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Abstract

Improving soil carbon quality and biological fertility through long-term nutrient management is essential for sustaining productivity,
reducing input dependence and enhancing climate resilience in rainfed Vertisols. This study evaluated the effects of nine treatments
including control, inorganic fertilisation (50 % RDF, 100 % RDF, RDF + Zn), organic amendments [farmyard manure (FYM) (50 % Ngvw, sole
FYM), crop residues (CR) (50 % Ncg)] and integrated nutrient management (INMew, INMcr) on soil carbon pools, oxidisable carbon fractions,
carbon management indices (CMI) and enzyme activities in a permanent manurial experiment. Soil organic carbon (SOC) ranged from 5.66
(control) to 11.19 g kg™ (INMgw), both in the cotton phase. Inorganic treatments enhanced soil inorganic carbon (SIC), suggesting an
inverse relationship with organic inputs. Sole FYM enriched the very labile fraction, whereas INM enhanced the labile and less labile
fractions and non-labile carbon was highest under RDF + Zn. CMI ranged from 136.7-307.1 and was highest under sole FYM. The 50 % Ngwu
recorded higher permanganate oxidisable carbon (POXC) and microbial biomass carbon (MBC) than 100 % RDF despite lower SOC,
highlighting the importance of substrate quality. Enzyme activities were consistently lower in the cotton phase. Structural equation
modelling indicated that SOC was associated with dehydrogenase activity indirectly through MBC, which mediated 86.5 % of this effect,
whereas POXC was the primary driver of 3-glucosidase (BGA) and cellulase activities (CA). These findings demonstrate that biological
fertility in dryland Vertisols is governed by active, biologically accessible carbon pools rather than total SOC and that sustained organic
and integrated inputs are essential for enhancing carbon quality and microbial enzyme function.
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Introduction are highly sensitive to nutrient management practices (2). Long-term
studies consistently demonstrate that integration of organic
manures with mineral fertilisers has been widely recognised as an
effective strategy for enhancing SOC sequestration, improving soil
quality and sustaining crop productivity (3,4).

Soil organic carbon (SOC) constitutes the largest active reservoir of
terrestrial carbon and plays a pivotal role in regulating soil health,
agricultural productivity and climate change mitigation. Its
persistence is governed by the functional complexity of soil systems,
arising from interactions among organic substrates, minerals, Vertisols, characterised by their high smectitic clay content
microorganisms and environmental conditions (1). In dryland and ~ @nd pronounced shrink-swell behaviour, are among the most
semi-arid agroecosystems, where limited precipitation and high agriculturally significant soils in peninsular India and other semi-arid
evapotranspiration constrain biomass production and organic  tropical regions. Owing to their unique mineralogy, they possess a
inputs, maintaining SOC stocks remains a major challenge, as they high capacity for carbon stabilisation through organo-mineral
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associations and aggregate protection (1). Evidence from long-term
fertilisation ~experiments indicates that integrated nutrient
management (INM) significantly enhances SOC stocks and overall
soil quality (4). Moreover, soil inorganic carbon (SIC), primarily
present as pedogenic carbonates, represents a significant yet
overlooked component of the total carbon pool in semi-arid
environments, emphasising the need for comprehensive
assessments of both organic and inorganic carbon fractions (5).

The SOC is inherently heterogeneous, comprising a
continuum of fractions that differ in turnover time, biological
accessibility and sensitivity to management. Operationally defined
oxidisable C fractions including very labile (VLC), labile (LC), less
labile (LLC) and non-labile (NLC) carbon, derived through graded
K:Lr,O7 oxidation provide insights into carbon stabilisation
pathways under different management regimes (6). Among the
active carbon indicators, permanganate oxidisable carbon (POXC)
serves as a sensitive and rapid measure of management-induced
changes in labile SOC and is strongly associated with microbial
activity (7). Microbial biomass carbon (MBC), the living component
of soil organic matter (SOM), is sensitive to substrate availability and
management practices and is a key driver of nutrient cycling and
carbon turnover (8). The carbon management index (CMI), which
integrates carbon pool index (CPI) and lability index (LI), offers a
holistic assessment of changes in both the quantity and quality of
soil carbon relative to a reference system (3, 9).

Beyond the bulk SOC pool, the quality and availability of
carbon fractions regulate microbial activity and the production of
extracellular enzymes that drive SOM decomposition and nutrient
cycling. Soil microorganisms and their enzymes are therefore key
mediators of SOC transformation and stabilisation. Labile carbon
pools such as MBC and POXC are closely linked with the activities of
carbon-cycling enzymes, including B-glucosidase, dehydrogenase
and cellulase, which catalyse the breakdown of plant-derived
substrates and reflect soil biological fertility (10). Long-term
fertilisation and residue incorporation enhance these enzyme
activities and microbial abundance, reinforcing the tight coupling
between SOC dynamics and biological processes under INM (11).

Despite substantial progress in understanding SOC
dynamics, several knowledge gaps remain. Most previous studies
have focused on individual carbon fractions or isolated biological
indicators, whereas integrated multi-fraction assessments
encompassing SOC, SIC, POXC, MBC, oxidisable carbon fractions,
carbon quality indices and enzyme activities are scarce, particularly
in longterm dryland Vertisol experiments in the Indian
subcontinent. Furthermore, the mechanistic pathways linking SOC
pools to specific enzyme responses are complex and often involve
both direct and indirect interactions mediated by microbial
communities. Conventional statistical approaches are limited in
resolving these complex relationships, whereas structural equation
modelling (SEM) provides a robust framework for disentangling
causal pathways among soil carbon fractions, microbial biomass
and enzyme activities (12).

The present study utilises a 43-year-old long-term field
experiment, providing a rare opportunity to evaluate treatment-
induced changes in soil carbon quality and microbial functionality
that cannot be resolved in short-term studies. The prolonged and
uninterrupted nutrient management history enables assessment of
cumulative soil carbon dynamics and carbon sequestration under
rainfed Vertisol conditions.

2

The specific objectives were to (i) evaluate the impact of
long-term fertilisation and manuring on SOC and SIC pools in a
rainfed maize-cotton Vertisol; (i) characterise the distribution of
oxidisable carbon fractions and assess carbon quality using carbon
management indices; and (jii) elucidate the SOC-driven pathways
to enzyme activities mediated by MBC and POXC using structural
equation modelling (SEM).

Although multi-fraction assessments and SEM have been
applied to soil-carbon studies, this study integrates oxidisable
carbon fractionation, active carbon pools, carbon-quality indices
and carbon-cycling enzyme activities within a 43-year dryland
Vertisol experiment and uses SEM to resolve the specific mediating
roles of MBC and POXC in linking bulk SOC to individual enzyme
responses. This integrated framework provides mechanistic
evidence linking long-term nutrient management to carbon quality
and microbial functioning, thereby identifying the biologically active
carbon pools that underpin enzyme activity under semi-arid rainfed
conditions.

