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Agroforestry systems (AFSs) have potential to combat climate change and to ensure food
security. AFSs can sequester carbon and amend the organic matter, thereby enhancing
the crop productivity. Carbon sequestration depends on the type of AFSs, climate,
cropping pattern, and management practices. The aim of this study was to evaluate
different AFSs for their potential to sequester carbon and impact on soil organic matter
(SOM) in the eastern sub-Himalayas, India. Hedge-, alder-, and guava-based AFSs were
established along with control (without any tree), and the maize–mustard–potato cropping
pattern was followed in each AFS. Soil samples were collected after the fifth crop cycle and
further analyzed. The results showed that crop productivity was significantly higher in all the
AFSs than control. On average, soil organic carbon (SOC) was found to be significantly
higher by 62 and 64% in hedge-based AFSs as compared to guava-based AFSs and
control, respectively, and at par with alder-based AFSs. Particulate organic carbon (POC)
was higher in all the three AFSs than in the control. For microbial biomass carbon (MBC)
and microbial biomass nitrogen (MBN) contents, the trend of AFSs was expressed as
alder-based AFS > hedge-based AFS > guava-based AFS > control. Hedge- and alder-
based AFSs had higher SOC stocks than guava-based AFSs and control. Carbon dioxide
equivalent (CO2 eq.) emissions were greater in control than hedge-based AFSs
(35.2 Mg ha−1), followed by alder-based AFSs (28.6 Mg ha−1), and the lowest was
observed in guava-based AFSs. On an average, hedge species accumulated more
nitrogen (N), phosphorus (P), and potassium (K), which were 60, 12, and 28 kg ha−1

yr−1, respectively. This conclusively proved that AFSs were significantly affecting SOM
pools and crop productivity and had a significant role in carbon retention in the soil. Overall,
hedge- and alder-based AFSs retained higher soil carbon, and hence, hedge- and alder-
based AFSs may be promoted to achieve climate-smart agriculture practices in the acid
soils of the Indian sub-Himalayan region.
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1 INTRODUCTION

The Indian sub-Himalayas occupy around 25 million hectares
(m ha), representing 8% of the total land area of India (IFSR,
2019; Nath et al., 2021). The region is environmentally sensitive
where landscape, hydrology, and fertility are threatened by
climate change and human population (Saini, 2008).
Moreover, exploitation of natural resources and shifting
cultivation have caused severe land degradation, resulting in
a sharp decline in crop productivity (Laskar et al., 2020; Nath
et al., 2020; Nath et al., 2021). Several strategies have been
recommended for achieving ecological stability and resources
conservation together with sustainable crop production. In this
direction, agroforestry interventions have been found to bear
immense potential and proven with capacity to reduce soil
erosions, conserve SOM, improve soil physical characteristics,
and further enhance nutrient cycling (Bhatt and Bujarbaruah,
2006; Ramachandran Nair et al., 2010; Ollinaho and Kröger,
2021). AFSs are believed to have a higher potential to sequester
carbon and climate change mitigation options (Murthy et al.,
2013; Feliciano et al., 2018). Figure 1 shows the carbon stocks in
AFSs under different states of India. The sub-Himalayan region
has lower carbon stocks in AFSs than the southern states, and

there is a huge potential to encourage carbon stocks in AFSs in
the sub-Himalayan region.

AFSs are one of the effective land use systems that ensure food
and nutritional security (MEA, 2005; Dagar et al., 2020),
resilience to climate change and environmental security
(Albrecht and Kandji, 2003), and restoration of degrading
landscapes (Dagar et al., 2020). Additionally, AFSs enhance
the soil quality (Ramos et al., 2015) and conserve ecosystem
and biodiversity (Asbjornsen et al., 2014; Hernández et al., 2014).
Currently, India is focusing on increasing acreage under crops
and forests, and hence, increasing the agroforestry area to 53m ha
by 2050 by utilizing fallow lands, problematic soils (acid soils,
alkali soils, saline soils, calcareous soils, acid sulfate soils, and
degraded soils), and pasture lands (Dhyani et al., 2013; Dagar and
Tewari, 2016; Dagar and Tewari, 2017; Nath et al., 2021). To
implement AFSs as a practical tool for utilizing problematic soils
and degraded landscape, there is a need for appropriate policies,
strategies, national plans, programs, and viable long-term
projects.

Alder (Alnus nepalensis)-based AFSs are an age-old ecological
agricultural practice which are highly remunerative and grow well
in the sub-Himalayan region, but improper handling can result in
low crop productivity of the land (Yano and Lanusosang, 2013;

FIGURE 1 | Region-wise carbon stocks under Indian agroforestry systems (Source: FSI, 2013).
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Kehie and Khamu, 2018). Different types of fruit trees are used
under AFSs. Guava-based AFSs have been found as an
appropriate agroforestry model for both Charland and
plainland ecosystems (Ahmed et al., 2018). However, trees in
the AFSs can be replaced with hedges. In rainfed agriculture,
hedge species have suitably helped in soil conservation and
sustainable crop production (Kiepe, 1995; Angima et al.,
2000). All such benefits that can be derived from hedge
species and multipurpose trees have made them integral
components of hill farming systems (Bray and Gorham, 1964;
Staelens et al., 2003; Bhattacharyya et al., 2009a; Bhattacharyya
et al., 2009b).

