ! (34.3%) of clay, 109 (10.9%) g kg ! of silt, and
547 g kg ! (54.7%) of sand. The climate is tropical with dry winters and warm, rainy sum-
mers. The annual average temperature is 20.7 °C and the annual average rainfall is 1568 mm.
The experiment had soybeans (Glycine max L.) grown in the spring/summer, double-
cropped system with maize (Zea mays L.) and intercropped with Guinea grass (Megathyrsus
maximus (Jacq.) B.K. Simon & S.W.L. Jacobs cv. Tanzania) during the fall/winter season
for three consecutive years. Lime and gypsum were applied at 2.9 and 2.1 t ha~! before
the first soybean crop and again the next year. Nitrogen as ammonium sulphate was
applied annually to maize intercropped with Guinea grass at either 0 or 240 kg ha~!. Before
the experiment, the area was fallow with spontaneous vegetation, mainly grasses. Soil
samples were collected randomly down to a 60cm soil depth to determine soil chemical
attributes [30] (Table 1). The soil samples for the l4c experiment were collected at two
depths, 0-10 cm and 40-60 cm. The field experimental design was a 3 x 2 factorial in
complete randomized blocks with four replicates, where the treatments were limestone,
limestone + gypsum, and control without acidity alleviation, combined with zero and
240 kg ha~! of N.

Table 1. Chemical characterization of soil samples taken at different depths down the soil profile
prior to starting the laboratory experiments.

Depth pH SOM P S K Ca Al H+Al CEC BS
m CaCl, gkgl mgdm3 e mm . dm 3 %
0.0-0.1 4.4 18 13 5 2.1 12 9 52 78 32
0.1-0.2 4.3 14 10 5 1.1 9 9 48 66 27
0.2-0.4 4.1 11 6 22 0.5 4 12 55 63 13
0.4-0.6 4.0 11 6 21 0.4 3 20 90 97 8

SOM = Soil organic matter (Walkley-Black); P = phosphorus available (P resin); K = exchangeable potassium (K*);
Ca = calcium (Ca?*); Mg = magnesium (Mg?*); Al = exchangeable aluminum (A13*); H+Al = potential acidity;
CEC = Cation exchange capacity; BS = base saturation.

2.2. Experiment 1—Microbial C Use Efficiency

To evaluate the dynamics by which the topsoil (0-10 cm) and subsoil (40-60 cm)
microbial community metabolized C, *C-uniformly labelled D-glucose was used as a
substrate. This was chosen because it represents a very common C source incorporated into
acidic soils within plant residues (e.g., as a polymer within cell walls and as a free sugar
in the cytosol and vacuole) and is classified as a readily used C source by almost all soil
microbes [31].

The water content of the soil samples was measured gravimetrically (24 h at 105 °C) for
subsequent experimentation. Soil samples (5 g) were placed in 50 mL sterile polypropylene
tubes, pre-incubated, rewetted to reach 65% water holding capacity, and kept at 25 °C
for 72 h to restore microbial activity [32]. After incubation, 0.25 mL of a 10 mM solution
containing *C-labeled D-glucose with a specific activity of 1.8 kBq mL~! (Sigma Aldrich
Company Ltd., St. Louis, MO, USA) was added to each sample and spread homogeneously
over the soil. This concentration was chosen to reflect typical concentrations that exist in
the soil when plant cell lysis occurs [33]. A polypropylene vial containing 1 mL of 1.0 M
NaOH was placed above the soil immediately after the addition of the labelled D-glucose
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to capture the evolved *CO,. The tubes were then sealed and incubated at 23 °C, and
the CO; traps containing NaOH were changed after 1, 3, 6, 9, and 24 h and then 2, 3, 4,
5,6,7,8, and 14 days after the addition of *C. Immediately after changing the NaOH
traps, the NaOH solution containing '#CO, released from the soil was mixed with 4 mL of
scintillation solution (Optiphase HiSafe 3® Perkin Elmer Inc., Waltham, MA, USA), and
the amount of *CO, was determined using a Wallac liquid scintillation counter (Wallac
EG&G, Milton Keynes, UK) with automated quench correction.