Materials and Methods
Experimental site

The study was conducted in a permanent manurial experiment
(PME) established in 1982 at the Agricultural Research Station (ARS),
Kovilpatti, Tamil Nadu Agricultural University (TNAU), India, one of
the oldest continuously maintained dryland long-term experiments
in peninsular India. The site experiences a hot semi-arid tropical
climate; the long-term normals are a mean annual rainfall of
743 mm and a reference potential evapotranspiration (PET) of
812 mm, resulting in a water-deficit agro-ecosystem throughout
most of the crop-growing period. Meteorological data for the study
period were obtained from the on-site agro-meteorological
observatory. Rainfall and evaporative demand differed markedly
between the two crop years. The maize year (Rabi 2024-25)
received 1188 mm of rainfall, whereas the cotton year (Rabi
2025-26) was considerably drier at 703 mm, with correspondingly
higher Class-A pan evaporation (2008 and 2327 mm, respectively;
Supplementary Table 1). As pan evaporation is not equivalent to
PET, year-specific evaporative demand is reported as measured
Class-A pan evaporation. The monthly rainfall distribution for the
study period is presented in Supplementary Fig. 1. The soil is
classified as Typic Haplusterts in USDA Soil Taxonomy, representing
a deep, heavy-clay Vertisol characterised by high smectitic clay
content, pronounced shrink-swell cracks during dry periods and
strong selfmulching upon rewetting. The baseline soil
characteristics of the experimental site recorded at the initiation of
the PME in 1982, are presented in Supplementary Table 2. Over the
course of the experiment, crops, varieties and associated agronomic
practices were updated in accordance with regional
recommendations, whereas the experimental layout and nutrient
management treatments remained unchanged since 1982. Because
the maize and cotton crops were grown and sampled in consecutive
years (Rabi 2024-25 and 2025-26) rather than within a single year,
the two cropping phases differ simultaneously in crop, sampling
year and prevailing weather. Differences between the maize and
cotton phases therefore cannot be attributed to a single factor and
are interpreted throughout as combined crop-, year- and moisture-
related effects rather than as effects of cropping period alone.

https://plantsciencetoday.online


https://plantsciencetoday.online

Experimental design and treatments

The experiment was conducted in a randomised block design
(RBD) with 3 replications, with each plot measuring 7.5 x 3.6 m. All
treatments have been maintained continuously since 1982 without
interruption as part of the long-term PME. For the present study,
maize (COHMS; 45 x 20 cm) was grown during rabi 2024-25,
followed by cotton (KC3; 45 x 15 ¢cm) during rabi 2025-26 under
rainfed conditions. Nine nutrient management treatments were
included in the experiment (Table 1). Fertiliser applications followed
crop-specific recommended doses of fertilisers (RDF). All organic
amendments were thoroughly incorporated into the topsoil during
pre-sowing soil preparation each crop.

Soil sampling and processing

Surface soil samples (0-15 cm) were collected after the harvest of
maize (January 2025) and cotton (March 2026) to capture nutrient
management effects in each cropping phase. Using the quadrant
sub-sampling approach, eight to ten randomly positioned cores per
plot were composited to obtain one sample per replication. Field-
moist subsamples (~50 g) were stored at 4 °C and analysed for
microbial biomass carbon (MBC) within 48 hr. Remaining samples
were air-dried under shade, gently disaggregated, sieved (<2 mm)
and stored for analyses. A portion of the <2 mm soil was further
ground to pass through a 0.5 mm sieve for the determination of
oxidisable carbon fractions.

Soil analyses

The collected soil samples were analysed for physical, chemical and
biological properties using standard laboratory procedures. The
analytical methodsemployed foreach parameter are described below.

Soil physical and chemical analysis

Soil moisture content at the time of sampling was determined
gravimetrically by oven drying at 105 °C to constant weight and
expressed on a dry weight basis. The moisture content was 32.7 %
during maize sampling (January 2025) and 20.1 % during cotton
sampling (March 2026). Initial physical, chemical and biological
properties of the surface soil (0-15 cm), determined prior to the sowing
of maize in rabi 202425, are summarised in Supplementary Table 3.

Soil carbon fractions

Soil carbon fractions and related properties were determined using
standard analytical procedures as described. The SOC was
determined by the wet oxidation (chromic acid digestion) method
(13) of on soil ground to pass through a 0.5 mm sieve and expressed
in g Ckg™. Soil inorganic carbon (SIC) was determined using the acid
neutralisation (rapid titration) method of (14). Results were
calculated as CaCOs and expressed as g C kg* soil.

The MBC was determined by the chloroform fumigation-
extraction method (15), as modified by previous researchers (16),
where field-moist soil (10 g) was fumigated with ethanol-free
chloroform for 24 hr alongside an unfumigated control and
extracted with 0.5 M K;SO; (1 : 4 w/v). The MBC was expressed as
milligrams per kilogram (mg kg?).

The POXC was quantified using the 333 mM KMnO, oxidation
method from previous reports (17),as modified and standardised by
other researchers (7). Air-dried, 2 mm-sieved soil (2.5 g) was shaken
with 18 mL of 333 mM KMnO; solution for 2 min and allowed to settle
for 10 min. The supernatant was diluted 1 : 25 and absorbance read
at 550 nm. Results were expressed as mg C kg* soil.

Oxidisable organic carbon fractions were determined
following the modified Walkley-Black titrimetric procedure of (6).
Briefly, soil samples were oxidised with 0.167 M K.Cr,0; in the
presence of concentrated H,SOs at three successive acid
concentrations (12, 18 and 24 N) by adding 5, 10 and 20 mL of
concentrated H,SOa, respectively to 10 mL of K.Cr,0; solution.
Excess dichromate was back titrated with 1.0 M FeSOs. Carbonates
were removed by acid pretreatment prior to dry combustion and
total organic carbon (TOC) was determined using a LECO elemental
analyser (18). The procedure yielded four operationally defined
fractions of decreasing oxidisability (i) VLC oxidised at 12 N H,SOs;
(ii) LC the difference between carbon oxidised at 18 and 12 N H,SOx;
(iii) LLC the difference between carbon oxidised at 24 and 18 N
H,S0s; and (iv) NLC the residual carbon unoxidised even by 24 N
H.SO.. Each fraction was expressed in gram per kilogram (g kg?).

Soil enzyme activities

B-glucosidase activity (BGA) was determined using p-nitrophenyl-3
-D-glucopyranoside (PNG) as the substrate following (19). About 1 g
of soil was incubated with modified universal buffer (pH 6.0) at 37 °C
for 1 hr. The reaction was terminated with CaCl, and NaOH and the
released p-nitrophenol was measured at 400 nm. Results were
expressed as mg p-nitrophenol (PNP) kg? soil hr’. Dehydrogenase
activity (DHA) was measured by the 2,3,5triphenyltetrazolium
chloride (TTC) reduction method of previous studies (20). Soil (6 g)
was incubated with TTC and Tris-HCl buffer (pH 7.4) at 37 °C for
24 hr and the produced triphenyl formazan (TPF) was quantified at
485 nm, expressed as pg TPF g* soil day™. Cellulase activity (CA) was
determined by incubating 1 g of soil with acetate buffer (pH 5.5)
containing 0.7 % carboxymethyl cellulose at 50 °C for 24 hr.
Reducing sugars released during incubation were quantified
spectrophotometrically at 540 nm and expressed as pg glucose
equivalent g*soil hr*(21).

Table 1. Treatment details of the long-term nutrient management experiment under a rainfed maize-cotton cropping system on Vertisol at

ARS Kovilpatti, Tamil Nadu, India

Treatments Treatment details Acronym
T1 Control (no input) Control
T2 100 % RDF (Cotton: 40 : 20 : 40; Maize: 40: 20 : 0 kg NPK ha?) 100 % RDF
T3 50 % RDF (Cotton: 20 : 10: 20; Maize: 20:10: 0 kg NPK ha) 50 % RDF
T4 50 % nitrogen supplied through crop residues (CR) 50 % Ncr
T5 50 % nitrogen supplied through farmyard manure (FYM) 50 % Nrym
T6 50 % inorganic N + 50 % organic N (CR) + 50 % P + 50 % K INMcr
T7 50 % inorganic N + 50 % organic N (FYM) + 50 % P + 50 % K INMevm
T8 100 % RDF + 25 kg ZnSO4 ha? RDF + Zn
T9 FYM (12.5 tha?) FYM

RDF: recommended dose of fertilisers for the respective crop; FYM: farmyard manure; CR: crop residues; ZnSO.: zinc sulphate; INM: integrated
nutrient management (combined application of 50 % inorganic N + 50 % organic N (through CR or FYM) + 50 % recommended P20s + 50 %
recommended K;O). All treatments were maintained continuously over the years under a rainfed, single crop per year system (Maize in rabi

2024-25 followed by cotton in rabi 2025-26).
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Assessment of soil carbon indices

To evaluate the effects of long-term nutrient management on soil
carbon quality and stability, CPI, LI and CMI were calculated as
described in earlier reports (3, 9). In this study, POXC was used as the
labile carbon fraction for index calculation, following the approach
of previous studies as it represents a chemically defined,
management-sensitive active carbon pool (7).