Improper soil management and land use have led to SOC
loss and can cause carbon emissions and affect soil quality in
the Indian region (Lal, 2004; Padbhushan et al., 2015;
Padbhushan et al., 2016a; Padbhushan et al., 2016b; Rakshit
et al., 2018; Sharma et al., 2019; Padbhushan et al., 2021;
Padbhushan et al., 2022). Conversely, proper soil management
and land use can increase the SOC and further improve soil
quality that can partly mitigate the increase in CO2 in the
atmosphere (Paustian et al., 1997; Lal and Bruce, 1999; Lal,
2004; Padbhushan et al., 2020; Juhi et al., 2022). Land use
systems such as AFS practices and technologies and their
service functions have several benefits and hence were
adopted as the integral components of mountain farming
(Majumdar et al., 2004). However, to better understand the
benefits from AFSs, it is imperative to know their potential to
augment carbon and N contents in different soil depths since
they will provide the baseline information on supplementation
of nutrients to crops of varying durations. Furthermore,
studies on carbon and N contents as affected by different
AFSs would give a valuable insight on the utilization of
hedgerow species for soil nutrient enrichment and leaf
mulching. Understanding the magnitude of improvement in
SOM pools due to AFSs and soil management in subtropical
environments, especially the sub-Himalayan region, is limited.
Therefore, the impact of land use and microclimate needs to be
monitored explicitly to understand the SOM pools and land
suitability for different AFSs (Smith, 2010; Padbhushan et al.,
2020). This is particularly true for an acid soil of the Indian
Himalayas as the information on the impacts of different AFSs
on SOC retention is very low under that sort of agro-ecological
conditions. Furthermore, the mechanisms of carbon
sequestration can reveal important information on
differences in carbon fractions under different land use
practices (Six et al., 2002; Padbhushan et al., 2020;
Padbhushan et al., 2022 and Kumar et al., 2022). A rapid
accumulation of carbon from POC has been observed in
different land use management systems, which may be an
early indicator of change in carbon dynamics (Franzluebbers
and Stuedemann, 2009; Sahoo et al., 2019).

Keeping this fact in view, this study was designed to establish
the impact of growing various AFSs on SOM pools and carbon
stocks in the eastern part of the Indian sub-Himalayas. Presuming
that the biomass accumulated by the trees and hedges in the AFSs,
it was hypothesized that AFSs would have a considerably higher
SOC content and active pools forming the soil profile. More

specific objectives of this study are to 1) identify suitable AFSs
that can be implemented in the potential interventions for the
sub-Himalayan region in India, 2) quantify SOM pools in
different AFSs and carbon sequestration, and 3) quantify crop
productivity in different AFSs.

2 MATERIALS AND METHODS

2.1 Experimental Location
The study was conducted in the research farm located in the
eastern sub-Himalayan region with 25o40′N latitude to 91°60′E
longitude and altitude ranging from 900 to 950 m above mean sea
level (Figure 2). The climate of this region is humid subtropical,
and mean rainfall is around 240 cm annually. About 90% of the
overall precipitation is received during months of April–October.
The minimum and the maximum temperature prevailed in the
region are during the month of January (6.1°C) and June (29.2°C),
respectively. The soil of the experimental site is sandy loam
textured (acidic Alfisol) and deficient in phosphorus
(Majumdar et al., 2004). The AFS interventions were
introduced in about 10 ha fallow area. The average soil depth
was >1.0 m, and the slope of the area ranged from 6.4 to 6.8%.
Contour bunding was followed for conserving soil and water
along the slope into terraces at a vertical interval of 3 m (Singh
et al., 1990).

2.2 Experimental Details
Out of the total areas of the 10 ha land, a 1.35 ha portion was
selected and divided into small plots, each of 500 m2 area. A
randomized block design (RBD) for 27 plots with nine sets of
management and three replications each was prepared. These
nine sets included six hedge species, namely, Cajanus cajan,
Indigofera tinctoria, Desmodium rensonii, Crotalaria tetragona,
Flemingia microphylla, and Tephrosia candida; one multipurpose
tree (Himalayan alder; Alnus nepalensis); one fruit tree (Guava;
Psidium guajava cv. Allahabad safeda); and one control (without
tree) (Supplementary Figure S1). Hedge species were planted in
thick rows on contour bunds, and Himalayan alder and guava
were planted on contours across the slope at spacing 5 m × 5 m.
Plots were made at a similar slope of an average of 6.6% for proper
light exposure.

Plant density for hedge species ranged from 773.0 ± 10.5 to
833.0 ± 12.5 hedge plot−1 with highest numbers of Crotalaria
tetragona and lowest numbers of Tephrosia candida. For
Himalayan alder and guava trees, 30 seedlings were
accommodated in each plot. Initially, at the time of planting, a
uniform basal dose of 0.5 kg diammonium phosphate and 10.0 kg
farmyard manure (FYM) were applied in each pit (60 cm × 60 cm
× 75 cm). Three plots were left for sole cropping (without a tree)
to serve as control plots.

