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Despite agroforestry has large potential for soil organic carbon (SOC)
sequestration, limited information is available on SOC pools and deep SOC
sequestration as affected by agroforestry systems. Potential of long-term
(15 years) agroforestry systems to store SOC was assessed in the foot hills of
the north western Indian Himalayas. The study was carried out during
2009–2023 and soil samples were taken from four depths, viz. 0–15, 15–30,
30–45, 45–60 cm in Bhimal (Grewia optiva L.) and Mulberry (Morus alba L.) based
agroforestry system under cowpea-toria based cropping systems and turmeric as
ground storey crop. Results showed that in surface soil (0–15 cm), plots with
mulberry + cowpea (Vigna unguiculata L.)-toria (Brassica campestris L.) (T7) had
maximum C stock (21.35 Mg C ha−1) which was similar to mulberry + turmeric
(Curcuma longa L.) (T6) plots. In deep soil layer (30–60 cm), plots under T7 had
33.52 Mg C ha-1 which was significantly higher than farmers’ practice cowpea-
toria (T4). The results revealed that M. alba L. based agroforestry practices had
33%, 18% and 8% higher labile C concentration than (cultivated fallow land) (T9),
T5 and T4 plots, respectively, in 0–15 cm soil depth. Recalcitrant C wasmaximum
in T7 (4.49 g kg−1) plots. In the 0–30 cm layer, C accumulation rate ranged from
0.27 Mg C ha−1yr−1 to 0.99 Mg C ha−1y−1. Maximum C accumulation was found in
T7 plots which was 160% and 135% higher than the farmers’ practise T4 plots and
sole mulberry plantation (T5) plots. In the surface soil (0–15 cm), the treatment
T7 had approximately 33% higher carbon management index (CMI) value
compared with the farmers’ practise T4 plots. Thus, adopting M. alba L. based
agroforestry practices has great potential for improving higher carbon stock in
deep soil layer and can be recommended for sustainable management practices
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in the region, and it also could be considered as a strategy to restore degraded land,
which is vital for food security, livelihood enhancement, and overall preserving the
environmental services.

KEYWORDS

agroforestry, carbon stock, total soil organic carbon (SOC), bulk density, C
accumulation rate

1 Introduction

Soils are integral to providing essential ecosystem services,
including food production, water retention, and the sequestration
of soil organic carbon (SOC). The physical structure of the soil is
critically important in the processes that enable these functions.
However, intensive land use and poor agricultural management
practices have resulted in deterioration of soil structure, thereby
diminishing agricultural productivity and the capacity of soils to
stabilize SOC globally (Banwart, 2011; Montgomery, 2007). Organic
soils are particularly significant, as they contain over two-thirds of
the organic carbon stored in terrestrial ecosystems (Sharma et al.,
2016). The carbon stored in forest soils is particularly susceptible to
loss under the current climate system, with significant implications
for soil biodiversity, productivity, and climate feedback mechanisms
(de Deyn et al., 2008). Given that soil carbon sequestration is a vital
ecosystem service linked to climate change mitigation, there is a
pressing need for a more comprehensive understanding of the
processes and mechanisms that govern it.

Soil organic carbon (SOC) plays a pivotal role in maintaining the
physical, chemical, and biological quality of soil, making it one of the
most critical indicators of soil health (Wang et al., 2003). Higher
levels of organic carbon in the soil are associated with increased
productivity across ecosystems. However, soil carbon levels vary
significantly across different ecosystems-such as forests, grasslands,
plantations, and agricultural lands-primarily due to variations in
vegetation and land use practices (Awasthi et al., 1986). The
significance of agroforestry as a land-use system is gaining
widespread recognition, not only for its contribution to
agricultural sustainability but also for its role in carbon
sequestration and climate change mitigation. Agroforestry has
emerged as an effective approach for mitigating and adapting to
climate change (Mosquera-Losada et al., 2018). It increases carbon
sinks by absorbing atmospheric carbon via photosynthesis and
storing it in biomass and soil, so directly attributes in climate
change mitigation (Albrecht and Kandji, 2003). In terms of
India’s mitigation policies, the revised Nationally Determined
Contributions (NDCs) aim to lower India’s GDP emission
intensity by 45% from 2005 levels by 2030. To reach this target,
the Government of India aims to expand forest and tree cover by
2030, resulting in extra carbon sinks of 2.5–3 billion tonnes of CO2

eq. Agroforestry can help achieve this goal by expanding tree cover
on agricultural land (Nath et al., 2020). Researchers and
policymakers around the world are facing long-term challenges
in feeding a rising population while lowering greenhouse gas
(GHG) emissions. Climate change is a serious threat to global
food security (Babu et al., 2020). Carbon sequestration in
biomass and soils has tremendous potential for reducing GHG
emissions (Scholes et al., 2014). Agroforestry has the ability to

boost carbon sequestration (Montagnini and Nair, 2004; Nair
et al., 2009), in addition to contributing to food security and
providing diverse livelihood supports such as timber and
fuelwood for the household consumption (Babu et al., 2020).

There is substantial evidence demonstrating that agroforestry
systems generally surpass annual cropping systems in terms of
overall productivity, soil fertility enhancement, soil conservation,
microclimate regulation, and carbon sequestration potential
(Dhyani et al., 2009). SOC is fundamental to the carbon cycling
and overall health of terrestrial ecosystems.

