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Abstract

Background: Soil microbial biomass, an important nutrient pool for ecosystem nutrient cycling is affected by
several factors including climate, edaphic, and land-use change. Himalayan soils are young and unstable and prone
to erosion and degradation due to its topography, bioclimatic conditions and anthropogenic activities such as
frequent land-use change. Through this study, we tried to assess how soil parameters and microbial biomass
carbon (MBC) of Eastern Himalayan soils originated from gneissic rock change with land-use type, soil depth and
season. Chloroform fumigation extraction method was employed to determine MBC from different land-use types.

Results: Soil physical and chemical properties varied significantly with season, land-use and soil depth (p < 0.001).
The maximum values of soil properties were observed in the rainy season followed by summer and winter season
in all the study sites. Annual mean microbial biomass carbon was highest in the forest (455.03 ug g~ ') followed by
cardamom agroforestry (392.86 ug g~ ') and paddy cropland (317.47 ug g~ '). Microbial biomass carbon exhibited
strong significant seasonal difference (p < 0.001) in all the land-use types with a peak value in the rainy season
(forest-592.78 ug g~ '; agroforestry- 499.84 ug g~ ' and cropland- 36521 ug g~ ') and lowest in the winter season
(forest —338.46 ug g~ '; agroforestry — 32028 ug g~ ' and cropland — 265.70 ug g~ '). The value of microbial biomass
carbon decreased significantly with soil depth (p < 0.001) but showed an insignificant increase in the second year
which corresponds to a change in rainfall pattern. Besides, land-use type, season and soil depth, soil properties also
strongly influenced microbial biomass carbon (p < 0.001). Microbial quotient was highest in the agroforestry system
(2.16%) and least in the subtropical forest (1.91%).

Conclusions: Our results indicate that land-use, soil depth and season significantly influenced soil properties and
microbial biomass carbon. The physical and chemical properties of soil and MBC exhibit strong seasonality while
the type of land-use influenced the microbial activity and biomass of different soil layers in the study sites. Higher
soil organic carbon content in cardamom agroforestry and forest in the present study indicates that restoration of
the litter layer through retrogressive land-use change accelerates microbial C immobilization which further helps in
the maintenance of soil fertility and soil organic carbon sequestration.
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carbon
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Introduction

Carbon cycle plays a vital role in shaping the earth’s at-
mosphere and climate systems. Soil microorganisms per-
form a major function in the soil carbon cycle of
different ecosystems and regulating the ecosystem cyc-
ling. For the formation of the organic pool, soil micro-
bial biomass carbon acts as a key indicator of soil
organic carbon by decomposing organic matter and con-
trolling nutrient dynamics which affect the primary
productivity of the terrestrial ecosystem (Kara and Bolat
2008). During the last few decades, rapid global land-use
change through the transformation of forest to cropland
expanded fivefold (~ 3 to ~ 15 million km?* during
1700-2007) (Ramankutty et al. 2018). The Southeast
Asian region also experienced 11.3% of the total forest
cover loss, i.e., 29.3 x 10'®m? during the period 2000 to
2014 (Zeng et al. 2018). Kanade and John (2018) also re-
ported a decline in primary forest cover and increase in
secondary forest and agriculture in Sikkim Himalaya by
30% and 16% of primary forest at an altitudinal range of
800-2200 m and 2200-2800 m, respectively.