To determine how much *C-glucose remained in the soil at the end of the 14-day
incubation period, the *C-glucose adsorbed to the solid phase or in the soil solution was
extracted with 0.5 M K»5O;4 at 1:5 w/v [13,34]. After extraction, 1 mL of the supernatant was
mixed with 4 mL of scintillation solution as described previously, and *C was determined
using a liquid scintillation counter.

The microbial immobilization of *C-glucose (**Cim) at the end of the incubation
period was estimated using the following equations:

14Cim = “Ctot — *CK,S0, — *CO, (1)

where “Ctot is the total 14C—glucose added to the soil at time zero (t) = 0, 1*CK,S0; is the
14C recovered in the 0.5 M K,SO4 extract, and 4CO; is the #C recovered as #CO,.

Microbial substrate carbon use efficiency (CUE) is defined as the amount of C in the
microbial biomass relative to the C in microbial biomass plus the C respired as CO,. CUE
was determined through substrate use efficacy (SUE).

CUE = Cim/(Cim + *CO,) ()

2.3. Experiment 2—Stoichiometric Control of C Respiration

In this study, only samples from the field treatments with lime + gypsum and the
control (without acidity correction) without N were used. Soil samples (5 g) were placed in
sterile 50 mL polypropylene tubes and moistened to 65% of their water retention capacity.
The tubes were capped and pre-incubated in the dark at 22 °C for 72 h [34]. After pre-
incubation, as in the first experiment, 0.25 mL of a 10 mM solution containing 4C-labeled
D-glucose with a specific activity of 1.8 kBq mL~! (Sigma Aldrich Company Ltd., St. Lois,
MO, USA) was added. N and P were added to the soil at a ratio of 75:8.75:1 (C:N:P) based
on published values for soil microbial communities [17,35-38]. Based on the amount of
14C—glucose, N and P rates were calculated to obtain a ratio of 75:8 N and 75:1 P, then added
into the solution, as NHsNOj3 and KH,POj. After adding the glucose + nutrient solutions,
1 mL of 1 M NaOH was placed into the vials and placed in the tubes, which were capped
to capture the respired 4CO,, as previously described in experiment 1. The NaOH traps to
capture 4Co, respired from the soil were changed after 1, 6, and 24 h, and then weekly for
6 weeks (42 days in total). In each sample, the NaOH trap was replaced, 4 mL of Optiphase
‘HiSafe’ 3 scintillation fluid (Perkin Elmer, Waltham, MA, USA) was added to the NaOH
traps, and *C activity was determined by liquid scintillation counting (LSC; Tri-Carb 3110
TR scintillation counter, Perkin Elmer Inc.). At the end of the incubation period (42 days),
the amount of 14C—glucose adsorbed in the solid phase, or the soil solution, was extracted
with a 0.5 M K;SOy solution at 1:5 (w/v) [34]. Again, the cumulative amount of 14CO, in
the NaOH traps was calculated as described in the first experiment, the 1*C-glucose (}4Cim)
was estimated through Equation (1), and the CUE was calculated using Equation (2).

2.4. Statistics

The data obtained were subjected to homogeneity of variance and normality tests
(Levene and Shapiro-Wilk, respectively). Once the assumptions were met, ANOVA was
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performed considering a 3 x 2 factorial in the first experiment and a 2 x 2 factorial in the
second experiment, both with four replications. When the F-test was significant, means
were compared using the modified Fisher’s protected least significant difference (LSD,
p < 0.05) using SAS software, version 9.2.

3. Results

In the surface layer, from 0 to 10 cm, the alleviation of soil acidity led to higher CUE
only when residual N was present (Figure 1A), regardless of the association with gypsum.
However, in the subsoil layer (40-60 cm), limestone increased CUE compared to the control
without residual N, regardless of its association with gypsum. When comparing soils with
and without residual N, higher CUE was observed in the subsoil in the control (without
soil pH correction) and with limestone + gypsum in soil with residual N, which was not
observed when limestone was applied alone (Figure 1B).