2.3 Crop Cultivation
Maize (Zea mays; cultivar Vijay composite) was grown in the
kharif (rainy) season and was followed by the cultivation of
mustard (Brassica campestris; cultivar M-27) and potato
(Solanum tuberosum; cultivar Kufri Jyoti) in the rabi (winter)
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season in all plots, including the control plots for year-round
cultivation throughout the period of experiment. Conventional
tillage (plowing up to 15 cm soil layer) was practiced in all plots
before the sowing of crops. Maize was sown in the last week of
April in each year (spacing 50 cm × 25 cm) and harvested by the
last week of September. The recommended dose of NPK (kg ha−1)
for maize crop was 80, 60, and 40, respectively. Thereafter,
mustard was sown in the same plots (spacing 30 cm × 10 cm)
in the second week of October and harvested in last week of
December. The recommended fertilizer dose for mustard crop
was 60 kg N ha−1, 60 kg P ha−1, and 40 kg K ha−1, respectively.
Potato was sown in the second week of January (spacing 60 cm ×
15 cm) and harvested in the first week of March every year.
Recommended fertilizer dose (NPK, kg ha−1) for potato crop was
100, 100 and 150, respectively. Whole plot yield was considered to
calculate yield per hectare (Semwal and Maikhuri, 1996). Thus,
the crop productivity of the initial years was discarded. In each
plot of guava and alder, crop productivity of the first 10 plants
from any border was discarded to avoid the border effects (Puri
and Nair, 2004). Vegetation growth was estimated using the
quadrat estimation method, as proposed by Hanley (1978) and
Bonham (1989). Biological yield was calculated after the harvest
of the crop as per the standards of yield parameter calculations.

2.4 Soil Sample and Analysis
The soil sampling was done for all six hedge species from all the
plots in three replications from soil depth (0–30 cm, at the depths
10-cm interval). Thus, a total of 18 (6 hedges species × 3
replications × 1 location) soil samples were collected from
each soil depth layer in the plots under hedge-based AFSs. For
statistical analysis, composite soil samples were collected from six
hedge species treated as a replication. In a similar way, soil
samples were collected from six locations in each land use
system (hedge-based AFS, alder-based AFS, guava-based AFS,
and control). The distances between the places where samples
were collected and the tree trunks were 60–80 cm. The soils
collected from every land use were mixed thoroughly, and
representative soil samples were used for analysis. The
representative soil samples were air-dried, sieved (through a 2-
mm sieve), mixed, and then stored in sealed plastic jars. Various
physical and chemical properties of representative subsamples
were determined using standard methods (Page et al., 1982). Soil
pH was estimated by using the Jackson method (1973). SOC was
estimated by Walkley and Black (1934). Available N, P, and K in
the soil were determined by using the method suggested by Page
et al. (1982). Bulk density was estimated by using the core sampler
method of Piper (1950). Available K in the soil was measured by

FIGURE 2 | Location map of the study area in Meghalaya of India.
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using a flame photometer, and N by using the Kjeldahl method.
Total N (TN) was estimated by Kjeldahl (1883). Mean (for three
soil samples) initial values for soil pH, Walkley–Black carbon
(WBC), available N, P, K, Ca, and Mg were 4.45 ± 0.10, 1.65 ±
0.12%, 275.0 ± 6.50 kg ha−1, 3.20 ± 0.21 kg ha−1, 297.0 ±
5.94 kg ha−1, 0.51 ± 0.04 meq 100 g−1, and 0.39 ± 0.01 meq
100 g−1, respectively.

2.5 Soil Organic Matter Fractionation Study
2.5.1 Microbial Biomass Carbon (MBC) and Microbial
Biomass Nitrogen (MBN)
Witt et al. (2000) proposed the modified chloroform fumigation
extraction method to determine the MBC in fresh soil samples.
The standard equation used to calculate MBC (mg kg−1) is given
as follows:

MBC (mg kg−1) � SOC extracted from fumigation (mg kg−1)
− SOC extracted from

non-fumigation(mg kg−1).

MBN was determined by using the fumigation method as
proposed by Joergensen and Olfs (1998). The
standard 2equation used to calculate MBN (mg kg−1) is
given as follows:

MBN (mg kg−1) � Ninhydrin reactive N in fumigated soil(mg kg−1)

−Ninhydrin reactive N in unfumigated soil(mg kg−1).

2.5.2 Particulate Organic Matter Carbon
A little modification (Six et al., 2002) was made to the method
described by Cambardella and Elliott (1992) in order to
determine POC and particle size distribution.

2.5.3 Capacity Level of Soil
The capacity level of soils to preserve carbon associated with
silt and clay particles was proposed by Hassink (1997). The
soil sample was sieved through an 8 mmmesh sieve; roots and
stubbles were removed, and further sample was analyzed. The
soil sample weighing 50 g was suspended in 250 ml distilled
water for 24 h. The sample was treated ultrasonically for
15 min. Dispersed soil suspension was dried for 24 h in an
oven at 105°C and ground for analyzing total carbon.

Other formulas used in this study were as follows:

1) SOC stocks (Mg ha−1) (Datta et al., 2015)

SOC stocks (Mg ha−1) � SOC (g kg−1) × Bulk density (Mgm−3)

× soil depth (m) x 10.