Research on the effect of land-use change on soil eco-
system functioning due to human activities is necessary
to study the soil processes in different land-use systems
and to protect and regenerate the ability of soil to deliver
ecosystem services (Van Leeuwen et al. 2017). Ecosystem
functioning depends on the flux of carbon and other
chemical nutrients, mediated by the microbial inter-
action in the soil, plant, and animal food web (Senevir-
atne 2015). Soil microbial biomass acts as a keystone
biological driver to the ecosystem functioning (Singh
and Gupta 2018). The unpredictable rise of climate and
anthropogenic disturbances affects the microbial diver-
sity in the ecosystems (Singh and Gupta 2018). Land-use
types along with its geographical area, climate variability,
soil properties, and the dominant vegetation compos-
ition are the key drivers in controlling microbial biomass
carbon dynamics in different land-use types (Wardle
1992; Singh and Gupta 2018). Microbes are very sensi-
tive to land-use change due to the differences in the
litter composition and root turnover rates (Hooper and
Vitousek 1998). The substrate quality of an ecosystem
therefore plays a substantial role in the availability of mi-
crobes as it regulates the rate of microbial decompos-
ition of freshly added and native soil organic carbon
(SOC) (Jagadamma et al. 2014). Microbial biomass car-
bon in the soil contributed around 1-3% carbon to the
total soil organic carbon (Dilly et al. 2003). Nutrient reg-
ulations to climate change through the carbon cycle by
soil microbes are crucially important in carbon-climate
reaction (Bardgett et al. 2008) due to the export of dis-
solved carbon through hydrological leaching and CO,
efflux by organic matter decomposition (Jenkinson et al.
1991; Davidson and Janssens 2006).
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There is an increased interest for researchers for deter-
mining soil microbial biomass in ecosystem functioning
(Azam et al. 2003) due to its ability to change soil quality
following a land-use change (Bini et al. 2013). Study on
soil microbial biomass carbon in the different land-use
systems has been carried out globally by several re-
searchers (Fang et al. 2014; Van Leeuwen et al. 2017;
Bargali et al. 2018; Padalia et al. 2018; Singh et al. 2018;
Soleimani et al. 2019). However, previous studies on mi-
crobial biomass carbon from Eastern Himalaya are lim-
ited only to forest (Maithani et al. 1996; Arunachalam
et al. 1999; Devi and Yadava 2006) or more focussed on
the jhum lands (Arunachalam and Pandey 2003; Ralte
et al. 2005) and topsoil only (Sharma et al. 2004). But
Eastern Himalaya, a biodiversity hotspot of the world, is
a fragile region due to frequent land-use transformation/
change through deforestation, land degradation, and dis-
ruption of the hydrological cycle (Tiwari 2008). Also, be-
cause of the high variation in the landscape of the
Himalayas, the bioclimatic conditions change rapidly
within a very short distance resulting in different soil
properties and types (Baumler 2015). Microbial activities
are significantly affected by the climate and human man-
agement (Rosenzweig et al. 2016), and the microbial car-
bon use efficiency varies across soil types due to several
factors such as substrate quality and quantity, edaphic
factors, stoichiometric constraint, and soil biodiversity
(Lee and Schmidt 2014; Sinsabaugh et al. 2016). We
hypothesize that land-use change alters the soil fertility
and microbial biomass carbon that affects the soil or-
ganic carbon across soil depth. Hence, this study exam-
ined (i) the variance in soil characteristics and microbial
biomass carbon in three different land-use types and (ii)
the effect of season, land-use type, and soil depth on soil
microbial biomass carbon.

Materials and methods

Study area and climate

Three different subtropical land-use types located at
Dzongu, North Sikkim, India, namely a subtropical for-
est (NF) (27° 31.550" N and 88° 29.722" E) at an altitude
ranging from 1400 to 1700 m asl, a cardamom agrofor-
estry system (AGF) (27° 31.311" N and 88° 24.490" E)
position at an altitudinal range of 1350-1619 m asl, and
paddy cropland (PC) (27° 31.445" N and 88° 30.380" E)
situated at an elevation of 1200—1400 m asl, were chosen
for the study (Fig. 1). The cardamom agroforestry system
was converted from paddy cropland about 20 years ago.
All the study sites are located in a sloped position
(Table 1), but the paddy cropland has terraced beds on
the surface. No tilling and chemical fertilizers have been
added in any of the sites except for the paddy cropland
where tilling has been carried out for the cultivation of
paddy. Herbs from AGF were removed manually twice a
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Subtropical Forest Cardamom Agroforestry
Altitude(m):1400-1700 Altitude(m):1350-1619 Altitude(m):1200-1400
Slope(deg):58.05 Slope(deg):33.26 Slope(deg):34.72

Fig. 1 Picture of the three different study sites along with altitude and slope
A

Paddy Cropland

year for the cultivation of large cardamom. Alnus nepalen-
sis forms the dominant tree species both in the subtropical
forest and cardamom agroforestry as it is favored by the
farmers as a shade-providing tree due to its multiple uses.
However, few other trees such as Ficus hookeri, Schima
wallichii, Machilus edulis, Lyonia ovalifolia, Macaranga
pustulata, Juglans regia, and Spondias axillaris were also
present in both the study sites. Tree densities were higher
in the forest than in the cardamom agroforestry. In the
cardamom agroforestry system, only large cardamom
(Ammomum subulatum) was planted along with trees on
the sloped surface. Herbs are however present in the for-
est. All the study sites experienced a monsoonal climate
with three distinct seasons, namely summer (March to
May), rainy (June to October), and winter (November to
February) seasons. However, summer is mild while winter
is cold, and the rainy season is extremely wet. March and
October are transitional months between winter and sum-
mer and rainy and winter, respectively. All the study sites
have a mean air temperature that varied from 7 to 22 °C,
relative humidity 31-95%, and an average annual rainfall
of 2663 mm (2007-2016) (Meteorological Station Gang-
tok, Sikkim). Meteorological data of the study sites during
the study period are shown in Fig. 2.