Labile carbon (POXC)
Non - labile carbon (SOC - POXC)

Carbon lability (L) =

Eq. (1)
Soctreatment
Carbon poolindex (CPI) = ————— Eq. (2)
SOCcontrol
.y . I—treatment
Lability index (LI) = Eqg. (3)
Lcontrol
Carbon management index (CMI)=CPIx LI x 100  Eq. (4)

Values of CPl and LI greater than 1 indicate increases in total
SOC and carbon lability, respectively, while CMI values exceeding
100 denote improvement in soil carbon status relative to the
reference soil (3,9).

Long-term change in soil organic carbon and accumulation rate

Long-term changes in SOC were quantified by comparing current
SOC with the baseline value of 1.5 g kg! (mean SOC of the
experimental plots) recorded at the initiation of the PME in 1982
using the previous method (13). The mean SOC of the maize (rabi
2024-25) and cotton (rabi 2025-26) was used to represent steady-
state conditions. The absolute change in SOC (ASOC) and annual
SOC accumulation rate was calculated as:

ASOC = SOCmean - SOChaseline ECI (5)
SOC accumulation rate = AS0C Eq. (6)
T

where T is the duration of the experiment (43 years).
Statistical analysis

Data are presented as means of 3 replications. Before ANOVA, the
normality of residuals (Shapiro-Wilk) and homogeneity of error
variances (Levene's test) were verified; both assumptions were
satisfied for all measured variables (p > 0.05), so untransformed
data were analysed. Treatment effects were evaluated by ANOVA
for the RBD, with treatment means separated by Fisher's protected
least significant difference (LSD) test at p < 0.05 (22), applied only

after a significant treatment F-test. The choice of LSD was verified
against the more conservative Tukey honestly significant difference
(HSD) test, which left treatment rankings unchanged. The standard
error of difference (SEd) and critical difference (CD) values are
reported in the tables. All statistical analyses were performed in R
version 4.3.2 (R Core Team, 2023). Pearson correlations, bivariate
regressions and hierarchical clustering (Ward’s method, Euclidean
distance) of z-score standardised variables were performed (stats,
ggplot2, corrplot, factoextra). The SEM evaluated SOCdriven
pathways to enzyme activities mediated by MBC and POXC
(lavaan), with model fit assessed using standard goodness-of-fit
indices (23). Given its low degrees of freedom (df = 3) and the
pooling of non-independent observations (n = 54), the recursive
SEM is treated as exploratory, inference rests on the standardised
path coefficients and the principal SOC » MBC - dehydrogenase
pathway was reproduced when each phase was fitted separately.

Results and Discussion

Soil organic carbon and inorganic carbon under long-
term nutrient management

Long-term nutrient management significantly influenced all soil
carbon pools across both crops (Table 2). The SOC ranged from
5.74 10 10.51 g kg* (maize) and 5.66 to 11.19 g kg* (cotton) across
treatments. Integrated nutrient management using farmyard
manure (INMrqw) recorded the highest SOC in both phases (10.51
and 11.19 g kg, respectively), followed closely by INM using crop
residues (CR) (INMcg) (10.35 and 10.78 g kg) and farmyard manure
(FYM) (10.32 and 10.63 g kg?). The minimum SOC was observed in
the control (5.74 and 5.66 g kg'). This significantly higher SOC
under INMsym and INMcr compared to sole inorganic treatments
highlights the important role of INM in enhancing organic carbon
pools in rainfed Vertisols. These increases are attributed to
sustained organic matter inputs that enrich both labile and stable
carbon fractions (24), while improved root biomass and
rhizodeposition under INM further contribute to below-ground
carbon sequestration (8). The superior SOC under FYM and INM
treatments is also linked to the biochemical composition of FYM,
particularly lignin and polyphenols that promote humification and
the formation of stable organo-mineral complexes with the
smectite clays of Vertisols (25). Notably, SOC under sole FYM was
comparable to INM, emphasising the importance of carbon input
quality and quantity, consistent with global evidence on SOC
enhancement through organic amendments (26). Although SOC
increased under 100 % recommended dose of fertilisers (RDF) and

Table 2. Effect of long-term nutrient management on soil carbon fractions and related carbon pools under a rainfed maize-cotton cropping system

Treatment socC (gkg?) SIC (gkg?) MBC (mg kg*) POXC (mg kg™?)
Maize Cotton Maize Cotton Maize Cotton Maize Cotton
Control 5.74+0.11f 5.66 + 0.06 1.43+0.03" 1.17+0.02" 123+1.17° 104+1.75" 305+1.24" 281+0.12°
100 % RDF 9.03+0.13¢ 9.44 +0.16° 4.00+0.02° 3.89+0.04> 174+1.85¢ 169+1.58° 628+8.28¢ 563+ 1.68°¢
50 % RDF 7.38+0.13¢ 7.7+0.03¢ 3.52+0.02¢ 3.27+0.03° 162+1.04" 168+2.00° 412+2.638 384 +7.35¢
50 % Ncr 7.63+0.07¢ 8.22+0.04% 257+0.058 2.34+0.028 217+3.05° 206+4.129 476+9.11f 451 +2.69¢
50 % Nevm 8.06 +0.09¢ 8.49 +0.03¢ 2.76+0.06° 2.43+0.038 258+1.22° 241+4.31¢ 593+7.31¢ 562 +3.11°¢
INMcr 10.35+0.19° 10.78+0.012> 3.77+0.05¢ 3.44+0.05¢ 236+4.52¢ 239+0.51¢ 810+9.31¢ 727 +14.52°
INMgym 10.51+0.21> 11.19+0.07° 3.96+0.07° 3.65+0.04° 286+1.95° 253+2.48° 843+7.17° 752+14.38®
RDF +Zn 9.97 +0.11° 10.25+0.04° 4.26+0.06° 4.12+0.04 186+0.4° 172+3.00° 624+11.419 583+10.66¢
FYM 10.32+0.18° 10.63+0.1° 3.22+0.07¢ 2.83+0.02° 315+5.76° 307+2.09° 894+12.54° 773 +5.59°
SEd 0.15 0.26 0.07 0.06 3.66 4.86 11.5 11.8
CD (p <0.05) 0.33 0.54 0.15 0.12 1.77 10.29 24.5 25.1

Values represent means of replicated observations from surface soil (0-15 cm depth) sampled after crop harvest. SOC: soil organic carbon
(g kg?); SIC: soil inorganic carbon (g kg?); MBC: microbial biomass carbon (mg kg?); POXC: permanganate oxidisable carbon (mg kg?).
SEd: standard error of difference; CD: critical difference at 5 % level of significance. Treatments are described in Table 1.
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RDF + zinc (Zn), it remained lower than under INM treatments,
reflecting dependence on residue-derived carbon. The smectitic
clay mineralogy of Vertisols further stabilises SOC through
aggregate formation and clay-humus complexes, protecting it
from decomposition in semi-arid environments (4). The higher
SOC during the cotton season is associated with lignified residues
and deeper root systems, reinforcing the influence of cropping
systems on SOC accumulation (27).