2) Microbial quotient (MQ, %) (McGonigle and Turner, 2017)

MQ � MBC
SOC

× 100.

3) SOC stocks loss (Mg ha−1), CO2 eq. emission (Mg ha−1)
and relative SOC stocks loss (%) (Padbhushan et al., 2020)

SOC stocks loss (Mg ha−1)� SOC stocks (AFS)−SOC stocks (control),
CO2 eq. emission (Mg ha−1) � [SOC stocks loss (Mg ha−1) × 44]

12
, and

Relative SOC stocks loss (%) � SOC stocks (AFS) − SOC stocks (control)
SOC stocks (control) × 100.

4) Soil carbon sequestration (Mg C ha−1) is given by

Soil Carbon sequestration (Mg ha−1)

� SOC stocks (AFS) − SOC stocks (control).

2.6 Nutrient Content in Leaf Litter
Leaf litter samples were collected from AFSs (hedge-, alder-,
and guava-based AFSs). Biomass production was determined
using the quadrat method (Hanley, 1978; Bonham, 1989). A
total of forty 0.1 m2 (0.2 m × 0.5 m) quadrats, with systematic
spacing at an interval of 1.5 m along two parallel 30 m lines
which are 3 m apart, were considered under this method. The
canopy coverage was calculated within 6-cover classes (0–5%,
5–25%, 25–50%, 50–75%, 75–95%, and 95–100%) and the mid-
point of every class was used to estimate the average. This
method minimizes the error in biomass yield estimation. The
nutrient content (NPK) was determined in the dried leaf
litter sample, as proposed by Jackson (1973). Nutrient
components in dried leaf litter leads to evaluation of
nutrient accumulation.

2.7 Statistical Analysis
All soil and plant parameters were analyzed by using analysis of
variance (ANOVA) for a randomized block design (RBD).
Tukey’s honestly significant difference test (Tukey’s HSD test)
was used as a post hoc mean separation test using software
Statistical Analysis System 9.1 (SAS Institute, United States)
for representing the significance of ANOVA at p < 0.05.
Linear regression and correlation were done to understand the
relationship within and between carbon fractions and soil
properties.

3 RESULTS

3.1 Growth Performance and Crop
Productivity of Agroforestry Systems in the
Indian Sub-Himalayas
Survival percentage in the guava-based AFS was significantly (p <
0.05) higher than that in the alder-based AFS and non-
significantly at par with the hedge-based AFS (Table 1). Plant
density per hectare was significantly higher in the hedge-based
AFS than in alder- and guava-based AFSs (Table 1). On
comparing plant height, its maximum height was obtained in
the alder-based AFS which was significantly higher than the
hedge-based AFS and non-significantly at par the guava-based
AFS (Table 1). The collar diameter was significantly lower in
hedge- and guava-based AFSs.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8589485

Parmar et al. Carbon Sequestration in the Hedge- and Alder-Based Agroforestry Systems

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


The maize yield was significantly (p < 0.05) higher in the
control (plots without a tree) than in all AFS-treated plots,
which were statistically at par with one other (Table 1).
Compared to AFSs, on average, control had 16, 22, and
18% more maize yield than hedge-, alder-, and guava-based
AFSs, respectively. Similar trend was found in the crop
productivity of mustard. Compared to AFSs, on average, the
control had 20, 22, and 18% more mustard yield than hedge-,
alder-, and guava-based AFSs, respectively. Crop productivity
of potato was significantly higher in the control than in the
hedge- and alder-based AFSs but was statistically at par with
the guava-based AFS (Table 1). The yield of potato in hedge-,
alder-, and guava-based AFSs was statistically similar
(Table 1). The potato yield was 14, 12, and 7% more in the
control than in hedge-, alder-, and guava-based AFSs,
respectively.

3.2 Soil Properties in Different Agroforestry
Systems
All the land use systems have strong acidity in soil reaction. No
significant effect was observed in soil pH under different AFSs
compared to control (Table 2). The available N content was
significantly higher in the hedge- and alder-based AFSs than in
the control. The guava-based AFS was at par with control
treatment (Table 2). The available P content was similar in
the treated alder-based AFS and control but statistically at par
with the hedge-based AFS, however significantly higher than the
guava-based AFS. The alder-based AFS had approximately 25%

higher available P than the guava-based AFS (Table 2). The
available K content was the highest under the hedge-based AFS in
comparison with the control; however, other AFSs (alder- and
guava-based AFSs) were statistically at par with one another
(Table 2). The total N was found to be greater in hedge- and
alder-based AFSs and control than in the guava-based AFS.
Among treatments, the range of total N was 1.4–1.9 g kg−1

(Table 2).

TABLE 1 | Growth performance and crop productivity in different agroforestry systems of the Indian sub-Himalayas.

Farming system Survival (%) Plant density (ha-1) Plant height (m) Collar diameter (cm)

Hedge-based AFS 74.2ab 17,347a 1.41b 2.40b
Alder-based AFS 70.6b 400b 3.12a 7.38a
Guava-based AFS 78.2a 400b 3.05a 7.17a

Crop productivity (Mg ha-1)

Maize Mustard Potato

Hedge-based AFS 1.64b 0.61b 15.14b
Alder-based AFS 1.61b 0.59b 15.60b
Guava-based AFS 1.68b 0.62b 16.45ab
Control (without a tree) 2.06a 0.76a 17.65a

Note: Similar small letters within a column are non-significant (p < 0.05) based on Tukey’s HSD test.