Although agroforestry systems are widely believed to have the
potential to enhance SOC stocks (Table 1), relatively few studies
have examined the SOC dynamics in deep soil layers. Trees have a
robust root system that penetrates deeper soil strata than any annual
crop or plant (Lorenz and Lal, 2014). As a result, a significant
proportion of root biomass reaches deeper into the soil. In deeper
soil horizons, C inputs from tree and shrub roots constitute an
important source of SOC stock accumulation (Corbeels et al., 2019).
The physicochemical interaction of root-generated carbon with soil
particles contributes to better soil stability than C obtained from
aboveground biomass (Rasse et al., 2005). This could be due to a
greater SOC pool (65.3–71.6 Mg ha−1) in AFSs than in cultivated
soils. Comparable results were seen, with 19.4%–46% and 21%–34%
larger SOC stocks under different age groups of AFSs compared to
cropland SOC stocks at other sites in India (Guillemot et al., 2018;
Thangavel et al., 2018). Soil carbon sequestration, which involves the
transfer of atmospheric CO2 into the soil in a form that is not readily
re-emitted, is increasingly recognized as a viable strategy for
mitigating climate change. Agroforestry systems, in particular,
have attracted attention for their capacity to sequester carbon by
capturing atmospheric CO2 and storing it in both plant biomass
and soil (Nair, 2012). This process is natural, cost-effective, and
environmentally friendly. Management practices such as
agroforestry and interplanting, which promote the
accumulation and retention of soil carbon, are gaining
acceptance among farmers due to the growing interest in
conserving soil organic matter (SOM) (Jose, 2009; Nair et al.,
2009). Agroforestry systems, in particular, have shown promise
in enhancing the potential of soils to act as SOC sinks, suggesting
increased long-term storage and stabilization of SOC.

We hypothesize that differences in C stocks and hierarchy at
surface and deep soil layers of SOC stocks under long-term
agroforestry systems and farmers’ practice of arable cropping
in the Himalayas would promote soil carbon sequestration.
Therefore, this study aims to evaluate SOC pools and C
sequestration as affected by long-term agroforestry system and
to assess SOC sequestration in deep soil (30–60 cm) layer as
affected by agroforestry practices in the foot hills of the
Indian Himalayas.

Frontiers in Environmental Science frontiersin.org02

Barman et al. 10.3389/fenvs.2025.1568564

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1568564


TABLE 1 Major tree sp. in agroforestry system and their C sequestration potential in India.

Sl. No. Tree species in agroforestry
system

Study location C Sequestration potential (CSP) (Mg
C ha-1yr-1)

References

1 A. nilotica Kurukshetra, Haryana 2.81 Kaur et al. (2002)

D. sissoo 5.37

P. juliflora 6.50

2 Fruit trees Himachal Pradesh 12.15 Goswami et al. (2013)

3 A. pendula Jhansi, Uttar Pradesh 0.43 Rai et al. (2002)

4 G. arborea Raipur, Chhattisgarh 3.23 Swamy and Puri, (2005)

5 C. equisetifolia Coimbatore, Tamil Nadu 1.57 Viswanath et al. (2004)

6 A. procera Jhansi, Uttar Pradesh 3.70 Newaj and Dhyani,
(2008)

7 (Tectona grandis Linn
Dalbergia sissoo Roxb
Eucalyptus globulus L
Azadirachta indica A.)

Lembucherra, Tripura,
India

0.32–0.43 Yadav et al. (2021)

FIGURE 1
Location of the study area.
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2 Materials and methods

2.1 Experiment details

The study was carried out in the Selakui, ICAR-Indian Institute
of Soil and Water Conservation in Dehradun (Figure 1),
Uttarakhand from 2009 to 2023. The experiment is situated
between 30° 20′4″N and longitude 72° 52′12″E with an average
slope of 4.0%. Soil type is fine silty hyperthermic udic haplustalf with
silty loam texture and study site was rainfed. It is located in the foot
hills of the north-western part of the Indian Himalayas with an area
573.75 m2. There is an average annual rainfall of 1636 mm in this
humid sub-tropical environment.

The experiment commenced in August 2009 with the
establishment of 324 seedlings representing enhanced
provenances of bhimal (Grewia optiva L.) and mulberry
(Morus alba L.), which are important agroforestry tree
species in the foothills of the Indian Himalayas (Figure 2).
Short duration oilseed crop toria (Brassica campestris var.
Toria) was grown uniformly in rabi (winter) season.
Whereas, during kharif (rainy) season, viz., cowpea (Vigna
unguiculata L.) and turmeric (Curcuma longa L.) were grown
as ground storey crops. Cultivated fallow land, which is annually
tilled without growing any crops. Treatment details are given
in Table 2.

2.2 Soil sampling and processing

Composite soil samples were collected from four different
depths (0–15, 15–30, 30–45 and 45–60 cm) under each plots.
These depths are commonly used in studies total soil organic
carbon (SOC). Soil samples from the depth of 0–15 cm and
15–30 cm are used for the analysis of labile carbon and
recalcitrant carbon pool. Using a core sampler (3.5 cm diameter,
5.5 cm height) made of galvanized iron cylinder, undisturbed soil
samples were extracted at four specified depths to assess soil
bulk density.

2.3 Soil bulk density (BD)

The core sampler was driven into the soil to the desired depth,
collecting the soil into the core (Veihmeyer and Hendrickson, 1948)
to assess soil bulk density

Soil bulk density BD( ) Mgm−3( ): a/b( ) . . .