1.0 -
CUEno N
A (0-10 B (40-60 —
( cm) ( ‘™) == CUE with N

o
o]
f

Aa Aa
Aa Ba Aa [ Aa 22 Aa Aa Aa Aa
— a — Ab
r Bb

o
[e)}
)

Carbon use efficiency
(mmol mmol 1)
<
i

I
N
N

0.0-

Control Lime Lime+gypsum Control Lime Lime + gypsum

Figure 1. Effect of soil acidity alleviation-lime (2.9 t ha~!), gypsum (2.1 t ha~!)—on microbial C use
efficiency (CUE) in response to the addition of a glucose-C substrate. Mean percentage of initial C
after 14 days for each treatment in the topsoil (Panel (A), 0-10 cm) and subsoil (Panel (B), 40-60 cm))
Values represent means (1 = 4). Lowercase letters compare soil with (240 kg ha—1) and without
(0 kg ha™1) residual N in the cropping system for each soil amendment, and capital letters compare
soil amendments for N application in the cropping system (p < 0.05, LSD test).

It was observed that soil acidity alleviation with lime and lime plus gypsum did not
affect the evolution of 1*CO, from the soil without residual N in the surface layer 0-10 cm
(Figure 2A). However, in the presence of residual N, the cumulative 1*CO, evolution was
higher in the control and limestone treatments. In the subsoil (40-60 cm), no difference was
observed in the 1*CO, accumulated evolution with N (Figure 2B). In contrast, under acidic
conditions without N, it was greater. Furthermore, still in the subsoil, the highest evolution
of ¥CO, was observed in the control (without acidity correction) when the soil had no
residual N (Figure 2B). Similarly, when soil acidity was corrected with limestone + gypsum,
the soil with residual N showed lower 14CO, evolution than the soil without N.

Evaluating the addition of nutrients with glucose in the surface layer (Figure 3A), we
observed that applying G+N+P and G+P resulted in higher CUE compared with adding
only G to the soil. However, it was no different from applying G+N (Figure 3A). In the
subsoil (Figure 3B), the treatment without added nutrients resulted in the lowest CUE,
regardless of soil acidity alleviation. Similar to the surface layer, the addition of G+N+P
resulted in higher CUE in the subsoil, regardless of acidity alleviation, as did the addition
of G+N. This suggests that, in the subsoil, N is a limiting factor for substrate transformation.
Furthermore, when G+N was added, a higher CUE was observed in the amended soil
compared with the acidic soil. The addition of P separately was not efficient in increasing
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CUE, regardless of soil acidity correction, and CUE was lower than with the addition of
G+N and G+N+P.

601 r
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Figure 2. Effect of soil acidity alleviation-lime (2.9 t ha~'), gypsum (2.1 t ha—!) and N addition on
cumulative *CO, release in microbial respiration after incubating the soil microbial community
with 14C—glucose for 14 d, in the topsoil (Panel (A), 0-10 cm) and subsoil (Panel (B), 40—-60 cm)).
Values represent means (1 = 4). Lowercase letters compare soil with (240 kg ha~1) and without
(Okg ha~1) residual N in the cropping system for each soil amendment, and capital letters compare
soil amendments in each N rate (p < 0.05, LSD test).
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Figure 3. Microbial carbon use efficiency (CUE) in response to glucose addition (10 mM 14C-labeled
D-Glucose) in the topsoil (Panel (A), 0-10 cm) and subsoil (Panel (B), 40-60 cm) either in the presence
or absence of N and P and with and without lime and gypsum application. Values represent means
(n = 4). G+N ratio of 78:1; G+P ratio of 75:1; G+N+P ratio of 75:8.75:1; lime (2.9 t ha™1); gypsum
(2.1 tha=1); control (0 t ha™! of lime and gypsum). Capital letters compare the addition of glucose
(G), nitrogen (N), and phosphorus (P) for each soil improver, and lowercase letters compare the soil
improvers for each nutrient added in the cropping system (p < 0.05, LSD test).