TABLE 2 | Effect of various agro-forestry systems on soil properties in the soil depth (0–30 cm) Indian sub-Himalayas.

Soil parameter
Agroforestry system

Soil pH Available nitrogen (Kg ha-1) Available phosphorus (g kg−1) Available potassium (Kg ha−1) Total nitrogen (g kg−1)

Hedge-based AFS 4.80a 280.0a 9.50ab 262.0a 1.9a
Alder-based AFS 4.60a 261.3b 10.59a 163.5b 1.9a
Guava-based AFS 4.80a 226.9c 7.79b 179.2b 1.4b
Control (without a tree) 4.73a 240.8c 10.16a 187.5b 1.7a

Means of different land use systems within a column followed by similar lowercase letters are not significant at p <0.05 based on Tukey’s HSD test.

FIGURE 3 | Effects of various agroforestry systems on soil organic
carbon (SOC) in the soil depth of 0–30 cm of the Indian sub-Himalayas.
(Means of different land use systems within a column followed by similar
lowercase letters are not significant at p < 0.05 based on Tukey’s HSD
test.)
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3.3 Soil Organic Carbon and Its Stocks and
Organic Matter Fractions in Different
Agroforestry Systems
The hedge-basedAFS had significantly higher SOC than the guava-
based AFS and control plot (Figure 3). SOC in the hedge-based
AFS was increased by 62 and 64% in comparison to the guava-
based AFS and control plots, respectively. Alder- and hedge-based
AFSs had a similar SOC content. SOC in the alder-based AFS was
increased by 61 and 59% in comparison to the guava-based AFS
and control plots, respectively. SOC stocks showed a similar trend
to SOC amongAFSs (Figure 4). SOC stocks were 10 and 8Mg ha−1

higher in the hedge- and alder-based AFSs, respectively, than in the
control. Supplementary Figure S2 showed that SOC stocks were
21 and 22% higher in the subsurface layer (20–30 cm) than in the
surface layer (0–10 cm) in case of hedge- and alder-based AFSs,
respectively. Supplementary Figure S2 also showed cumulative
SOC stocks, and it was more in the hedge-based AFS, followed by
the alder-based AFS, than in the guava-based AFS and control
(without a tree).

Among organic matter fractions, the MBC content was found
significantly higher in all the AFSs than in control (Figure 4). The
alder-based AFS had 71 and 28% higher MBC content than the
control and hedge-based AFS, respectively. Higher MBC under the
alder-based AFS may be an indication of higher biological activity
(than the control plots), which helps in the transformation of
various essential nutrients and their availability. However, the
guava-based AFS and control had similar MBC content. The
MBN content was similar to the MBC content. The trend of
the MBN content was mentioned as alder-based AFS > hedge-
based AFS > guava-based AFS > control. Hedge- and alder-based
AFSs were observed to have significantly higher MBC content than
the control (Figure 5). POC values were observed to be
significantly higher in alder- and hedge-based AFSs than the in
guava-based AFS and control (Figure 5). The guava-based AFS
and control had a similar POC content.

Ratios of SOM forms were found to be affected by AFS, as
shown in Table 3. The SOC/TN (C:N) ratio was significantly
higher in hedge-, alder-, and guava-based AFSs than in control.
ThemaximumC:Nwas observed in the guava-basedAFS, followed
by hedge- and alder-based AFSs. Supplementary Figure S3
showed depth-wise C:N in the soil, and it was significantly
higher in the soil depth of 10–20 cm for the hedge-based AFS
than that in the soil depth 0–10 cm, while other land use systems
recorded more C:N in the soil depth of 0–10 cm than in the soil
depth of 10–20 cm. The ratio of MBC/SOC showed the MQ in
different land use systems, and it was higher in guava- and alder-
based AFSs than in the hedge-based AFS. The ratio of MBN/TN
showed a similar trend to MBC/SOC, except that the lowest ratio
was observed in the control. However, the ratio of MBC/SOC was
the lowest in the hedge-based AFS, and the ratio ofMBC/MBNwas
the highest in control. Moreover, all the three AFSs were
statistically at par with one another. POC/SOC was more in the
hedge-based AFS and statistically at par with the alder-based AFS.

3.4 Relative Soil Organic Carbon Stocks
Loss and (CO2) eq. Emissions
Results for relative SOC stocks loss and CO2 eq. emissions showed
significant changes due to different AFSs (Figure 6). Relative SOC

FIGURE 4 | Effects of various agroforestry systems on soil organic
carbon stocks (SOC stocks) in the soil depth of 0–30 cm of the Indian sub-
Himalayas. (Means of different land use systems within a column followed by
similar lowercase letters are not significant at p < 0.05 based on Tukey’s
HSD test.)