The SIC followed a markedly different treatment ranking
from SOC. The RDF +Zn had the highest SIC (4.26 and 4.12 g kg™ for
maize and cotton, respectively) and 100 % RDF (4.00 and 3.89 g kg).
The control exhibited the lowest SIC (1.43 and 1.17 g kg'*), while 50 %
New (2.76 and 2.43 g kg*) and 50 % Nk (2.57 and 2.34 g kg?) recorded
lower SIC relative to inorganic-dominant treatments despite higher
SOC, indicating a divergence between organic and inorganic carbon
accumulation pathways. While SOC responds primarily to organic
inputs, SIC is largely govered by soil chemistry and climatic
conditions that favour carbonate formation under semi-arid
environments (28). Greater SIC under inorganic fertilisation may be
associated with alkaline conditions and increased availability of Ca?
and Mg*, whereas enhanced microbial activity under organic
amendments promotes carbonate dissolution through CO, and
organic acid production (29). Similar management responses of SIC
have been reported in dryland Vertisols (30). The relatively small
seasonal variation further suggests that SIC is influenced more by
inherent soil properties than by short-term biological inputs (27),
highlighting the complementary roles of SOC and SIC in evaluating
carbon sequestration potential (31).

Active soil carbon pools under rainfed permanent
manurial experiment

Across treatments, MBC varied from 123 to 315 mg kg in the maize
phase and from 104 to 307 mg kg in the cotton phase. The
application of FYM recorded the highest MBCin both crops (315 and
307 mg kg?), followed by INMrw (286 and 253 mg kg*). The control
had the lowest MBC (123 and 104 mg kg'). The MBC, an active
fraction of SOM, was thus highest under FYM and INMmy
treatments, demonstrating the importance of organic inputs in
sustaining microbial populations. Long-term fertilisation studies
consistently demonstrate that the incorporation of FYM, either
alone or in combination with mineral fertilisers, significantly
enhances MBC compared with sole inorganic fertilisation (8, 32).
Notably, 50 % Nevw (258 and 241 mg kg?) exceeded 100 % RDF (174
and 169 mg kg') despite having comparatively lower SOC,
emphasising the dominant role of substrate quality and
decomposability over total carbon stock (33). Vertisols inherently
support higher microbial biomass due to their smectitic clay
mineralogy and superior moisture retention (4) and continuous
inputs of labile carbon under FYM and INM further stimulate
microbial activity (10, 26), while FYM-based systems consistently
outperform chemical fertilisation in enhancing microbial biomass
(34). The lower MBC was observed during the cotton phase, which is
consistent with the lower soil moisture at sampling (20.1 % vs
32.7 %). However, because the maize and cotton phases also
differed in crop, sampling year and prevailing weather, this decline
cannot be attributed to moisture alone and may additionally reflect
differences in CR and inter-annual climatic variation. As a sensitive
indicator of soil quality, MBC showed a strong positive association
with SOC, emphasising its central role in SOM stabilisation (8).
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The POXC ranged from 281 to 894 mg kg* across phases and
treatments and was the most treatment responsive carbon fraction.
The FYM recorded the highest POXC in both phases (894 and
773 mg kg?). The lowest POXC was observed in the control (305 and
281 mg kg?). Among inorganic treatments, 100 % RDF (628 and
563 mg kg?') and RDF + Zn (624 and 583 mg kg?) exceeded 50 % RDF
(412 and 384 mg kg?). The highest levels under FYM and INMmw
highlight the role of organic inputs in enriching biologically available
carbon, as FYM provides readily decomposable substrates, including
carbohydrates and microbial metabolites, that stimulate microbial
activity and enhance labile carbon pools; a similar increase in POXC
with organic amendments has been widely documented (35).
Although balanced inorganic fertilisation indirectly enhances POXC
through increased biomass production and rhizodeposition, its effect
remains inferior to organic treatments due to the absence of
immediate organic substrates. The POXC is closely associated with
processed particulate organic matter and is highly sensitive to
management changes (7). Furthermore, previous studies
emphasised that POXC represents a chemically defined carbon
fraction sensitive to lignin-rich organic matter rather than strictly labile
carbon, indicating that elevated POXC under FYM in this Vertisol
reflects both readily decomposable substrates and ligno-humic
precursor accumulation (36). Across all treatments, POXC declined
from the maize to cotton, paralleling the seasonal trend in MBC.

Long-term change in soil organic carbon and accumulation rate

Relative to the baseline SOC of 1.5 g kg* recorded in 1982 (13), SOC
increased under all treatments over the 43-year experimental
period (Fig. 1). The increase (ASOC) ranged from 4.20 g kg in the
control to 9.35 g kg* under INMgw, corresponding to annual SOC
accumulation rates of 0.098-0.217 g kg™ yr™. The largest gains were
recorded under INMem (9.35 g kg 0.217 g kg* yr?), followed by
INMz (9.06 g kg’ 0211 g kg* yr') and FYM (898 g kg%
0.209 g kg* yr?). In comparison, 100 % RDF resulted in a moderate
increase (7.73 g kg?; 0.180 g kg* yr?), whereas the control showed
the smallest gain (4.20 g kg? 0.098 g kg* yr?). The consistently
greater SOC accumulation under FYM- and INM-based treatments
demonstrates the long-term benefit of organic inputs in enhancing
soil carbon sequestration compared with sole inorganic
fertilisation. These findings are consistent with long-term studies
reporting progressive SOC build-up under organic and integrated
nutrient management in Vertisols (4, 24).

Oxidisable organic carbon fractions and their distribution

The graded K;Cr,0; oxidation procedure resolved SOC into four
operationally defined fractions including VLC, LC, LLC and NLC,
whose absolute concentrations (g kg') across treatments are
presented in Fig. 2.

Very labile ranged from 0.96 to 2.46 g kg (maize) and 0.65 to
2.39 gkg?* (cotton). The highest VLC in both phases was recorded in
FYM treatment (2.46 and 2.39 g kg?), followed by 50 % Nem (2.24 and
2.11 g kg!) and INMmy (2.17 and 2.04 g kg?). The control had the
lowest VLC (0.96 and 0.65 g kg?). This dominance under FYM and
50 % New reflects the capacity of FYM to supply readily available
labile substrates for microbial decomposers. The LC varied from 0.81
to 2.81 g kg across phases and treatments. In contrast to VLC, INM
treatments exhibited higher LC than sole FYM. The INMqw showed
the highest LC in both phases (2.44 and 2.81 g kg), followed by INMcr
(231and 2.46 gkg?) and FYM (2.24 and 2.27 g kg?). This indicates that
INM supplies a continuous and varied carbon source, enriching the
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Fig. 1. Changes in soil organic carbon (SOC) and annual accumulation rates under long-term nutrient management in a rainfed semi-arid

Vertisol.

RDF: recommended dose of fertilisers; Ncr: no crop residue; Neyw: no farmyard manure; INMcg: integrated nutrient management with crop
residue; INMevw: integrated nutrient management with farmyard manure; FYM: farmyard manure; Zn: zinc; SOC: soil organic carbon. Bars

denote ASOC (g kg?) relative to the 1982 baseline (1.5 g kg?) and the line represents SOC accumulation rates (g kg* yr?) over 43 years.

Treatments are described in Table 1.

Distribution of oxidisable soil organic carbon fractions
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Fig. 2. Distribution of oxidisable soil organic carbon fractions (very labile, labile, less labile and non-labile carbon) under different nutrient

management treatments. a: maize; b: cotton phases.