Geology

Geologically, the present study sites were located in the
Lesser Himalayan Zone or sub-Himalayan region. This
region has gneissic rocks derived from the Daling series
(Saha 2013; Singh 2013). The National Bureau of Soil
Survey and Land Use Planning (NBSSLUP) classified
soils of Sikkim as inceptisols (42.83%), entisols (42.52%),
and mollisols (14.64%). All the study sites have gneissic
rock origin. Subtropical forest and cardamom agroforestry

have loamy soils while paddy cropland has clayey loam
soil.

Soil sampling and analyses

Random soil samples were collected from five quadrats
of 10 x 10 m established within each of the three land-
use types in different seasons (i.e., summer, rainy, and
winter) for two consecutive years. However, the distance
between two quadrats in each of the study sites was at
least 50 m apart. Soil samples were collected every alter-
nate month, i.e., six times a year. A total of 60 soil sam-
ples from 15 soil pits from two different soil depths, viz.,
0-15 and 15-30 cm, were taken from each of the land-
use types by using a stainless steel soil corer (5 cm diam-
eter) and mixed to form a composite sample for each
depth. Roots, stones, and organic residues were removed
from the samples, and each soil sample was divided into
two parts. Half of each of the soil samples was stored at
4 °C to determine soil microbial biomass carbon (MBC),
and the remaining half was air-dried for the determin-
ation of soil physical and chemical properties.

Soil moisture was analyzed by the gravimetric method
and bulk density by oven drying of a known volume of
fresh soil (80 °C). Air-dried soil samples were analyzed
for texture by the hydrometer method (Allen et al
1974), and pH was measured using an auto digital pH
meter (1:5 soil distilled water suspension). Soil
temperature was measured by using a soil thermometer.
Soil organic carbon (SOC) was estimated by the colori-
metric method (Anderson and Ingram 1993), and SOC
stock was calculated following the procedure of Ravin-
dranath and Ostwald (2008). The total nitrogen and
available phosphorous in soil were determined by using
the Kjeltec 8500 (FOSS) and ammonium molybdate



Page 4 of 14

(2020) 9:65

Lepcha and Devi Ecological Processes

2dURDIUBIS JO [9A3] %S 1B 9OUIPIP JedyIubIs Ajpsauoy sAaxn] gsH ‘onres uabouu/uogled /) ‘snooydsoyd djgejiene 4 ‘usboilu (101 N “¥201s Uogied dluebio |10s DOS ‘UOIEIIUIIUOD uogled ) ‘AlIsuap yng gg

€€V = (%S = p) ASH

elEVL eSCYL 9ETL OLlPL 951 eE9EL qe86€l gl 95€EL (%) N/D
qe90C ¥ 06CE qlv' L F¥9°1E 09T F 9LPE qe98'€ ¥ G1'8¢ 408" F 68'S€ L£6C F LY OV S06°€ + 856¢ o8L'E€ F L1'8€ L0V F 660V (184 D B) 03s DOS
4l00 F 200 ql00 F 100 .l00 F 200 5100 F €00 ql00 200 .L00 F %00 el00 F 00 ql00 F €00 .l00 ¥ 500 (%) d
qe?00 F L0 o700 ¥ 0C0 «€00 F ¢C0 5500 F 8¢0 Qvoo +GC0 2500 F 0€0 5500 F 60 q€00 F SC0 2L00 F CE0 (%) NL
SLLO F 10 q€00 F S8¢ HL0FOlE 560 F /8¢ q9€0 F ¥9°¢ 2SE0 F 607 580 F 00 q S¥0 + 59°¢ L0€0 F 7€ ©) D
2900 F €0'G 2S00 F 00°S 900 F S0'S 00 F LES 200 F ¥E'S oS00 F 0¥’ 2900 F 655 o500 F LSS /00 F 19 Hd
qel90 F C9'L¢ qSY0 F Lve 680 F CO'L¥ qeC9'G F OLYE q9s F CElE (9SG F00LE qeC6'l F 186C q€C0 F L¥e 09°€ ¥ 0¥'GE (%) 21MsIoON
2900 + 0£0 o700 F ££0 /00 F¢90 qeS00 F ¢L0 qS00 F €£0 2S00 + 00 2900 F 180 900 + 180 2S00 + 520 (-w>b) ag
oLTE F 6V6C V€T F 890¢ 00 F 0€8¢ 90y F 80°¢€C LTEFOlEC (€S F00€¢C el8CF /99¢C oLV CF 5/°9C 0C'¢ F859¢ (%) Aepd
86T F96'LE SSCF LCLE OF'E F0LCE 06C F L10g (0 F LC0E 282°C ¥ 000€ LLO'E F C80¢ LlTE F COLE 08¢ F ¢90¢ (%) IS
oLE€ F998¢ lTEF LL'SE OF'E F 006¢ LTE F 89 LVEF E90F LOC F00LY 08¢ F Sy L00¢ F ¢ty OFY + 08¢y (%) pues
uespy wd 0e-SlL wd5L-0 uesiy wd 0e-SL wd5L-0 uesiy wd 0e-S1L wd51L-0
puejdo.> Apped Ansaiojoibe wowepie) 15940y |edidonqgns sanuadoud Ji0s