Dry soil weight Mg( ): a

Core volume m3( ): b

2.4 Carbon pools in bulk soil

Different total soil organic C (SOC) fractions were
determined under a range of oxidizing conditions using
sulfuric acid (H2SO4)-aqueous solution ratios of 0.5:1, 1:1, and
2:1, which equate to 12 N, 18 N, and 24 N H2SO4, respectively

(Chan et al., 2001). The 24 N H2SO4 oxidizable C method is
equivalent to the classic Walkley and Black (1934) method. The
concentration of organic C (OC) obtained using the three acid-
aqueous solution ratios allowed TOC to be divided into four
fractions with decreasing oxidizability/lability.

Fraction 1 (very labile): Organic C oxidizable under 12 N H2SO4

Fraction 2 (Labile): Difference in oxidizable organic C extracted
between 18 N and 12 N H2SO4 (18 N–12 N H2SO4)
Fraction 3 (Less labile): Difference in oxidizable organic C
extracted between 24 N and 18 N H2SO4

Fraction 4 (Non-labile): Difference in organic C extracted with
24 N H2SO4 and total SOC determined by CHN analyzer (total
SOC–24 N H2SO4).

By using the four fractions indicated above, we can compute
the active and passive C pools, which indicate the soil’s carbon
oxidizability. The active carbon (C) pool comprises (Fraction 1-
very labile) and (Fraction 2- labile), representing the labile and
easily oxidizable portion. This was because of their very easy
oxidizability using 12 and 18 N H2SO4. The passive C pool
includes (Fraction 3- less labile) and (Fraction 4-non labile),
which are recalcitrant and less reactive, and require more effort to
extract and oxidize.

2.5 Total soil organic carbon (SOC)

Total soil organic C in the bulk soil was determined by the dry
combustion method (Nelson and Sommers, 1982). For that purpose,
the bulk soils were crushed and put through a 0.2 mm sieve and
analysed for total C by a CHN analyzer (Foss Heraeus Elemental
Analyzer CHN-O RAPID, Hanau, Germany).

2.6 Carbon stock

Soil organic carbon stock was calculated using the concentration
of the total soil organic carbon (SOC) and the result of soil bulk
density of each layer. Soil organic carbon stock was calculated using
the following formula (Lal et al., 1998):

Total SOC stock: Total SOC %( )/100[ ] × bulk density Mgm−3( )

× layer thickness m( ) × 104 m2ha−1( ) . . .

2.7 Soil organic carbon (SOC)
accumulation rate

The SOC accumulation rate was calculated using the following
formula (Bhattacharyya et al., 2015):

Total SOCaccumulation rate MgCha−1yr−1( ): A − B( )/n . . .
where, A and B indicate SOC stock (Mg ha-1) of a given treatment
and control plots, in 2023 and n is no. of years of experiment
(15 years). Here, the cultivated fallow land is considered as the
control plot for the purpose of calculation.

Frontiers in Environmental Science frontiersin.org04

Barman et al. 10.3389/fenvs.2025.1568564

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1568564


2.8 Lability index (LI), C pool index (CPI), C
management index (CMI)

KMnO4-C, the fraction of labile C which is obtained from
chemical oxidation methods using KMnO4 (Blair et al., 1995),
has since been considered as an early sensitive index for the
impacts of long-term applications of fertilizers or organic
resources on the dynamics of the active SOC fraction. Non-labile
C can be estimated as the difference between SOC and KMnO4-C.
The method used by Tirol-Padre and Ladha (2004) was used to
determine KMnO4 oxidizable-C.

Lability ofC L( ): Cfraction oxidized byKMnO4/(

C remaining unoxidized byKMnO4) . . .
Lability Index ofC LI( ): Lability ofC in(
sample soil/Lability of C in reference soil) . . .

CarbonPool Index CPI( ): Sample total SOC/Reference total SOC( ) . . .

The calculation procedure of CMI is as follows (Blair
et al., 1995):

Cmanagement index CMI( ): CPI × LI × 100 . . .

2.9 Statistical analysis

The experimental data were statistically analyzed by completely
randomized design (CRD) using analysis of variance (ANOVA).
Using Microsoft Office Excel 2013 and the guidelines provided by
Gomez and Gomez (1984), the analysis was carried out. Data
normality was tested using the Shapiro-Wilk test. The analysis of
variance (ANOVA) used the equation:

Yij� µ + ti + €ij . . .

where Yij represents the jth observation (j = 1,2, . . . ,ni) on the ith
treatment (i = 1,2, . . . ,k levels).

µ is the common effect for the whole experiment, ti represents the
ith treatment effect, and €ij represents the random error present in the

jth observation on the ith treatment. The error of the model was tested
for normality and homogeneity using the Shapiro and Levene tests,
respectively. If the conditions were met, then the Tukey test was
performed at P < 0.05. The significance level was estimated using the
Tukey’s HSD (Honestly significant difference) test with a
P-value of <0.05.