RDF: recommended dose of fertilisers; Ncr: no crop residue; New: no farmyard manure; INMcg: integrated nutrient management with crop
residue; INMpyw: integrated nutrient management with farmyard manure; FYM: farmyard manure; Zn: zinc; SOC: soil organic carbon. Bars
represent the cumulative contribution of each fraction expressed in g kg™ soil. Carbon fractions are arranged from most stable (top) to most

labile (bottom).

intermediate SOC fractions through the additive effects of organic
and inorganic inputs. Previous researchers found that combined
manure and fertiliser inputs act complementarily on labile
fractions, so that no single input type improves all aspects of carbon
quality at once (37). Acomparable enrichment of VLC and LC under
organic nutrient management in Vertisols was reported by previous
researchers, who linked it to a shift of SOC toward biologically active
pools (38).

The LLC was highest under RDF + Zn (2.71 and 2.78 g kg* for
maize and cotton), INMcz (2.61 and 2.75 g kg?) and lowest under the
control (1.07 and 1.20 g kg). The RDF + Zn (2.24 and 2.27 g kg?)
recorded the highest NLC, followed by 50 % RDF (1.73and 1.81 gkg?)

and lowest in the control (1.27 and 1.46 g kg*) and FYM (1.56 and
1.65 g kg'). The greater LLC and NLC under RDF + Zn indicate
increased stabilisation of carbon into relatively resistant pools, likely
through enhanced biomass production together with aggregate
protection and mineral associations in the clay-rich Vertisols. Zinc
supplementation may also contribute indirectly by modifying
rhizosphere microbial processes that influence below-ground
carbon inputs (39). In contrast, the comparatively lower NLC under
FYM despite higher SOC reflects the allocation of a larger proportion
of carbon to biologically active fractions rather than recalcitrant
pools, consistent with the carbon lability concept proposed by
earlier researchers (7).
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Carbon management index, carbon pool index and
lability index

The CMI, CPI and LI calculated using POXC as the labile fraction, are
presented in Supplementary Table 4 and illustrated in Fig. 3. As an
index that integrates CPI and LI relative to a reference treatment,
CMI provides an integrative measure of management-induced
change in soil carbon quantity and lability (3, 9).

The CMI ranged from 136.7 (50 % RDF, cotton) to 307.1
(FYM, maize), with all fertilised treatments exceeding the control
(100.0), confirming that fertilisation improved carbon quality
relative to the unfertilised soil. The FYM recorded the highest CMI in
both phases (307.1 maize; 281.9 cotton), followed by INMewu (287.5;
272.6) and INMcr (275.7; 263.7). The overall hierarchy (FYM > INMpy >
INMcr > 100 % RDF > RDF + Zn > 50 % Nrw > 50 %Ncr > 50 % RDF)
demonstrates that FYM- and INM-based management most
effectively enhanced both carbon accumulation and lability,
consistent with the improved CMI, stratification ratio and
sustainable yield index reported under long-term organic and
integrated nutrient management (25). In contrast, the consistently
low CMI under 50 % RDF (136.9 maize; 136.7 cotton) indicates that
reduced inorganic fertilisation alone is insufficient to enrich
biologically active carbon pools, corroborating observations from
other long-term semi-arid experiments (3). The intermediate CMI
under RDF + Zn (208.8 maize; 209.1 cotton), suggests that zinc
supplementation favoured carbon stabilisation rather than
enrichment of labile carbon fractions.

The CPI ranged from 1.286 (50 % RDF, maize) to 1.977
(INMew, cotton), with generally higher values during the cotton
phase. INMew recorded the highest CPI, followed by INMcz and FYM.
In contrast, LI declined from the maize to the cotton phase across all
treatments and was highest under FYM (1.708 and 1.501) and
lowest under 50 % RDF (1.065 and 1.005). Despite the increase in
CPI, the concurrent decline in LI and CMI indicates that the
accumulation of total SOC during the cotton phase was
accompanied by a proportional reduction in the biologically active
carbon pool. Because the maize and cotton phases differed
simultaneously in crop, sampling year and weather, this pattern
reflects their combined effects rather than moisture alone.
Nevertheless, the lower soil moisture during the cotton phase likely
reduced microbial activity and labile carbon turnover, resulting in a
greater proportion of carbon in less labile forms. These findings
emphasize the importance of evaluating both carbon quantity and
quality through CMI for assessing long-term soil carbon dynamics,
consistent with observations in dryland agroecosystems (40).

Soil enzyme activities as indicators of carbon-driven
biological fertility

The carbon-cycling enzymes responded strongly to long-term
nutrient management, underlining their value as indicators of
biologically mediated fertility governed by carbon availability in
Vertisols (Table 3). The BGA activity ranged from 48.5 to 84.0 mg
PNP kg* hr! (maize) and 42.6 to 76.4 mg PNP kg* hr! (cotton).
INMrm recorded the highest BGA in both phases (84.0 and 76.4 mg
PNP kg hr), followed by RDF +Zn (80.7 and 72.7 mg PNP kg* hr?)
and INMc (78.6 and 70.2 mg PNP kg* hr?). The control had the
lowest BGA activity in both phases (48.5 and 42.6 mg PNP kg* hr?).
FYM (74.3 and 67.5 mg PNP kg hr?) ranked below RDF + Zn for BGA
despite its higher MBC and POXC. The greater BGA under INMgw
reflects the synergistic effects of organic inputs and balanced

fertilisation in enhancing SOC and labile carbon (POXC), thereby
supporting microbial growth and extracellular enzyme production
(35, 41, 42). Although FYM maintained higher MBC and POXC, its
lower BGA than RDF + Zn suggests that BGA expression depends
not only on substrate availability but also on nutrient stoichiometry
and microbial functional dynamics (41).

The DHA ranged from 17.5 to 45.0 ug TPF g* day* across
phases. The FYM recorded the highest DHA (45.0 maize and
39.8 cotton pg TPF g* day?), followed by INMew (42.6 and 37.5 pg
TPF g* day?), whereas lowest was observed in the control (20.2 and
17.5 pg TPF g* day?). The greater DHA under FYM is consistent with
its higher SOC and MBC, supporting the close association between
microbial metabolic activity and carbon availability. Similar positive
relationships between SOC, MBC and DHA under long-term organic
and integrated nutrient management have been reported by earlier
researchers (43). These contrasting responses suggest functional
differentiation, with INMaw favouring hydrolytic enzyme activity and
FYM supporting microbial metabolic activity.

The cellulase activity (CA) ranged from 16.2 to 35.2 pg
glucose g* hr' across treatments and phases. The INMwy recorded
the highest CA (35.2 maize; 31.6 cotton pg glucose g* hr?), followed
by RDF + Zn (33.4 and 29.8 pg glucose g* hr?). The FYM (29.6 and
26.7 g glucose g* hr?) ranked below both INM and RDF + Zn for CA,
consistent with the LC distribution. The control had the lowest CA
(186 and 16.2 pg glucose g* hrY). The higher CA under INMqw
indicates that integrated nutrient management promotes the
decomposition of cellulose and structurally complex carbon
substrates through the combined supply of organic substrates and
balanced nutrients (41). The closer correspondence of CA with LC
and LLC than with VLC or MBC further supports its role in degrading
partially processed carbon pools, consistent with findings of
previous reports that combined mineral fertilisation and residue
incorporation enhance CA through enrichment of labile carbon
pools such as POXC (11). The comparatively lower CA under sole FYM
suggests that optimum cellulase expression requires not only
abundant carbon substrates but also a balanced nutrient supply,
includingN, Pand Zn.