“(3oUeDIUBIS JO [9A3] %S 18 1591 OSH AQ JUSISHIP A||eD1ASIIRIS 10U 218 19319] UOWILIOD & UM IS

SIP9A 7 PUR SUOSE3S 2441 JO UBSW 2y 2B SaNjeA

F sueaw) sadA1 asn-pue| Juaiaip Ul saiadold [ediwsyd0dIsAyd [10S | djqel



Lepcha and Devi Ecological Processes (2020) 9:65 Page 5 of 14
p
700 - E== Rainfall —&— Temperature - 28
600 ¥
T
~ 500 - 21 %
é 2
= 400 - §
E 14 5
s 2
] =
o~ 300 =
-
200 - L, g
5
100 -+ >
<
0 - -0
225 T 22L& 2% 86858 68 225 T 22828286588 8
EFEEEEERLEERRENEEEERLE R D
£ 5 = 8 5 8 8 £ &8 = Z 5 5 o o
s 8 <E38zg=3 <23 % §
2 % Z A= % Z A
(=3 (=3
N N
Months
Fig. 2 Meteorological data of the study sites during the study period (2016-2017)
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stannous chloride method (Sparling et al. 1985),
respectively.

Microbial biomass carbon was estimated by the
chloroform fumigation and extraction method (Ander-
son and Ingram 1993) and calculated using the following
formula (Vance et al. 1987):

MBC = Ec x 2.64

where Ec is the difference between C fumigated and
unfumigated soil samples.

Data and statistical analyses

The statistical analyses were carried out using SPSS
18.0. Tukey’s honestly significant difference (HSD)
test was used to compare the means of soil parame-
ters, microbial biomass, and microbial quotients of
different land-use types. The influence of land use
and season, soil depth, and land use on the soil prop-
erties and microbial biomass carbon was studied by
using the two-way ANOVA. Pearson’s multiple correl-
ation analysis was carried out to determine the rela-
tionship between soil parameters and microbial
biomass in different land-use types. Soil parameter
data from different land-use types were subjected to
principal component analysis (PCA) by using R com-
mander. All data are an average of five replicates +
SE of the composite soil samples.

Results

Soil properties

The physical and chemical properties of soil in three
different land-use types are presented in Table 1. The
physical and chemical properties of soil indicate the
significant differences among land-use types and sea-
sons (Table 2). However, no significant interaction

between land use and season was observed for all the
soil parameters except for microbial biomass carbon
(MBC). The highest sand percentage was recorded in
AGF, i.e., cardamom agroforestry (46.82%), followed
by NF, i.e., subtropical forest (42.52%), and lowest in
the PC, i.e., paddy cropland (38.56%). PC reported
more silt and clay content (31.96% and 29.49%) than
NF (30.82% and 26.67%) and AGF (30.11% and
23.08%) systems, respectively. Soil moisture content
ranged from 22.00 to 33.67% in the NF, 24.33 to
35.00% in AGF, and 25.83 to 39.17% in PC with a
maximum value in the rainy season and minimum in
winter season in all the sites. Soil parameters vary
across the different seasons; however, there is no con-
sistent trend of seasonal variation across the land-use
types (Table 2 of supplementary file). The physical
and chemical properties of soil in the study sites dif-
fer significantly with soil depth (Table 2) and exhibit
a decreasing trend across soil depth except for clay
content and bulk density (Table 1). The bulk density
varied from 0.62 to 0.81gcm™ in different land-use
types and increased with soil depth. The maximum
bulk density was recorded in NF (0.78gcm™) and
lowest in the PC (0.70gcm™) while the soil
temperature ranged from 7 °C (winter) to 21 °C
(summer) across the sites.