The evolution of *CO, in the surface layer was not affected by the addition of nutrients
to the acidic soil (Figure 4A). However, in the amended soil, there was a lower “4Co,
evolution with the addition of G+N+P compared with G alone in the subsoil (Figure 4B)
because of the greater CUE (Figure 3A). Furthermore, in the subsoil, the addition of G+N+P
also resulted in a reduced *CO, evolution compared with the addition of G+P, regardless
of soil acidity (Figure 4B). A lower 14CO, evolution was also observed after the addition of
G+N compared with G alone. Notably, the addition of G+N resulted in even lower *CO,
evolution in the subsoil when the pH was increased compared with treatments without
acidity correction (Figure 4B).
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Figure 4. Total amount of CO; produced from the added glucose by the soil microbial community
after 42 d in either the topsoil (Panel (A), 0-10 cm) or subsoil (Panel (B), 40-60 cm) either in the
presence or absence of N and P and with or without lime and gypsum application. G+N ratio of 78:1;
G+P ratio of 75:1; G+N+P ratio of 75:8.75:1; lime (2.9 t ha~!); gypsum (2.1 t ha™'); control (0 tha~! of
lime and gypsum). Capital letters compare the addition of glucose (G), nitrogen (N), and phosphorus

(P) for each soil amendment, and lowercase letters compare the soil amendments for each nutrient
added (n =4; p <0.05, LSD test).

4. Discussion

Although mineral surfaces play an important role in chemically protecting soil
C [39,40], SOM transformations by microorganisms have been increasingly recognized
as dominant drivers of C stock formation and long-term stabilization [10,41,42]. This is
because the transformation of organic matter (i.e., substrate added to the soil) can both
increase or contribute to C sequestration rates in the soil [43] and enhance CO, emitted into
the atmosphere [13].

In our experiment, a higher CUE (estimated through SUE) was observed following soil
acidity alleviation, which corresponded to a lower *CO, release from soil. This effect can
be explained by reduced Al activity and higher pH. It is known that, when the microbial

community is exposed to high levels of Al>*

and low pH, mineralization of labile C is
higher, and a higher CO, emission rate is observed, resulting in a lower CUE [44]. The
increased CUE observed with soil acidity alleviation likely reflects both direct and indirect
improvements in microbial metabolism. While reduced Al toxicity directly benefits micro-
bial growth, the higher pH enhances nutrient availability and enzyme functioning, creating
a more energetically efficient environment for microbial carbon processing [26,45,46]. This
multi-mechanism improvement explains why our results showed stronger CUE responses
than those from previous single-factor studies. For example, ref. [10] reported that CUE
was not affected by soil acidity alleviation. In the present study, a higher CUE and, conse-
quently, a lower evolution of *CO, originating from *C-glucose were observed in soils
with corrected acidity, suggesting that soil acidity alleviation can help mitigate the emission
of CO; from the soil into the atmosphere.

The CUE for 4C-glucose averaged 0.71, consistent with values similar to those re-
ported in other studies [10,18,44]. With residual N, CUE was not higher in the subsoil
when soil acidity was corrected, likely due to co-limitation by other nutrients such P [47].
Nutrient shortage in soil without residual N also decreased subsoil glucose-derived C
at the end of two weeks, both in soil with corrected acidity and in the control treatment,
resulting in lower CUE. Some studies have shown that the onset of SOM decomposition
may accelerate after nutrient addition, while others report negative or no effects [48], which
may explain the lack of response to residual N when lime was applied alone.