The relatively high BGA and CA under RDF + Zn further
indicate the importance of balanced nutrient supply and zinc as an
enzymatic cofactor supporting microbial metabolism and enzyme
activity (39), whereas the consistently lower activities in the control
reflect limited organic substrate availability (44). All three enzyme
activities declined from the maize to the cotton phase. This decline
was consistent with the lower soil moisture at cotton sampling
(20.1 % vs 32.7 %). However, as the two phases also differed in crop,
sampling year and prevailing weather, the observed reduction
cannot be attributed to soil moisture alone and may additionally
reflect differences in CR and inter-annual climatic variation (45).

Relationships among soil carbon fractions and enzyme activities

The Pearson correlation matrix (Fig. 4) resolved the measured
variables into two major co-variation clusters. The first, comprising
VLC, MBC and DHA, which showed extremely strong positive
correlations (R = 0.92-0.99), corresponds to the biologically active,
labile end of the soil carbon continuum and is highly responsive to
organic management. The second cluster consisted of SOC, BGA
and CA (R=0.93-0.99), representing a more integrated carbon pool
associated with hydrolytic enzyme activity, with POXC and LC
bridging the two clusters. In contrast, the passive fractions (SIC, LLC
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Fig. 3. Trend of carbon management index (CMI), carbon pool index (CPI) and lability index (LI) across nine treatments (T1-T9) for maize and
cotton crops. Lines represent mean carbon index values for each crop, illustrating treatment-wise variation in soil carbon quality indicators.
Treatments are described in Table 1.

Fig. 4. Pearson correlation matrix showing pairwise relationships among soil carbon fractions and enzyme activities under long-term nutrient
management treatments. Hierarchical clustering dendrograms indicate groupings of positively and negatively correlated variables. Colour
scale ranges from deep red (r = 1) to blue (r = -1). SOC: soil organic carbon; SIC: soil inorganic carbon; MBC: microbial biomass carbon; POXC:
permanganate oxidisable carbon; VLC: very labile carbon; LC: labile carbon; LLC: less labile carbon; NLC: non-labile carbon; BGA: B-glucosidase
activity; DHA: dehydrogenase activity; CA: cellulase activity.
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Table 3. Effect of long-term nutrient management on soil enzyme activities under a rainfed maize-cotton cropping system on Vertisol

Treatments

Beta glucosidase activity (mg PNP kg* hr') Dehydrogenase activity (ug TPF g* day?) Cellulase activity (ug glucose g soil hr?)

Maize Cotton Maize Cotton Maize Cotton

Control 48.5+0.79" 42.6+0.34" 20.2+£0.28" 17.5+0.34" 18.6+0.31 16.2+0.14"
100 % RDF 65.2+0.73¢ 59.5+0.23¢ 27.3+0.21f 23.9+0.25 24.8 +£0.34 22.1+0.19
50 % RDF 56.6+0.518 49.3+0.558 24.8+0.478 21.6+0.148 21.5+0.44" 19.3+£0.088
50 % Ncr 62.4+0.85f 55.8 +0.01f 32.5+0.05¢ 28.7+0.36° 23.9+0.148 21.4+0.45f
50 % Nevm 70.2+1.2¢ 63.6 +0.76¢ 38.4+0.63¢ 33.9+0.35¢ 27.6 +0.56° 24.8+0.51¢
INMcr 78.6+0.41° 70.2 + 1.47° 35.8+0.75¢ 31.6+0.32 31.8+0.02¢ 28.5+0.34¢
INMevm 84.0+0.65° 76.4+0.39° 42.6+0.39° 37.5+0.64° 35.2+0.54° 31.6+0.422
RDF +Zn 80.7+0.14° 72.7+1.06° 28.6+0.2f 25.1+0.53f 33.4+0.57° 29.8+0.63°
FYM 74.3+1.24° 67.5+0.58¢ 45.0+0.62° 39.8+0.52° 29.6 +0.124 26.7+0.21¢
SEd 1.07 1.64 0.68 0.63 0.41 0.59

CD (p <0.05) 2.26 3.48 1.44 1.34 0.88 1.25

Values represent mean of replicated observations. B-glucosidase activity as mg PNP (p-nitrophenol) kg* soil hr; dehydrogenase activity as ug
TPF (triphenyl formazan) g! day?; Cellulase activity is expressed as pg glucose g* soil hr'. SEd: standard error of difference; CD: critical

difference at p <0.05. Treatment details are given in Table 1.

and NLC) associated only weakly with MBC, DHA and VLC
(R=0.03-0.31), consistent with their greater stability and the limited
contribution of secondary carbonates and recalcitrant carbon to
microbial metabolism. Bivariate regression analyses confirmed
strong positive relationships between the active carbon pools (SOC,
MBC and POXC) and enzyme activities in both the maize (Fig. 5) and
cotton (Fig. 6) phases. The POXC exhibited stronger associations

with enzyme activities than SOC, while MBC showed the strongest
relationship with DHA (R = 0.92-0.94), reflecting the close coupling
between microbial biomass and oxidative enzyme activity. SOC
also showed strong positive correlations with BGA (R = 0.95), CA
(R = 0.93), POXC (R = 0.95), MBC (R = 0.72) and DHA (R = 0.73),
highlighting its close association with soil biological activity. The
stronger association of reactive, processable carbon with enzyme

Relationships between active soil carbon pools and enzyme activities — maize
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Fig. 5. Scatter plots depicting relationships between active soil carbon pools [permanganate oxidisable carbon (POXC), soil organic carbon
(SOC) and microbial biomass carbon (MBC)] and enzyme activities (B-glucosidase, dehydrogenase and cellulase) during the maize phase. Each
point represents an individual replicate (n=27; 9 treatments x 3 replications) coloured by treatment (T1-T9). Pearson correlation coefficients
(R) and significance levels are shown for each relationship. Solid lines represent linear regression fits; shaded areas indicate 95 % confidence
intervals. Treatments are described in Table 1.
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Fig. 6. Scatter plots depicting relationships between active soil carbon pools [permanganate oxidisable carbon (POXC), soil organic carbon
(SOC) and microbial biomass carbon (MBC)] and enzyme activities (B-glucosidase, dehydrogenase and cellulase) during the cotton phase.
Each point represents an individual replicate (n = 27; 9 treatments x 3 replications) coloured by treatment (T1-T9). Pearson correlation
coefficients (R) and significance levels are shown for each relationship. Solid lines represent linear regression fits; shaded areas indicate 95 %

confidence intervals. Treatments are described in Table 1.

activity is consistent with the role of POXC as a readily available
microbial substrate and a more responsive indicator of biological
soil function than total SOC (7). Similarly, other studies reported
that carbon-cycle enzymes are more closely associated with labile
carbon fractions than with total SOC under long-term nutrient
management (11). In rainfed Vertisols, where crop, sampling year
and prevailing weather collectively influence microbial activity, the
close POXC-enzyme association represents an important indicator
of soil carbon quality.

Oxidisable carbon fractions exhibited distinct relationships
with enzyme activities (Fig. 7 and 8). The VLC and LC were strongly
and positively associated with enzyme activities, whereas LLC
showed weaker relationships and NLC the weakest, reflecting
progressively lower biological relevance with increasing carbon
recalcitrance. The strong association between VLC and DHA
indicates the dependence of microbial metabolism on readily
available carbon substrates, while the closer relationship between
LC and CA is consistent with the role of cellulase in decomposing
partially processed cellulosic materials represented within the LC

fraction. These substrate-enzyme relationships support the
concept of ecological stoichiometry proposed by previous
researchers, whereby microbial communities allocate enzyme
production in response to the most limiting but biochemically
accessible carbon substrates (46).