Soil pH decreased with soil depth and ranged from 5.0 to
5.6 across the sites and soil depth (0-30 cm) with a max-
imum in the NF and minimum in PC (Table 1). The high-
est SOC, TN, AP, and SOC stock were in the NF (4.34%,
0.32%, 0.05%, and 40.99 Mg C ha™’, respectively) followed
by AGF (4.09%, 0.30%, 0.04%, and 40.41 Mg C ha™’, re-
spectively) and lowest in the PC (3.16%, 0.22%, 0.02%, and
3416 Mg C ha', respectively) in the upper soil layer.
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Table 2 Two-way ANOVAs showing significant differences in soil characteristics

Source Moisture (%) BD (g cm"3) pH TN (%) P (%) SOC (Mg C ha™) MBC (ug g"')
Land use and season
Land use 578** 95.27*¥* 51.87%% 11.99%** 11.45%%% 134.44%%% 29,194
Season 64247 54.08% 107.84%*% 6.95%* 26,097 219.62% 19.46%*%
Land use X season 075N 251N 1.59% 044N 131N 242N 3.02%%
Soil depth and land use
Soil depth 87.36"* 47 88*** 47.17%%% 64,297 74.05%% 32420 40.52%%%
Land use 19.50%** 61.83%** 55.05%%* 80.32%** 63,64 22574 13.18%%%
Soil depth x land use 097N 3.04** 120N 3.08** 3.74%* 168N 159 N

Values represent F values. **p(F) < 0.01; ***p(F) < 0.001

BD bulk density, TN total nitrogen, P available phosphorous, SOC soil organic carbon stock, MBC microbial biomass carbon

However, silt content slightly increases in the subsurface
soil layer of NF and AGF (Table 1). In the present study,
SOC exhibits a negative significant relationship with bulk
density and pH (p < 0.05) (Table 3). In the NF and AGF,
the C/N ratio of soil increased with soil depth; however, it
decreased slightly in the case of PC.

Soil microbial biomass carbon

Land-use types, season, and their interaction significantly
influenced soil microbial biomass carbon in all the study
sites (Table 2). Mean MBC varied from 592.78 + 14.04 pg
g to 26570 + 7.33ugg " in 0-30-cm soil layer across
the seasons and land-use types (Table 4). An increase in
soil depth showed a decreasing trend in MBC in all the
three land-use systems while the highest concentration of
MBC was in the rainy season and lowest in winter (Fig. 3).
The microbial biomass carbon exhibited a significant dif-
ference (p < 0.001) with soil depth in all the land-use types
(Table 2) however, it showed an insignificant increase in
the second year. Soil of the NF (455.03 ugg™') had the
highest mean value of soil microbial biomass carbon,
followed by AGF (392.86ugg™') and lowest in PC
(31747 pgg™t).

Microbial biomass quotient (MBC/SOC) %

Microbial biomass quotient ranged from 1.57 to 2.43%
across the soil depth and land-use types (Table 5). The
highest value of microbial biomass quotient was in the
AGF followed by PC while the least was in NF. In the
present study, the seasonal trend of microbial quotient
was winter > summer > rainy season showing a slight
decrease in the second year as well as with soil depth.

Correlation matrix and principal component analysis

The correlation matrix between the soil microbial bio-
mass carbon with climatic and soil variables of three dif-
ferent land-use systems (Table 3) showed a strong
significant positive relationship with all the parameters
(p < 0.01) except for bulk density and soil pH where it is
negatively significant (p < 0.05). SOC exhibited a positive
significant relation with total N, available P, soil
temperature, relative humidity, and microbial biomass
carbon but showed negative significance with soil pH
and bulk density (p < 0.05). The principal component
analysis (PCA) of soil parameters in the different land-
use types explained 49.0% variability in the first compo-
nent and 26.5% in the second component (Fig. 4).

Table 3 Pearson correlation coefficient between soil microbial biomass and soil characteristics

MBC M BD pH soC N P ST RH RF
MBC 1
M 0495* 1
BD —0483* —0693** 1
pH —0.566* —0.508* 0137 1
SOC 0.875%* 0.157"% —0530% —0.508* 1
N 0.851%* 0.193% 042N —0625* 0.962* 1
P 0.843%* 0.244"° 0404 —0712% 0.892%* 0.924** 1
ST 0.754** 0.825** —0483* 0.736** 0479 0448 0492* 1
RH 0.804** 0.774% - 0369 0.756** 0.499* 0472* 0533* 0.950* 1
RF 0.698** 0451 - 0058™ - 0.007™ 0430M 0358"° 0474* 0.660** 0.840** 1

MBC microbial biomass carbon, M moisture, BD bulk density, pH soil pH, SOC soil organic carbon, N nitrogen, P phosphorus, ST soil temperature, RH relative

humidity, RF rainfall

*Significant at 0.05, **significance at p < 0.01, **significant at p < 0.001, *non-significant
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J

Discussion This is a result of the integrative response of topography

The results of the present study revealed that the soil
physical (soil moisture, bulk density, and pH) and chem-
ical (C, N, and P) properties and microbial biomass car-
bon differ significantly in the three different land-use
types with the highest in NF followed by AGF and PC
except for soil moisture which exhibits a reverse trend.