FIGURE 5 | Effect of various agroforestry systems on organic matter fractions in the soil depth 0–30 cm of the Indian sub-Himalayas. (MBC, microbial biomass
carbon; MBN, microbial biomass nitrogen; and POC, particulate organic carbon. Means of different land use systems within a column followed by similar lowercase
letters are not significant at p < 0.05 based on Tukey’s HSD test.)
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stocks loss was higher in control (without a tree) over hedge-based
AFS, followed by control over alder-based AFS, than control over
guava-based AFS; however, it was negative for control over guava-
based AFS, showing greater SOC stocks in control than the guava-
based AFS. Relative SOC stocks loss was 59.9% higher under control
over hedge-based AFS and 47.8% higher under control over alder
and guava-based AFSs, which was more or less similar to the control
treatment. A similar trend was recorded for CO2 eq. emission. It was
the highest under control over hedge-based AFS (35.2Mg ha−1),
followed by control over alder-based AFS (28.6Mg ha−1), and the
lowest trend was observed under control over guava-based AFS.

3.5 Interrelation Among SOM Pools
SOC had positive and highly significant relationship with MBC
and MBN at p < 0.01 (Table 4). SOC was also positively and

significantly correlated to available N at p < 0.01 and available K
at p < 0.05. MBC demonstrated a significantly positive
relationship with MBN at p < 0.01. MBC was also highly
positively correlated with available N and negatively correlated
with available P, directly affecting nutrient transformation and
nutrient availability (Table 4).

SOM parameters in AFS were related to each other and
represented by linear regression equations given as follows
(Table 5):

MBC(mg kg−1) � 79 x SOC(g kg−1) + 118 ,

POM − C(g kg−1) � 0.42 x SOC(g kg−1) − 0.15, and

MBN(mg kg−1) � 0.04 xMBC(mg kg−1) − 0.52.

3.6 Annual Nutrient Accumulation by
Different Agroforestry Systems
Leaf biomass was significantly higher in the hedge-based AFS,
followed by guava-based AFS, in than the alder-based AFS
(Table 6). N was accumulated higher in the hedge-based AFS
than in alder- and guava-based AFSs was at par with the alder-
based AFS (Table 6). P accumulation showed the trend followed as
hedge-based AFS > guava-based AFS > alder-based AFSs
(Table 6). K accumulation was greater in the hedge-based AFS,
followed by guava-based AFS, than the alder-based AFS (Table 6).

4 DISCUSSION

Agroforestry is one of the old farming practices that combine
multipurpose trees with various shrubs, cropping systems, and
livestock in the land use system that supports life sustenance and
ecological biodiversity, maintains soil and water systems, and

TABLE 3 | Ratios of soil organic matter forms.

Agroforestry system
(AFS)

SOC/TN MBC/SOC MBN/TN MBC/MBN POC/SOC

Hedge-based AFS 13.7b 0.011b 0.006ab 26.54b 0.36a
Alder-based AFS 13.6b 0.014ab 0.007ab 26.92b 0.34a
Guava-based AFS 17.0a 0.016a 0.010a 28.57b 0.29b
Control (without a tree) 9.5c 0.013ab 0.004b 32.38a 0.31b

Means of different land use systems within a column followed by similar lowercase letters are not significant at p < 0.05 based on Tukey’s HSD test.

FIGURE 6 | Effects of land use systems on relative SOC loss (%) and
CO2 equivalent emission in the soil depth of 0–30 cm of the Indian sub-
Himalayas. (Means of different land use systems within a column followed by
similar lowercase letters are not significant at p < 0.05 based on Tukey’s
HSD test.)

TABLE 4 | Interrelationships (Pearson’s correlation coefficient “r”) among properties of all land use systems.

Soil property Soil pH SOC Available nitrogen Available phosphorus Available potassium MBC MBN

Soil pH 1.00 −0.17 −0.04 0.07 0.12 −0.31 0.03
SOC 1.00 0.56** 0.27 0.38* 0.53** 0.61**
Available nitrogen 1.00 0.53** 0.33 0.56** 0.64**
Available phosphorus 1.00 −0.14 −0.41* 0.21
Available potassium 1.00 −0.23 −0.11
MBC 1.00 0.66**
MBN 1.00

**Significant at p <0.01 and *significant at p <0.05; SOC, soil organic carbon; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen.
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sequester carbon above or below ground biomass (Gebre, 2016).
Agroforestry land use has been found efficient for soil
conservation and minimizing surface runoff in the Indian
Himalayan region (Nath et al., 2021). Although practiced
worldwide, this farming system depends on nature, climate,
and geographical conditions of the region, which vary from
country to country. Also culture, demand and socioeconomic
conditions govern this farming system. As AFSs are more
complex in nature than monoculture, they require serious
effort, economic reliability, and technical expertise to
successful adoption in the potential region. Indian sub-
Himalayas are such probable region whose potential can be
increased by adopting proper AFSs. Several researchers have
used different AFSs and cropping systems, but more reliable
information is required to support the farming community
economically. In this study, one of the important existing
cropping system maize–mustard–potato was used under
different multipurpose trees including alder, guava, and
different hedge species. The present study revealed that the
productivity of maize and mustard was significantly higher in
the control plots than in the plots under AFS, indicating
unfavorable growth of light-demanding food crops in the
understory of AFS. Bhatt and Misra (2003) also recorded
higher crop yield in control plots (without a tree) than in the
agri–silvi system inMeghalaya, India. Crop productivity observed
in the present investigation was in line with the yields reported by
Dhyani and Tripathi (1999) for maize; Bhatt et al. (2001) for
maize and mustard; and Bhatt et al. (2016) for maize, mustard,
and potato in selected AFS in Meghalaya, India.