Causal pathways from soil organic carbon to enzyme
activity: structural equation modelling

The full structural equation model (SEM) showed an excellent fit to
the observed data (Table 4), indicating that the hypothesised
relationships adequately represented the underlying soil carbon-
enzyme dynamics. The chisquare test was non-significant
(x*=2.982, p = 0.394), indicating no significant discrepancy between
the model-implied and observed covariance matrices. Comparative
fitindex (CF), Tucker-Lewis index (TLI) were both well above the 0.95
threshold. Root mean square error of approximation (RMSEA) was
0.002 (0.000-0.229) and standardised root mean square residual
(SRMR) was 0.011, both within acceptable limits. The wide upper
RMSEA confidence interval reflects the low degrees of freedom
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Relationships between oxidisable soil carbon fractions and enzyme activities-maize
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Fig. 7. Scatter plots illustrating relationships between oxidisable soil carbon fractions (very labile C, labile C, less labile C and non-labile C) and
enzyme activities (B-glucosidase, dehydrogenase and cellulase) during the maize phase. Each point represents an individual replicate (n = 27;
9 treatments x 3 replications), colour-coded by treatment (T1-T9), with Pearson correlation coefficients (R) and p-values indicated for each

panel. Solid lines represent linear regression fits; shaded areas indicate 95 % confidence intervals. Treatments are described in Table 1.
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Relationships between oxidisable soil carbon fractions and enzyme activities-cotton
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Fig. 8. Scatter plots illustrating relationships between oxidisable soil carbon fractions (very labile C, labile C, less labile C and non-labile C) and
enzyme activities (B-glucosidase, dehydrogenase and cellulase) during the cotton phase. Each point represents an individual replicate (n = 27;
9 treatments x 3 replications), colour-coded by treatment (T1-T9), with Pearson correlation coefficients (R) and p-values indicated for each
panel. Solid lines represent linear regression fits; shaded areas indicate 95 % confidence intervals. Treatments are described in Table 1.
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Table 4. Goodness-of-fit statistics for full structural equation model
(SEM)

Fitindex Value Threshold Interpretation
Chi-square (X?) 2.982 - -
Degrees of freedom (df) 3 - -
p-value 0.394 >0.05 Excellent
CFI 1.000 >0.95 Excellent
TLI 1.000 >0.95 Excellent
0.002 (0.000 - <0.05 *
RMSEA (90 % Cl) 0.£29) (Upper <0.10) Excellent
SRMR 0.011 <0.08 Acceptable

CFl: comparative fit index; TLI: Tucker-Lewis index; RMSEA: root

mean square error of approximation (90 % Cl); SRMR: standardised

root mean square residual. Fit indices were obtained using lavaan

with 2000 bootstrap iterations (ML estimator). *The wide RMSEA

upper Cl reflects low degrees of freedom (df = 3).

(df = 3) rather than poor model fit. By moving beyond simple
correlations, the SEM allowed mechanistic hypotheses about
carbon flow through the soil system to be tested and the results
indicate that SOC acted mainly as a distal regulator of biological
activity, influencing enzyme dynamics indirectly through biologically
active intermediates. All path coefficients, specific indirect effects
and variance explained values are reported in Table 5 and the simple
mediation modelis presented in Supplementary Table 5.

The SOC exerted significant positive direct effects on both
MBC (B*=0.595, p < 0.001) and POXC (B*=0.596, p < 0.001),
explaining 36.6 % and 85.8 % of variance, respectively. The MBC
also showed a significant positive direct effect on POXC (3* = 0.437,
p < 0.001), consistent with a serial pathway in which SOC was
associated with POXC both directly and indirectly through MBC.
These relationships support previous findings that labile carbon
fractions are more closely associated with microbial processes than
total SOC (10, 11) and agree with SEM-based evidence identifying
microbial biomass as a major intermediary linking SOC with soil
biological functioning (41).
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For dehydrogenase, MBC was the dominant direct driver
(B*=0.737, p < 0.001), with POXC contributing an additional effect
(B* =0.234, p = 0.005). The SOC -+ MBC - DHA pathway (3* = 0.439)
was substantially stronger than the SOC > POXC > DHA pathway
(B* =0.139). Together, these pathways explained 87.1 % of variance
in DHA. The dominance of the MBC-mediated route underscores
the primary role of microbial biomass in regulating oxidative
enzyme activity, consistent with evidence that microbial biomass
drives enzyme-mediated biochemical transformations and that
both microbial growth and labile carbon availability are needed to
enhance biological fertility (47).

The POXC was the primary direct driver of both BGA
(B*=0.521, p = 0.006) and CA (3*=0.546, p = 0.002), explaining
65.5 and 62.7 % of their respective variances. In contrast, the direct
associations of SOC with BGA (3*=0.316,p = 0.061) and CA
(B*=0.270, p = 0.130) were non-significant, indicating that the
associations between SOC and these extracellular enzymes were
mediated through POXC. This agrees with previous observations that
biologically accessible carbon fractions are more closely associated
with extracellular enzyme activity than total SOC (48). This is
consistent with empirical findings that POXCtype labile fractions
associate more closely with enzyme activity than total SOC (10, 11).

The simple mediation model (Supplementary Table 5)
indicated strong evidence of complete mediation of the SOC effect
on DHA through MBC. The direct path from SOC to DHA was nor+
significant (3* =0.082, p = 0.194), whereas the indirect effect via
MBC was significant (3* = 0.520, p < 0.001), accounting for 86.5 % of
the total SOC effect on DHA (total effect §* = 0.601, p <0.001). In the
full SEM (Table 5), three specific indirect pathways from SOC to DHA
were statistically significant. SOC » MBC - DHA (3* = 0.439***), SOC
- POXC - DHA (3* = 0.139**) and MBC - POXC - DHA (3* = 0.102*).

Table 5. Full structural equation model: Direct paths, specific indirect effects and variance explained (R?) for soil carbon and enzyme activity

relationships (n = 54)

Path (label) g* SE z p 95 % ClI [lower, upper] Sig.
Direct paths

SOC > MBC (al) 0.595 0.094 6.305 <0.001 [0.403,0.772] ok
SOC > POXC (a2) 0.596 0.066 9.020 <0.001 [0.478,0.741] xx
MBC - POXC (a3) 0.437 0.063 6.958 <0.001 [0.312,0.560] xx
MBC - DHA (b1) 0.737 0.086 8.581 <0.001 [0.577,0.922] rx
POXC » DHA (b2) 0.234 0.084 2.794 0.005 [0.067, 0.399] *
POXC - BGA (b4) 0.521 0.188 2.772 0.006 [0.176, 0.895] o
SOC > BGA (b5) 0.316 0.169 1.871 0.061 [0.041, 0.639] ns
POXC » CA (b7) 0.546 0.174 3.134 0.002 [0.223,0.914] xx
SOC > CA (b8) 0.270 0.179 1.514 0.130 [-0.073, 0.622] ns
Specific indirect effects (bootstrap 95 % Cl)

SOC > MBC > DHA (a1l x b1) 0.439 0.072 6.085 <0.001 [0.3109, 0.5905] e
SOC > POXC » DHA (a2 x b2) 0.139 0.052 2.680 0.007 [0.0377,0.2418] **
SOC > POXC » BGA (a2 x b4) 0.310 0.122 2.535 0.011 [0.1001, 0.5754] *
SOC » POXC » CA (a2 x b7) 0.325 0.114 2.856 0.004 [0.1370,0.5928] *
MBC > POXC » DHA (a3 x b2) 0.102 0.040 2.517 0.012 [0.0343,0.1942] *
MBC > POXC > BGA (a3 x b4) 0.228 0.080 2.817 0.005 [0.0809, 0.3965] *
Total indirect: SOC » DHA (albl +a2b2 +ala3b2) 0.639 0.086 7.385 <0.001 [0.4514,0.7944] o
Variance explained (R?)