and management practices adopted by each of the study
sites. Adoption of terraced beds in sloped land of PC to
conserve soil moisture, silt, and clay and removal of
herbs from the sloped AGF to reduce competition with
cardamom crop enhances soil erosion during heavy tor-
rential rains resulting in a difference in the microclimate

Table 5 Soil microbial quotient (MBC/SOC) % in different land-use types of Eastern Himalayas. Means + SE sharing the same letter
are not statistically different by HSD test at 5% level of confidence

Land-use type Soil depth (cm) Summer Rainy Winter Mean
Subtropical forest 0-15 078 +0.12° 059 + 0.14° 0.93 + 0.08%° 0.77 £0.11°
15-30 1.09 + 0.06° 098 + 0.11° 138 + 007° 1.15 + 0.08*
Mean 1.87 + 0.18° 1.57 + 0.25° 2.30 + 0.15%° 1.91 +0.19°
Cardamom agroforestry 0-15 0.88 + 0.09° 072 +0.11° 093 + 0.06° 0.85 + 0.08°
15-30 142 + 0.05° 102 + 005° 149 + 0.06™ 131 + 005%
Mean 230 +0.13° 1.74 + 0.16° 2.43 £ 0.12 2.16 + 0.13*
Paddy cropland 0-15 0.78 + 0.07° 0.78 + 0.10° 091 + 0.07° 0.83 + 0.08°
15-30 1.19 + 0.05° 1.14 + 0.06° 144 + 0.04° 1.26 + 005
Mean 1.97 +0.12° 1.92 + 0.16° 235+ 0.11° 2.08 + 0.13°

HSD (a = 5%) = 4.53
HSD Tukey's HSD test at 5% level of significance
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Fig. 4 Principal component analysis (PCA) of soil parameters in the three land-use types

of the two sites which ultimately leads to an alteration of
soil properties. Also, vegetation composition and
amount of organic matter are different in the study sites
which ultimately affect the microbial activity of soil. Sev-
eral studies reported the influence of land use and
change in soil management practices (George et al.
2013; Gonnety et al. 2013; Malik et al. 2018), topog-
raphy, space and time, vegetation cover, climate, weath-
ering processes, and microbial activities (Paudel and Sah
2003) on physico-chemical properties of soil. Bulk dens-
ity (BD) of the present study (0.62—0.83 g cm™) is within
the range reported by Baumler and Zech (1994) (0.6—
1.8 gcm ™), and it increases with a decrease in soil depth
in all the land-use types. Our results agree with the re-
port of several other studies from different land-use
types of the world (Zhang et al. 2014; Francaviglia et al.
2017). Higher soil bulk density in the inner soil layers is
due to less organic matter and weight of the overlying hori-
zons (Griineberg et al. 2014). The difference in BD of the
different systems could be due to the difference in the par-
ticle size distribution of soils in the study sites, and a similar
finding was reported by Dumig et al. (2006). A slight de-
crease in soil pH with soil depth in the present study coin-
cides with abundant rainfall in the study sites which might
lead to leaching of calcium and magnesium ions in the

lower soil layers thereby leading to a decrease in pH of soil.
Zhao et al. (2018) also reported a reduction in pH of subsoil
due to leaching of calcium and magnesium ions in high
rainfall areas which is in conformity with our report.
Waterlogged soil condition due to paddy cultivation leads
to more acidic soil in the cropland while the presence of
low acidic soil in subtropical forest relates to the slope and
topography of the forest which could not retain water or
moisture for a long time leading to an increase in pH of
soil. Several studies reported that soil pH is affected
by slope, topography, terrain features, and topo-
graphic wetness index in the agricultural landscape
and mountains (Chen et al. 1997) which agrees with
our findings.

Our study indicated a difference in the sand, silt and
clay content with land-use type, and soil depth (Table 2)
which agrees with the report of Yusek and Yuksek
(2011). However, contrasting results were reported from
different land-use types (forest, grassland, cropland, and
bare land) of Turkey (Evrendilek et al. 2004; Korkonc
2014) wherein no significant differences in the soil tex-
ture were observed with the change in land-use types
and soil depth. Sand particles were highest in the AGF
followed by NF and lowest in PC while clay and silt par-
ticles show a reverse trend with a maximum in PC and
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minimum in AGF. The reason for this reverse trend cor-
responds to the sloped position of the former two sites
which enhances soil erosion in contrast to PC which has
terraced beds on sloped land. Slightly higher sand in
AGF than in NF could be due to the removal of herb-
aceous layers making the soil susceptible to erosion. The
role of soil particle size distribution on vegetation, soil
texture quality, and erosion has been reported by
Aderonke and Gbadegesin (2013) which complies with
our findings.