Evidence from this study suggests that, although C-glucose can be transported into the
cell, it was not immediately partitioned into respiration when added together with G+N+P.
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Potentially, this C was allocated to internal storage or other C-rich structures [49-51]. The
increased CUE with G+N+P treatment, particularly in subsoil, suggests that microbial
communities may be operating well below their metabolic potential when nutrient avail-
ability is limited. This indicates that strategic nutrient and lime management could unlock
significant additional C storage capacity in agricultural soils by enhancing microbial CUE,
not merely by increasing C inputs. The C cycle is tightly coupled with the N cycle, and N
is considered one of the most limiting elements for biomass production. Nitrogen inputs,
whether from fertilization (mineral, organic) or biological N fixation, have been associated
with enhanced C sequestration in agricultural soils [52]. According to [53], the introduction
of plant species with high N concentration into the crop rotation can increase soil C inputs.
With the addition of G+P, the P available in soil potentially increases, creating a state of
limitation for other nutrients such as N in the subsoil, which probably inhibited CUE and
decomposition of C derived from C-glucose. However, the addition of G+N+P overcame
this limitation and resulted in increased CUE. Nutrient restriction in agricultural soils,
particularly N and P, are well known constraints on the C cycle [54], and these constraints
are especially pronounced in highly weathered soils [55].

Stoichiometric balance can be considered an alternative to increase soil organic C, and
the addition of nutrients can promote SOM formation through the anabolic processes of mi-
crobial decomposition and the transformation of substrates derived from microorganisms.
Conversely, under nutrient limitation, microorganisms may decompose SOM to acquire
nutrients, a process known as microbial mining, which may decrease following nutrient
addition, thereby enhancing SOM stocks [56]. However, the increase in soil C still depends
on the interaction of stabilization mechanisms such as aggregation, organo-mineral associa-
tions, or humification [57]. When the nutritional requirements to build microbial biomass
are met (i.e., nutrient stoichiometry), decomposing C is more likely to be incorporated into
microbial biomass rather than respired as CO, [56,58,59]. This was evidenced in our study
by the higher CUE observed with G+N+P additions, particularly in the subsoil, suggesting
that balanced nutrient stoichiometry is crucial for efficient C processing. The contrasting
responses between surface and subsoil further suggest that stoichiometric requirements
may vary with depth, possibly due to distinct microbial community compositions and
resource availabilities.

For microorganisms, communities, and ecosystems, respiration can vary with local
conditions because nutrient supply and other environmental factors affect the responses
of microorganisms and eventually CO, respiration [60,61]. Alternatively, the growth
limitation of soil microbiota caused by the limited availability of an essential element may
affect the rate of CO; related to soil microbial growth, decreasing CUE [18]. The regulation
of microbial communities by different controlling factors and nutrient limitations at depth
has been supported by several studies investigating C dynamics in subsoils [11,62].

The lack effect in this study with the addition of glucose alone, a labile source of C,
suggests that mineral concentrations in tropical soils do not provide optimal C:N:P ratios
to meet the needs of the microbial community for SOM decomposition. This fact may
reflect a more active and abundant microbial community, leading to a greater use of C for
respiration [63]. The CUE of microbial communities varies with environmental conditions,
substrate availability, stoichiometry, physiological state, and community composition [64].
For example, yield may be higher in rich-nutrient soils under no-till than in conventional
cropping systems on acidic soils. This example underscores that both environmental
constraints and nutrient supply must be considered when interpreting CUE patterns in
agricultural ecosystems.
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5. Conclusions

The results of this study provide important new insights into the effects of nutrient
addition and substrate transformation in soil following acidity alleviation. Our findings
demonstrate that soil acidity alleviation, when combined with balanced nutrient additions
(N+P), significantly enhances microbial CUE, particularly in subsoils. The depth-dependent
responses to nutrient addition highlight the distinct nutrient limitations and microbial
strategies operating at different soil depths. While surface soil was responsive to N and P,
subsoil microbial communities were primarily limited by N availability. Applying nutrients
such as N and P enhances microbial C transformation, potentially increasing C stabilization
and CUE in acidity-corrected soil and suggesting that mineral nutrient constraints limit
the soil microbial functioning community. Therefore, integrated management approaches
addressing both soil acidity and stoichiometric balance are crucial for maximizing soil
C stabilization potential in weathered soils. These findings have important implications
for developing more effective strategies for enhancing soil C sequestration in agricultural
systems, particularly in weathered tropical soils.
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