MBC 0.366 36.6% SOC (direct path al)

POXC 0.858 85.8 % SOC (a2) + MBC (a3)

DHA 0.871 87.1% MBC (b1) + POXC (b2)

BGA 0.655 65.5 % POXC (b4) + SOC (b5) direct ns (p =0.061)

CA 0.627 62.7% POXC (b7); SOC->CA direct ns (p=0.130)

SOC: soil organic carbon; MBC: microbial biomass carbon; POXC: permanganate oxidizable carbon; DHA: dehydrogenase activity;
BGA: B-glucosidase activity; CA: cellulase activity. B*: standardised path coefficient (lavaan); SE: standard error; z: z-statistic; 95 % Cl: bootstrap
confidence interval; R2: variance explained. Path labels (al, a2, a3, bl, b2, b4, b5, b7, b8) denote model relationships. Significance:

*** p<0.001; ** p<0.01; * p <0.05; ns = not significant.

Plant Science Today, ISSN 2348-1900 (online)



KAVIYAET AL

The total indirect effect of SOC on DHA was * = 0.639 (p < 0.001).
For BGA and CA, SOC exerted significant indirect effects via POXC.
The SEM illustrating these pathways is presented in Fig. 9. Residual
covariance between BGA and CA suggests coordinated
polysaccharide degradation driven by substrate availability,
consistent with the shared functional roles of these enzymes and
with earlier findings, states that extracellular enzyme production is
more closely associated with biologically available carbon than
with total SOC (49). Collectively, these findings indicate that
improving biological fertility in dryland Vertisols depends not only
on increasing SOC but also on enhancing active carbon pools and
the living microbial biomass that mediates carbon transformation.
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Treatment grouping based on soil carbon and biological
activity profiles

Hierarchical clustering of the nine treatments based on all
measured soil carbon and biological activity parameters resolved
three distinct clusters (Fig. 10). Cluster 1, comprising the control
(T1), 100 % RDF (T2), 50 % RDF (T3) and 50 % N (T4), was
characterised by comparatively lower SOC, MBC, POXC, VLC and
enzyme activities. Although 100 % RDF maintained moderate SOC
through crop biomass returns, limited labile carbon inputs
restricted carbon quality, while the inclusion of 50 % Ncr reflected
the slower decomposition and poor nutrient synchronisation of CR
under semi-arid Vertisols (24). Cluster 2, comprising 50 % New (T5)

Legend
Dehydrogenase
k¥
— 4% ) < 0,00] 4
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Specific indirect effects b\)\ oS
SOC — MBC — DHA 0.439%+* *Vhy "o
SOC — POXC — DHA 0.139%* Collul
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SOC — POXC — CA 0.325%* v
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Fig. 9. Structural equation model (SEM) depicting the direct and

indirect effects of soil organic carbon (SOC) on enzyme activities

(dehydrogenase, B-glucosidase and cellulase) mediated through microbial biomass carbon (MBC) and permanganate oxidisable carbon
(POXC). Standardised path coefficients are shown alongside arrows; arrow thickness and style indicate significance levels (solid: significant;
dashed: non-significant). Coefficient of determination (R?) values denote the proportion of variance explained for each endogenous variable.

Specific and total indirect effects are listed in the inset table.
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Fig. 10. Dendrogram from hierarchical clustering analysis of nine treatments (T1-T9) based on soil carbon and biological activity parameters.

Three distinct clusters were identified: Cluster 1 (red; T1, T2, T3 and
reflecting similarities in overall soil carbon and enzyme profiles among

T4); Cluster 2 (blue; T5 and T9) and Cluster 3 (green; T6, T7 and T8),
treatments. Treatments are described in Table 1.
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and FYM (T9), was characterised by high VLC, MBC and DHA,
reflecting enrichment of biologically active carbon pools and rapid
microbial turnover, consistent with observations in organically
managed tropical soils (25). Cluster 3 comprised INMc (T6), INMem
(T7) and RDF + Zn (T8), which together achieved high SOC, high LC
and strong enzyme activities and thus the most balanced carbon
and biological functioning of the three groups. This balance is
driven by integrated nutrient inputs and nutrient-mediated
stimulation of microbial activity, corroborating previous reports,
found that combined FYM and fertiliser inputs raise SOC and
enzyme activity relative to sole inorganic fertilisation (43). Although
RDF + Zn supplies no direct organic carbon, its grouping with the
INM treatments indicates that balanced zinc-supplemented
fertilisation can lift soil carbon dynamics and enzyme activity to
comparable levels, which is consistent with zinc acting as an
enzyme cofactor that stimulates microbial activity (50) and with
zinc modifying rhizosphere microbial processes that influence
below-ground carbon dynamics (39).

The three clusters distinguished contrasting carbon
management pathways. Cluster 2 was associated with rapid
carbon turnover and microbial activity, whereas cluster 3 combined
carbon accumulation, stabilisation and biological activity. In
contrast, cluster 1 reflected limited carbon quality and biological
activity. The clustering further indicates that FYM preferentially
enriched active carbon pools, whereas integrated nutrient
management provided the most balanced improvement in carbon
quantity, carbon quality and biological fertility.

Conclusion

This study provides a comprehensive assessment of the long-term
effects of diverse nutrient management practices on soil carbon
fractions, enzyme activity and carbon management quality in a
rainfed Vertisol of a semi-arid region. Four decades of contrasting
management sharply separated the organic and inorganic carbon
pools. Integrated nutrient management with farmyard manure
(INMew) and sole FYM built the highest SOC, whereas inorganic-
dominant treatments (Recommended dose of fertilisers (RDF) +
zinc (Zn) and 100 % RDF) favoured soil inorganic carbon, confirming
that the two pools are governed by fundamentally different drivers.
The FYM preferentially enriched the very labile fractions, while RDF +
Zn, INMcr and INMsw enhanced the more stable (less labile and non-
labile) carbon. The CMI peaked under FYM and INMsm and its
consistent decline from maize to cotton reinforced the need for
assessment across successive cropping phases of carbon quality.
The structural equation modelling (SEM) revealed that SOC
influences enzyme activities predominantly through active carbon
pools. Microbial biomass carbon (MBC) mediated the soil organic
carbon (SOC) effect on dehydrogenase activity (DHA), while
permanganate oxidisable carbon (POXC) was the primary driver of
B-glucosidase activity (BGA) and cellulase activity (CA), supporting
the substrate induction hypothesis that extracellular enzyme
production is governed by biologically accessible carbon substrates
rather than bulk SOC stocks. Hierarchical clustering consolidated
these findings into three distinct typologies, with INM and RDF + Zn
treatments forming a high-quality cluster, indicating that a steady
supply of active carbon delivered directly through organic
amendments or indirectly via fertiliser-driven biomass are
indispensable for maintaining biological soil fertility in dryland
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Vertisols. This study demonstrates that the long-term fertility of
semi-arid Vertisols depends not only on the magnitude of the soil
carbon stock, but also on the carbon quality and microbial
functionality. The findings from this four-decade-long field
experiment provide strong evidence that FYM and INM are effective
strategies for maintaining active soil carbon pools, enhancing
microbial activity and sustaining soil fertility. Incorporating these
practices into soil health and carbon sequestration policies and
leveraging their reliance on locally available resources to reduce
fertiliser input costs can therefore promote long-term productivity,
strengthen climate resilience and support the sustainable
management of rainfed Vertisols.
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