Soil moisture was higher in the PC (37.61%) than in
NF and AGF soils (29.80% and 34.16%, respectively) be-
cause of higher clay content in the former. Such a rela-
tionship was established by many studies (English et al.
2005; Kara and Baykara 2014), but a reverse trend was
reported by Amanuel et al. (2018).

Soil organic carbon (SOC) decreased with soil depth
in all land-use types with maximum content in topsoil
due to the availability of more organic matter from trees.
The presence of trees continuously adds litter in the
upper layer and increases root turnover (Kimmins 2004)
which further enhanced SOC due to positive priming
(Wu et al. 1993). Such a finding was reported by Solei-
mani et al. (2019) which conforms with our report. Also,
annual carbon input in agricultural land through plant
residue, a source of labile carbon, is lower than that of
the natural forest leading to a low soil organic C
(Hooker and Stalk 2008). Low SOC in the agricultural
lands of the present study agrees with the reports of sev-
eral studies (Huang and Song 2010; Reza et al. 2018).
Higher total N in soils of the subtropical forest (NF) and
AGF is related to the presence of the Alnus nepalensis
nitrogen-fixing tree species, as a dominant tree in both
the systems. Rothe et al. (2002) reported that the pres-
ence of N-fixing species increases soil total nitrogen
content. A decrease in available phosphorus with soil
depth in all the systems coincides with a low soil pH
and that enhances P immobilization (Chase and Singh
2014). Soils of the present study indicate phosphorus
limitation which could be due to the acidic nature of
these soils. Transformation of the forest to cropland
results in a reduction in the soil nutrients while the
reverse process, i.e., PC — AGF or to a forest (NF),
increased the nutrient content and soil organic carbon
stock (PC — AGF ~ 5.25Mg C ha™' and AGF — NF
~ 1.43Mg C ha™') and lowers the acidity of the soil.

The microbial biomass carbon in soil of the present
study ranged from 186.54 to 764.30 ugg™' across the
season, soil depth, and land use (Table 4), and this is
within the reported range of tropical soils (106—2073 pg
g ') by Henrot and Robertson (1994). The highest MBC
in the forest is due to the production of litter and deep
root systems of the tree allowing more microbial activ-
ities than other agricultural land-use systems
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(Arunachalam et al. 1999). Low MBC in the agricultural
systems is because of the different agricultural practices,
resource availability, and plant composition (Van Leeu-
wen et al. 2017). A similar trend was reported by several
studies in various ecosystems (Bardgett 2005; Soleimani
et al. 2019). Furthermore, high moisture in the soil of
paddy cropland (PC) due to waterlogging limits the mi-
crobial activity in the soil. A slightly higher MBC in the
cardamom agroforestry (AGF) than that in PC is because
of the presence of a litter layer in the former retaining
soil moisture that promotes microbial activity. Wu et al.
(2016) also reported a higher MBC in afforested soils
with higher litter inputs which agree with our findings.
A significant positive correlation between soil organic
matter and soil microbial biomass (Table 3) in our study
supports the findings of Chen et al. (2006) that soil
MBC is highly influenced by soil organic matter present
in different ecosystems. Such a result was supported by
many researchers (Wang and Wang 2011; Chen et al.
2017; Padalia et al. 2018). Further, high soil N in the nat-
ural forest and cardamom agroforestry system is due to
the presence of Alnus nepalensis which might result in a
higher microbial biomass C in these sites. Wardle (1992)
concluded that soil N showed more influence than C in
organic C microbial immobilization in most of the
systems which is consistent with our findings.

Distinct seasonal variations in soil MBC showing a
peak value during the rainy (wet) season and a trough in
the winter (dry) season (Fig. 3) in all the land-use types
of the present study agree with the findings of previous
studies from various tropical ecosystems (Devi and
Yadava 2006; Igbal et al. 2010; Patel et al. 2010).
Seasonal variation of soil MBC is an indicator of
immobilization and mineralization of soil carbon, and an
increase in  soil microbial biomass indicates
immobilization, while a decrease denotes mineralization
of nutrients (Yang et al. 2010). Warm and wet weathers
during the rainy season accelerate litter decomposition
as microbial activities and decomposition are at peak
during this season thereby increasing the immobilization
of nutrients by the microbes (Usman et al. 2000; Devi
and Yadava 2010). Also, high relative humidity during
the wet period accelerates the growth of fungi which fur-
ther increases microbial biomass carbon (Acea and
Carballas 1990). Least MBC during the dry and cold
winter seasons coincides with a low temperature and less
moisture in the soil leading to the death of microorgan-
isms that release organic carbon, and freeze-thaw action
can facilitate the decomposition of organic detritus and
mineralization of carbon (Groffman et al. 2001). How-
ever, dry tropical deciduous forest (Singh et al. 1989)
and humid subtropical forest of India (Arunachalam and
Arunachalam 2000) show the highest microbial biomass
C in summer and winter, respectively, indicating that
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the microbial biomass C is highly influenced by the
species composition, location, elevation, and pattern of
rainfall of the site.