3 Result

3.1 Soil bulk density (BD)

After 15 years of long-term agroforestry practices, 0–15 cm and
15–30 cm soil layers showed significant differences in soil bulk density
(BD) (Mg m-3) among the treatments (Figure 3). In the 0–15 cm soil
layer, the BD ranged from 1.33 to 1.40Mgm−3 and in 15–30 cm soil the
BD ranged from 1.37 to 1.44 Mg m−3. Mulberry + cowpea-toria (T7)
plots exhibited the lowest BD (1.33 Mg m−3) followed by mulberry +
turmeric (T6) (1.34 Mg m−3) and bhimal + cowpea-toria (T3)
(1.34 Mg m−3) and the values were significantly less than the
cultivated fallow land (T9). In 15–30 cm soil also T7 plots exhibited
the lowest BD (1.37 Mg m−3) among all plots. In the soil layers of
30–45 cm and 45–60 cm, there were no significant differences in BD
values among different treatments (Figure 3). The result shows that bulk
density values increase with increasing soil depth among all plots. The
cultivated fallow land had higher values of bulk density and least bulk
density values were found in agroforestry based treatments. Thismay be
due to higher organic matter in agroforestry treated plots compared
with cultivated fallow land.

3.2 Effect of long-term agroforestry
practices on permanganate (KMnO4)
oxidizable carbon (POXC) (g kg−1)

After 15 years of long-term agroforestry practices, both surface
(0–15 cm) and subsurface soil (15–30) layers showed significant
differences in permanganate (KMnO4) oxidizable carbon (g kg-1) in
bulk soils among the different plots (Figure 4). According to

FIGURE 2
Layout of the experiment at research farm.
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Moebius-Clune et al. (2017), the KMnO4 oxidisable C is a chemical
fraction of C that reflects a biologically active pool. Despite having a
significant association with total SOC, soil quality reacts slowly to
changes in land and soil management (Marriott andWander, 2006).
In such cases, KMnO4 oxidisable C could be early indicators of land
and soil management practices. In 0–15 cm soil, plots with T7 had
~72%, 23% and 32% higher KMnO4 oxidizable C than T9, T5 and
T4 plots, respectively. Similarly, in 15–30 cm soil layer T7 plot
exhibited maximum KMnO4 oxidizable C (0.850 g kg−1) followed by
T6, T2 and T3, respectively.

3.3 Effect of long-term agroforestry
practices on labile carbon and recalcitrant
carbon (g kg-1)

Labile C was found to be maximum in plots with T7 (6.20 g kg−1)
which was similar to T6 and T2 plots and was 33%, 18% and 8%

higher labile C concentration than T9, T5 and T4 plots, respectively,
in 0–15 cm soil depth. Recalcitrant C was maximum in T7
(4.49 g kg−1) plots (Figure 5a). In the 15–30 cm soil depth, plots
with T7 showed maximum concentration of labile C. T7 and
T6 exhibited similar values of recalcitrant C concentration and
T7 plots had 116% and 61% higher C concentration than T4 and
T5 plots, respectively (Figure 5b).

3.4 Effect of long-term agroforestry
practices on total soil organic carbon (g kg-1)
in bulk soils

In surface soil (0–15 cm soil), T7 had maximum total SOC
concentration (10.69 g kg−1) that was 30% and 26% higher than
T4 and T5 plots, respectively (Figure 6). Agroforestry system
T6 had 17% higher total SOC (9.73 g kg−1) than T4 plots. In the
15–30 cm soil, T7 (9.69 g kg−1) exhibited maximum content of
total SOC which was similar toT6 and was 67%, 30% and 36%
higher C content than T9, T4 and T5 plots, respectively. In the
30–45 cm soil, T7 and T6 showed highest effect followed by T3,
T5 respectively.

C stock in bulk soil was significantly affected by 15-year of
mulberry and bhimal based agroforestry systems in the foot hills of
the Indian Himalayas in the 0–15, 15–30, 30–45 and 45–60 cm soil
layers (Table 3). In surface soil, plots under T7 had maximum C
stock (21.35 Mg C ha−1) which was 51%, 21% and 28% higher than
T9, T5 and T4 plots, respectively. Bhimal based agroforestry system
(T3) also showed 16% and 25% higher C stock (19.33 Mg C ha−1)
than T4 and T1 plots, respectively. In the 15–30 cm soil, T7,
T6 showed highest mean values of C stocks followed by T3 and
T2 plots. With increasing depth, the C stock decreased. In the
30–45 cm soil layer, T7 exhibited maximum C stock
(17.34 Mg C ha−1) which was similar to T6 and T7 plots had 9%
and 26% higher C stock than T5 and T4, plots respectively. Morus
alba L. based T7 agroforestry system showed higher C stock
(16.18 Mg C ha−1) than plots with T4 system.

FIGURE 3
Effect of long-term agroforestry practices on soil bulk density
(BD) (Mg m-3) in the 0–15, 15–30, 30–45, 45–60 cm soil layers.
Vertical lines on the column indicate standard deviation of the mean
(n = 3). Least significant difference (LSD; P < 0.05); (0–15 cm) =
0.014, (15–30 cm) = 0.021, (30–45 cm) = ns, (45–60 cm) = ns.