Studies on the impact of land use change in the acid soils of the
sub-Himalayan region to SOC retention have been extensively
done, and several interventions were proposed by several workers
related to tillage, fertilizer management, and organic
amendments (Kundu et al., 2007; Bhattacharyya et al., 2012;
Padbhushan et al., 2020; Padbhushan et al., 2021). Also, some of
the studies reported the effect of AFSs on the SOC content and
SOM pool in the acid soils of the sub-Himalayan region, India
(Brahma et al., 2018). In view of the previous studies, the present
study was planned to identify the best-suited AFS for SOC
retention and climate smart agriculture practices for
combating changes in agriculture practices in the region.

A significant influence of AFS in improving the SOC content
indicated that the intervention of agroforestry increased the soil
carbon content over the plots without any trees (control). The
accumulation of pruned biomass in the AFS treatments increased
SOC that improved microbial activity and further increased the
MBC content of soils. The SOC content in the AFS, especially
hedge-based AFS, was higher on average than the control,
suggesting more carbon addition due to more biomass
accumulation, higher C:N, and slower mineralization process
in the soil system. More biomass production releases more
root exudates, which ultimately leads to improved soil carbon
content (Halvorson et al., 1999; Kundu et al., 2007; Bhattacharyya
et al., 2009b; Dignac et al., 2017; Canarini et al., 2019). The alder-
based AFS showed a similar carbon content to the hedge-based
AFS, while the guava-based AFS had a lower SOC content to the
hedge-based AFS but greater than the control plot. Similar
findings were in agreement with Somarriba et al. (2013) who

TABLE 5 | Confidence interval (95%) of the regression equations showing the relationship among soil organic matter fractions in different agroforestry systems of the Indian
sub-Himalayas.

Intercept Slope

Coefficient Lower 95% Upper 95% Coefficient Lower 95% Upper 95% R2

POC vs. SOC

0.49 −0.31 0.12 2.48 0.28 0.50 0.84**

MBC vs. SOC

−83.49 −168.84 −4.304 192.63 234.39 150.86 0.75**

MBC vs. MBN

0.095 −7.73 7.56 200.3 0.008 0.05 0.76**

**Indicates significant at p < 0.01.

TABLE 6 | Biomass production and annual nutrient accumulation by agroforestry system in the Indian sub-Himalayas.

Plant species Leaf
biomass (Mg ha-1)

Annual nutrient accumulation (kg ha-1)

Nitrogen Phosphorus Potassium

Hedge-based AFS 1.61a 59.68a 11.95a 28.31a
Alder-based AFS 1.22c 25.86b 1.34c 10.04c
Guava-based AFS 1.35b 21.43b 9.11b 17.78b

Means of different land use systems within a column followed by similar lowercase letters are not significant at p < 0.05 according to Tukey’s HSD test.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8589489

Parmar et al. Carbon Sequestration in the Hedge- and Alder-Based Agroforestry Systems

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


reported that the cocoa-based AFS accumulated higher carbon in
the soil system in Central America. Malhi et al. (2002) have
reported that the hedge-based AFS increased the SOC content by
114% in the surface soil compared to adjacent cultivated land in
Canada. Control plots had higher root biomass inputs than the
AFS system that probably minimizes the SOC and N contents in
the surface soil. Moreover, in the subsurface layer, the
accumulation of biomass and litter was higher in the AFS than
in control, which ensured a higher SOC content in AFSs over the
control plot. The guava-based AFS has less biomass and litter
accumulation than alder- and hedge-based AFSs and resulted in
lower SOC retention in the acid soil.

Microbial biomass carbon (MBC) is the most active portion of
SOM pool. It is one of the important soil quality indicators that
change rapidly on throughput interventions and technology
(Padbhushan et al., 2016a; Padbhushan et al., 2021). AFSs are
considered as a strategic intervention to improve the MBC content
in the soil (Rodrigues et al., 2015). In this study, alder- and hedge-
based AFSs have shown a higher MBC content over the control
plots that are without any tree due to more leaf litter addition and
biomass accumulation. AFSs provided favorable conditions for the
growth of microorganisms, mainly soil bacteria, resulting in a
higher MBC content (Lepcha and Devi, 2020). Researchers have
showcased a linear correlation between SOC and MBC (Jenkinson
and Ladd, 1981; Leita et al., 1999), and a similar finding was
obtained in this study, showing AFSs are contributing towardMBC
similar to SOC.

Soil organic matter (SOM) pool has a major portion of POC
that serves as a useful parameter for the soil quality indicator
(Gregorich et al., 1994; Bhattacharyya et al., 2012; Awale et al.,
2017; Bongiorno et al., 2019). The portion of carbon is obtained
from slow decomposition of SOM (Cambardella and Elliott,
1992). The present study showed higher POC in the alder-
and hedge-based AFSs than in the guava-based AFS and
control. This is due to the accumulation of more SOC in POC
fractions in hedge- and alder-based AFSs in acid soils than in the
guava-based AFS and control. Similar results were in agreement
with several research studies that revealed the sensitivity of POC
to land use management and its significance in SOM pool (Carter
et al., 2003; Liang et al., 2003; Su and Zhao, 2003). The hedge-
based AFS is a long growing season AFS which has more
extension roots than other AFSs and crops; this yields more
carbon sequestration with residue. This results in more
accumulation of POC and SOC in the soil. Moreover, soil
erosion due to wind decreases POC and SOC contents in
control plots compared to the hedge-based AFS (Su et al., 2004).

The capacity level for carbon, which represents the protected
carbon associated with clay and silt particles, was found to be
9–12 g carbon kg−1 soil for the control plot that is without any
tree; 11–15 g carbon kg−1 soil for the guava-based AFS; 19–25 g
carbon kg−1 soil for the alder-based AFS; and 31–36 g carbon kg−1

soil for the hedge-based AFS.
According to our results, soil carbon sequestration was

significantly higher under the hedge-based AFS, followed by the
alder-based AFS than control (without a tree). The guava-based AFS
hadmore or less similar soil carbon sequestration than control in the
soil depth 0–30 cm cumulatively. The value of soil carbon

sequestered was 9.58 and 7.81Mg ha−1 higher in the hedge and
alder-based AFSs than in the control. This study confirmed that
hedges andmultipurpose trees (Alder) increased the SOC content in
the soil. This study was in agreement with several studies, which
showed incorporating trees improves in SOC stocks (Haile et al.,
2008; Ramachandran Nair et al., 2009; De Stefano et al., 2017). This
is probably due to higher litter inputs and root residue addition in
hedge and alder-based AFSs than the control (Jobbágy and Jackson,
2000; Bhatt et al., 2016). Less soil cover and less litter inputs in the
control (without a tree) resulted in lower SOC stocks (Kumar et al.,
2021). Soil characteristics also play an important role in carbon
sequestration due to humification, aggregation, and translocation of
biomass into subsoil (Lal, 2001). In this study, a similar result was
found, showing an increase in the SOC stocks in the subsurface for
hedge and alder-based AFSs. Proper land use conversion is
important for ecological and environmental stabilization.
Ramachandran Nair et al. (2009) ranked SOC stocks and
reported that AFSs sequestered more carbon than arable crops.
Similar results were found in this study; however, the guava-based
AFS did not contribute to carbon sequestration and hence is not
suitable for regions like Indian sub-Himalayas. This was probably
due to no difference in input addition between the control (without a
tree) and guava-based AFS in the region.

The available P status was mostly lower due to very strong
acidic nature of soils. Short-term management of soils by AFSs
did not affect soil pH. However, available N, P, and K contents
were significantly improved in the plots under hedge and
agri–silvi-based AFSs, mainly due to the positive effects of
agroforestry. The experimental soils were known to be 1:1
kaolinite type of clay minerals, which adds a substantial
amount of K after weathering, and hence making the soils of
the surface layer rich in the available K content. Still, the plots
under the hedge-based AFS had a significantly higher available K
content as the K accumulation in these plots are 3- to 4-fold
higher than other plots (Bhatt et al., 2016).

The potential nutrient returns in the form of leaf litter are in
the order of 80–120 kg N, 8–12 kg P, 40–120 kg K, and 20–60 kg
Ca for humid tropics of India, as observed by Lupwayi and Haque
(1998). In this investigation, 59.68 kg N, 11.95 kg P, and
28.31 kg K were contributed by hedges. Since the material
decomposed within 7 months, we could estimate the total
amount of each nutrient that would accumulate in the soil.
Agroforestry therefore promotes closer nutrient cycling, as
evident from the present investigation. Among the hedges,
foliage of C. tetragona added maximum N (88.65 kg ha−1), P
(18.65 kg ha−1), and K (44.81 kg ha−1) to the soil. Nutrient release
followed the order N > K > P for both hedge- and alder-based
AFSs. A high initial content of N of hedges reflects its relative
suitability as better substrate for microflora action.

5 CONCLUSION

Converting fallow lands into hedge- and alder-based AFSs
resulted in more soil carbon retention and nutrient
accumulation in the acid soils of the Indian sub-Himalayas.
Higher crop productivity obtained in hedge- and alder-based
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AFSs ensured more food security than in the guava-based AFS
and control (crop without any tree). A significant increase in
SOM pool (MBC, MBN, and POC) and carbon stocks was
obtained in hedge- and alder-based AFSs compared to guava-
based AFS and control plots. Due to more biomass accumulation
and leaf litter, a higher SOC content was observed in the
subsurface layer than in the surface layer in hedge- and alder-
based AFSs, while in the guava-based AFS and control plots, a
higher SOC content was found in the surface layer than in the
subsurface layer. Nutrient accumulation was higher in hedge- and
alder-based AFSs than in the guava-based AFS and control plots.
This is one of the rare studies that evaluated the rate of soil carbon
retention by different AFSs in the Indian Himalayas. Thus,
hedge- and alder-based AFSs may be promoted to achieve
climate-smart agriculture practices in the acid soils of the sub-
Himalayan region.
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