FIGURE 4
Effect of long-term agroforestry practices on KMnO4 oxidizable carbon (POXC) (g kg−1) in the 0–15, 15–30 cm soil layers. Vertical lines on the
column indicate standard deviation of the mean (n = 3). Least significant difference (LSD; P < 0.05); (0–15 cm) = 0.044, (15–30 cm) = 0.094.
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Mulberry based agroforestry systems under a cowpea-toria
cropping system resulted in a significant increase in total SOC
storage and C accumulation rate in the surface soil (0–30 cm)
layer (Table 4). Plots under T7 practices resulted in a significant
improvement in the C accumulation rate compared to the cultivated
fallow land treatment. In the 0–30 cm layer, C accumulation rate
ranged from 0.27 Mg C ha−1yr−1 to 0.99 Mg C ha−1y−1. Maximum C
accumulation was found in T7 (0.99 Mg C ha−1yr−1) plots which was

160% and 135% higher than the farmers’ practise (T4 plots) and sole
mulberry plantation (T5 plots), respectively. Similarly, in subsurface
soil layer, the C accumulation rate ranged from 0.13 Mg C ha−1yr−1

to 0.68 Mg C ha−1yr−1. Maximum C accumulation was found in T7
(0.68 Mg C ha−1yr−1) plots followed by T6 and T3 in subsurface soil,
respectively.

As cultivated fallow land had the lowest total SOC in soil under
T9 plots was considered as the reference soil for the calculation of C
management index (CMI). Lability index (LI) of carbon and carbon
pool index (CPI) were significantly affected by the agroforestry
treatments in the 0–15 cm and 15–30 cm soil depths, as indicated in
(Table 5). In the surface soil (0–15 cm), the treatment T7 had
approximately 33% higher CMI value compared with the farmers’
practise. The plots treated with T7 had ~30% and 59% higher CPI
value compared with the T4 and T9 plots, respectively, in surface
soil layer.

4 Discussion

4.1 Effect of long-term agroforestry systems
on soil bulk density (BD)

The findings indicate that bulk density values rose with
increasing soil depth across all plots. The bulk density values of
cultivated fallow land were greater, while agroforestry-based
treatments had the lowest. This could be owing to increased
organic matter in agroforestry-treated plots compared to
cultivated fallow land. Messing et al. (1997) observed that bulk
density was lower beneath trees than in grass pasture, but only in the
top 15 cm of soil. This is consistent with our findings, in which
T7 had decreased bulk density values due to agroforestry treatment.
The presence of trees influences soil porosity and other physical
properties as a result of aggregate formation. Improvements in soil
aggregates result in decreased bulk density, lower resistance to
penetration, a reduced surface sealing, increased soil porosity,
and, hence, higher water infiltration and available water capacity
(Rolo et al., 2023). The quality of litter and its location in the soil can
influence its decomposition pathway, soil respiration rates, and the
absorption of plant litter-C into soil microbial biomass (SMB) and

FIGURE 5
(a) Effect of long-term agroforestry practices on labile carbon
and recalcitrant carbon (g kg-1) in the 0–15 cm soil layer. Vertical lines
on the column indicate standard deviation of the mean (n = 3). Least
significant difference (LSD; P < 0.05); Labile C = 0.42;
Recalcitrant C = 1.15. (b) Effect of long-term agroforestry practices on
labile carbon and recalcitrant carbon (g kg-1) in the 15–30 cm soil layer.
Vertical lines on the column indicate standard deviation of the mean
(n = 3). Least significant difference (LSD; P < 0.05); Labile C = 0.29;
Recalcitrant C = 0.23.

FIGURE 6
Effect of long-term agroforestry practices on total soil organic
carbon (SOC) (g kg-1) in the 0–15, 15–30, 30–45, 45–60 cm soil layers.
Vertical lines on the column indicate standard deviation of the mean
(n = 3). Least significant difference (LSD; P < 0.05); (0–15 cm) =
0.95, (15–30 cm) = 0.81, (30–45 cm) = 0.55, (45–60 cm) = 0.38.

TABLE 2 Treatment details.

Treatments

1 Bhimal (Grewia optiva L.) alone (T1)

2 Bhimal + Turmeric (Curcuma longa L.) (T2)

3 Bhimal + Cowpea (Vigna unguiculata L.) – Toria (Brassica campestris L.) (T3)

4 Cowpea – Toria (T4)

5 Mulberry (Morus alba L.) alone (T5)

6 Mulberry + Turmeric (T6)

7 Mulberry + Cowpea– Toria (T7)

8 Turmeric alone (T8)

9 Cultivated fallow land (T9)
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soil organic C (SOC) pools (Hu et al., 2016). As a result, uneven
organic matter inputs to agroforestry soils produce ubiquitous
horizontal heterogeneity in soil traits (Bambrick et al., 2010;
Cardinael et al., 2015; Pardon et al., 2017). Organic matter inputs
decrease exponentially with depth, (Cardinael et al., 2018; Peichl
et al., 2012), and total porosity decreased with increase in depth
across the agroforestry practices (Syano et al., 2023) which leads to
increase in soil bulk density in lower depth of the soil. Another
reason of increased bulk density beneath agroforestry system or
cropping system to both compression of the soil exerted by root
growth, and lower soil moisture content caused by increased water

uptake which leads to bulk density unaffected in all the systems, in
this study in deep soil layer.

4.2 Effect of long-term agroforestry
practices on permanganate (KMnO4)
oxidizable carbon (POXC)

KMnO4 oxidizable carbon concentrations were significantly
higher in mulberry-based agroforestry system (T7) in both the
surface and subsurface soil layers than sole mulberry (T5),
farmers’ practise (T4) and cultivated fallow land (T9) system.
The oil palm-based agroforestry system also had a higher
KMnO4- oxidizable C (0.95 g kg−1) content than did the oil
palm monocultures (0.66 g kg−1) which is in line with our
study. KMnO4- oxidizable C, also known as soil active C, is
related with soil organic matter pools, which are critical for
nutrient cycling (Blair et al., 1995; Weil et al., 2003). This C
percentage is regarded as an excellent indication of soil quality
since it is sensitive to the effects of soil management changes and
is relatively easy to determine (Gruver, 2015; Weil et al., 2003).
Furthermore, KMnO4- oxidizable C is used to calculate the soil C
management index (CMI), which considers soil carbon lability
and recalcitrancy to evaluate soil quality and soil organic C
restoration (Blair et al., 1995). The agroforestry system studied
were composed of several species that contribute to KMnO4-

oxidizable C via the following two mechanisms: (1) plant material
decomposition formed by litterfall and pruning (Dawoe et al.,
2010; Fontes et al., 2014; Schneidewind et al., 2019) and (2)
diverse root systems (root architecture, root morphology, root
association with microorganisms, and chemical composition)
that incorporate C into the soil by root cycling and release of
exudates in different amounts and depths (Hombegowda et al.,
2016) and exploit soil resources better.

TABLE 3 Effect of long-term agroforestry practices on carbon stock (Mg C ha-1) in the Indian Himalayas.

Treatments Carbon stock (Mg C
ha−1) 0–15 cm

Carbon stock (Mg C
ha−1) 15–30 cm

Carbon stock (Mg C
ha−1) 30–45 cm

Carbon stock (Mg C
ha−1) 45–60 cm

Bhimal (T1) 15.43ef 15.08c 12.39fg 12.87de

Bhimal + Turmeric (T2) 17.79bcd 16.56bc 13.80de 13.28cd

Bhimal + Cowpea-
Toria (T3)

19.33bc 17.52b 15.92bc 14.07bc

Cowpea-Toria (T4) 16.62de 15.58c 13.66ef 14.94b

Mulberry (T5) 17.52cd 15.15c 15.77bc 12.02ef

Mulberry +
Turmeric (T6)

19.58ab 19.62a 16.92ab 14.09bc

Mulberry + Cowpea-
Toria (T7)

21.35a 19.92a 17.34a 16.18a

Turmeric (T8) 16.74de 15.08c 15.11cd 14.56b

Cultivated fallow
land (T9)

14.09f 12.35d 11.59g 11.69f

LSD (P < 0.05) 1.98 1.70 1.39 1.11

Means with similar lowercase letters within a column are not significantly different as determined by Tukey’s HSD, test.

TABLE 4 Effect of long-term agroforestry practices on C accumulation rate
(Mg C ha−1 yr−1) in the Indian Himalayas. Means with similar lowercase
letters within a column are not significantly different as determined by
Tukey’s HSD test.

Treatments Bulk soil

0–30 cm layer 30–60 cm layer

Bhimal (T1) 0.27e 0.13e

Bhimal + Turmeric (T2) 0.53cd 0.25de

Bhimal + Cowpea-Toria (T3) 0.69bc 0.45bc

Cowpea-Toria (T4) 0.38de 0.35cd

Mulberry (T5) 0.42de 0.30d

Mulberry + Turmeric (T6) 0.85ab 0.52b

Mulberryy + Cowpea-
Toria (T7)

0.99a 0.68a

Turmeric (T8) 0.36de 0.47bc

Cultivated fallow land (T9) — —

LSD (P < 0.05) 0.192 0.129
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4.3 Effect of long-term agroforestry
practices on C pools in bulk soils

Higher mean value of the labile C pool under agroforestry
practices shows the significant positive effects under its long-term
adoption in the foot hills of north western Indian Himalayan soils.
The trees were initially surrounded by arable crops rather than
fallow, resulting in a deeper coarse root distribution and less lateral
expansion. Agroforestry systems are particularly interesting because
they have the ability to boost carbon sequestration while preserving
agricultural production (Pandey, 2002; Montagnini and Nair, 2004;
Nair et al., 2009). Although the introduction of trees into agricultural
systems results in the buildup of aboveground biomass, the carbon
stored in mulberry-based agroforestry system T7 is very labile and
depends on the fate of woody biomass-derived products. Labile
organic carbon pools are more easily affected by management
practices compared to recalcitrant pools (Biederbeck et al., 1994).
Roots release carbon compounds that are labile, and the high levels
of labile carbon in forests are due to the year-round supply of easily
decomposable leaf litter. In contrast, lower labile carbon levels in
cropping systems are linked to the disruption of soil structure and
increased oxidation of organic matter, especially in conventional
agricultural systems (Bayer et al., 2006).

4.4 Effect of long-term agroforestry
practices on total soil organic C (SOC) in
bulk soils

Total SOC concentrations were higher in plots under mulberry
+ cowpea-toria (T7) than native forest system, sole mulberry (T5)
and bhimal (T1) system and cowpea-toria cropping system (T4).
Jastrow et al. (2007) reported that repeated biomass removal in
agricultural fields adversely affects SOM accumulation. In contrast,
forest soils, which have a large amount of dead and fallen leaves,
significantly contribute to build up of SOC concentration (Sparling
et al., 1998). The vast root system of trees in a mulberry-based

agroforestry system (T7) may gather nutrients from a huge volume
of soil, whereas litter fall concentrates nutrients near the soil surface.
According to the findings of Nair et al. (2010), aboveground carbon
(C) in plant residues and organic matter from aboveground biomass
(AGB) return to the soil. Grewia optiva L. and Morus alba L.
contributed around 0.84 Mg ha−1 and 0.94 Mg ha−1 of green
leaves or 0.24 Mg ha−1 and 0.30 Mg ha−1 of air-dried leaves per
year, as well as 1.1 Mg ha−1 and 1.3 Mg ha−1 of branches, respectively
(Khybri et al., 1992). Litter fall and fine-root rotation could boost soil
organic matter concentration. Trees may also improve the above and
below-ground microclimate, while the meso and microfauna and
microflora surrounding plant roots may affect soil chemical,
biological, and physical properties.

4.5 Effect of long-term agroforestry
practices on carbon stock in bulk soils

This long-term study indicated that mulberry + cowpea-toria
system (T7) had highest C stock in all the depths and with increasing
depth the C stock is decreased. The higher soil carbon stock in (T7)
agroforestry systems is attributed to the significant annual input of
organic matter from leaf litter, which remains in the soil due to the
lack of disturbance. The cooler temperatures at higher altitudes,
common in such ecosystems, likely slow down residue
decomposition, contributing to increased carbon accumulation
(Haynes, 2005). The unprotected SOC pool also increased with
cumulative carbon inputs, primarily due to the addition of plant
residues such as stubble and roots, as well as straw (Abrar et al., 2020;
Tian et al., 2017). Furthermore, agroforestry plants allocate a larger
proportion of their growth to root system development compared
with those in monoculture systems. Several meta-analyses have
already reported greater SOC stocks in 0–30 cm depth beneath
agroforestry systems than in cropland (Chatterjee et al., 2018; Shi
et al., 2018; Douglas et al., 2020; Guo et al., 2020). The surface soil
layer may have absorbed more C-rich biomass in the form of leaves
and twigs, which could contribute to the greater rise in SOC stocks in

TABLE 5 Lability index (LI), C pool Index (CPI) and Cmanagement index (CMI) as affected by agroforestry system in the Indian Himalayas. Means with similar
lowercase letters within a column are not significantly different as determined by Tukey’s HSD test.

Treatments LI LI CPI CPI CMI CMI

0–15 15–30 0–15 15–30 0–15 15–30

Bhimal (T1) 1.19a 0.90d 1.09de 1.20d 129e 108e

Bhimal + Turmeric (T2) 1.18a 1.28ab 1.30bc 1.38bc 153c 174bc

Bhimal + Cowpea-Toria (T3) 1.09ab 1.13bcd 1.43b 1.47b 153bc 163cd

Cowpea-Toria (T4) 1.07ab 1.14bcd 1.22cd 1.29cd 130e 145cd

Mulberry (T5) 1.12ab 0.90d 1.25c 1.23cd 141d 110e

Mulberry + Turmeric (T6) 1.13ab 1.23abc 1.45ab 1.63a 162b 199b

Mulberry + Cowpea-Toria (T7) 1.10ab 1.47a 1.59a 1.68a 173a 246a

Turmeric (T8) 0.90c 1.14bcd 1.21cd 1.24cd 109f 141d

Cultivated fallow land (T9) 1.00bc 1.00cd 1.00e 1.00e 100g 100e

LSD (P < 0.05) 0.13 0.26 0.16 0.15 8.8 30
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the topsoil layer (0–30 cm) compared to those in deeper layers
(Albrecht and Kandji, 2003), yet fine tree roots and exudates may
introduce significant amounts of organic matter into deep soil layers
(Cardinael et al., 2018; Peichl et al., 2012) which improves soil
carbon stock in deep soil layers in agroforestry systems than farmers’
practise (T4) and cultivated fallow land (T9) plots. Numerous other
researchers worldwide have identified a similar pattern (Brahma
et al., 2018; De Stefano and Jacobson, 2018; Guo et al., 2020; Hairiah
et al., 2020). Possible reason of lower soil C stock in T4 and T9 could
be soil erosion removes a significant amount of particulate and
dissolved organic matter from soil matrixes, resulting in SOC loss.
On the other hand, soil erosion coarsens soil texture because fine
particles are preferentially removed with water movement
(Ostovaria et al., 2018). The loss of fine-sized clay minerals
reduces the production of soil aggregates and organic-mineral
complexes, hastening SOC breakdown. To summarize, the
decreased SOC levels on farmed fallow land are mostly due to
reduced organic matter supply and extensive SOC loss induced by
microbial breakdown and soil erosion. Litterfall from trees can
increase soil surface rugosity and soil aggregate stability, whereas
tree roots can increase soil porosity, increasing water infiltration
and, ultimately, minimizing water erosion (Liu et al., 2016). The
primary mechanism for transferring atmospheric carbon into the
soil is through the plant’s roots, which are used for photosynthesis
(Forseth, 2010). While part of this carbon is taken by the roots,
majority of it is released as root exudates into the soil (Ma et al.,
2022). These exudates, which are made up of different organic
substances, can boost soil microbial activity and contribute to stable
soil organic matter, which increases carbon inputs in soil (Panchal
et al., 2022).

4.6 Effect of long-term agroforestry
practices on C accumulation rate

The higher increase in SOC stocks in the surface layer (0–30 cm)
than in lower layers was consistent with theoretical assumptions, as
the surface soil layer may have absorbed more C-rich biomass in the
form of leaves and twigs (Albrecht and Kandji, 2003). The results
showed that trees had a favourable influence on total soil carbon.
This could be due, in part, to increased leaf litter fall and tree roots
caused by higher tree density in woodlots. Tree roots and litter fall
contribute significantly to SOC (Schmidt et al., 2011). These could
be possible explanations for the increased annual gain of C
accumulation in the mulberry-based agroforestry system in our
study. Nath et al. (2020) reported the rate of SOC sequestration
rate (0.39–0.45 Mg C ha-1year-1) under different agroforestry
systems in India. Tree-based systems might have added more
root-derived C, which is protected by the physicochemical
process and their inter action with the mineral present in soils as
compared to C added by crops (Lorenz and Lal, 2014). In India, a 21-
year-old block plantation of Eucalyptus have been reported to
sequestrate 0.6–3.98 Mg C ha−1year−1 (Dhyani et al., 2016), 6-7-
year-old agri-silviculture (Populus deltoids L.) added
1.62–2.63 Mg C ha−1year-1 (Chauhan et al., 2010) in the soils of
Himalayan Indo-Gangetic plains. Block plantation (6.5 years old) of
Gmelina arborea L., Ceiba pentandra L. and Acacia mangium L.
sequestrated 1.09–3.4 Mg C ha−1year−1 in humid and sub-humid

tropical region (Swamy et al., 2003). However, all India’s average of
C sequestration of 2 to 51-year-old agroforestry systems ranged
from 0.003 to 0.513 Mg C ha−1year−1 (Ajit et al., 2017).

4.7 Effect of long-term agroforestry
practices on lability index (LI), C pool index
(CPI) and C management index (CMI) in
bulk soils

The carbon management index (CMI) encompasses both SOC
pool and C lability, which can be a useful indicator to assess the
ability of management practices to improve soil quality (Blair et al.,
1995; Diekow et al., 2005) under different agricultural systems. Soils
with higher CMI can support and sustain crop productivity and
improve soil C and concentrations (West and Post, 2002; Kumar
et al., 2019), and nutrient availability for crop uptake (Singh et al.,
2019). CMI has no ’ideal’ value. The index is a sensitive measure of
the rate of change in soil C dynamics of systems in relation to a more
stable reference soil. When monitored over time or when a new
practice is introduced, as in this case, with increasing depth CMI
increased in subsurface soil (15–30 cm) layer in T7 system, because
of the relative contribution of that treatment vs. the reference plot
that will dictate the lability index (LI), and the value of LI will
determine CMI. LI is a sum of proportionate weightage of labile
fractions of C, a higher LI value indicates healthy soil and soil with
more active C (Hazra et al., 2019). The higher LI of soil under
T7 system than sole cropping system T4 in the 0–15 and 15–30 cm
soil depths might be attributed to a higher proportion of labile
fraction of C in these treatments. It is well documented that the
bhimal and mulberry based agroforestry practices enhance the
carbon pool index (CPI) or SOC buildup under different
cropping systems. Adoption of agroforestry systems in the
present study indicated higher CPI which indicated the buildup
of SOC in 0–15 cm and 15–30 cm depths. The higher value of CMI
under mulberry based agroforestry systems (T7) could be due to
relatively high values of LI and CPI in this treatment indicating a
buildup of total SOC and labile SOC in the surface layer as a result of
additional inputs of C through rhizodeposition, microbial biomass,
and aboveground and belowground biomass addition.

5 Conclusion

Adopting 15 years of agroforestry practices on distribution of
proportion of soil carbon (C) stocks in surface soil as well as
subsurface soil showed significant differences among the
treatments. Agroforestry system mulberry + cowpea-toria (T7)
had maximum C stocks in all soil depths. Total soil organic
carbon (SOC) was maximum in T7 plots that varied from
(10.69 g kg−1) to (7.26 g kg−1) in surface soil layer to deep soil
layer. The enhancement of the labile C pool (6.20 g kg−1) under
mulberry based agroforestry system shows the positive effects of
agroforestry under its long-term adoption in the foot hills of the
Indian Himalayas. Lower bulk density was found in upper surface
soil layer in agroforestry system and it is increased with increasing
soil depth. C accumulation rate (0.99Mg C ha−1 yr−1) and CMI index
(173) also showed higher significant positive value in M. alba L.
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based agroforestry system T7. This is attributed to the increased net
biomass input and more efficient utilization of available resources in
M. alba L. based agroforestry system (T7) than farmer’s practice ~
T4 system. In M. alba L. based agroforestry system (T7), the C
sequestration capacity is 44.82% in deep soil layer (30–60 cm)
(12.72 g kg−1) and this 15 years of agroforestry system attributes
proportion of 45.63% of C sequestration under the same in the foot
hills of north-western Himalayas. The pattern of carbon storage
capacity in both surface and deep soil layers shows that tree-based
systems significantly resulting in greater carbon storage compared to
conventional agricultural systems. Thus, adopting M. alba L. based
agroforestry system has excellent potential for higher carbon
sequestration in surface soil layer as well as deeper soil layers,
which is considered to be a key mechanism for the long-term
stabilization of SOC, and, hence, could be adopted in the
foothills of the Indian Himalayas and similar agro-ecosystems.
Adoption of suitable agroforestry practices should be part of the
National and County government policy interventions and should
be factored in as a strategy for improved soil fertility, carbon credit
payments to the farmers and for a green economy. To achieve this,
there is need for retrospective studies on accurate evaluation of effect
of different agroforestry practices on soil carbon at different
types of soil.
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