Besides land-use type and season, another important
factor controlling MBC is soil depth. MBC was more in
the upper soil layer and less in the subsoil (Fig. 3) in all
the land-use types. This pattern is because of lower car-
bon and nitrogen content in the lower subsoil and more
organic matter in the top humus soil that promotes mi-
crobial activity. Previous studies on MBC across soil
depth in various land-use types also reported similar
findings (Fierer et al. 2003; Fall et al. 2012; Soleimani
et al. 2019). In the present study, soil microbial biomass
carbon was studied to a depth of 30 cm only, and due to
this limitation of soil depth, the presence of the consid-
erable amount of microbial biomass C in the deeper soil
layers, i.e., 40—60 cm soil layer as reported by Soleimani
et al. (2019), cannot be explored and further study is
needed in this context from this region.

Principal component analysis (PCA) on soil physical
and chemical properties of the three different land-
use types of the present study (Fig. 4) shows 75.5% of
the total variation along with the two principal compo-
nents. PCA component F1 explained 49.0%, while the sec-
ond component F2 explained 26.5% of variation. Change
in the land-use type influenced the characterization cap-
acity of soil parameters significantly. PC1 revealed that the
microbial activity in NF is positively influenced by macro-
elements, soil moisture, and temperature while soil pH ex-
hibited an inverse relation with it. PC2 indicates that soil
properties such as texture (silt, clay, and sand) and bulk
density show strong influence with land use. However,
sand and bulk density of soil play an important role in the
cardamom agroforestry system, but silt and clay content
show an inverse relation with sand.

Soil microbial quotient (MBC/SOC) of the present
study agrees with the value of tropical forests, 1.5-5.3%
(Luizao et al. 1992), and temperate forest soils, 1.8—-2.9%
(Vance et al. 1987), and those of agricultural soils (2—
6%) reported by Brookes et al. (1985) (Table 5). The
higher microbial quotient of the present subtropical for-
est than that of a humid subtropical forest of Northeast
India, 0.7-1.77% (Maithani et al. 1996), indicates a higher
microbial C immobilization. The microbial quotient varied
significantly with the season and soil depth, and more
immobilization of carbon in the winter season and least
during the rainy season in all the land-use types is due to
the availability of more substrate in winter. An increase in
the microbial quotient with soil depth denotes the pres-
ence of more active carbon pools in the subsurface soil.
Some studies reported that subsurface soil layers act as a
store of microbial inoculation (Yi et al. 2006; Wei et al.
2009). A slight decrease in the microbial biomass quotient
in the second year indicates a decrease in microbial
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immobilization of carbon and ultimately organic carbon
in the soil which may be related to the change in environ-
mental factors especially rainfall patterns in the second
year (Fig. 2).

A higher microbial quotient in the cardamom agro-
forestry (AGF) indicates more carbon immobilization
by the microbes from the organic substrates while the
least microbial quotient in the forest (NF) may be a
result of carbon mineralization from the microbes to
support vegetation. Further, the exhibition of the
highest microbial quotient ratio by the cardamom
agroforestry system probably suggests better carbon
immobilization capabilities of microbes in the agri-
silviculture system than in the forest and cropland.
Waid (1999) also reported that microbial diversity is
affected by the type of vegetation, quantity, and
chemical composition. Kara and Baykara (2014) stated
that the MBC/SOC ratio is determined by the amount
of labile organic matter and not by the size of the
microbial biomass carbon, and their findings agree
with our study. A previous study on the microbial
quotient in different land-use types also reported a
higher value of microbial quotient in agricultural soils
than that of forest soils (Kara and Baykara 2014).
Sparling et al. (1992) also suggested the percentage of
organic C present as microbial biomass C as an indi-
cator of changes in the quality of soil organic matter.

Conclusion

The results of the present study revealed that land use,
season, and soil depth significantly influence the physical
and chemical properties of soil and microbial biomass
carbon. Organic matter or litter layer in tree-based sys-
tems increased SOC thereby helping in the restoration
of better soil health and fertility. Microbial biomass car-
bon and soil parameters showed strong seasonality, and
land-use type and soil depth strongly influenced the top-
soil of all the study sites. Forest had the highest micro-
bial biomass C and least microbial quotient while the
reverse trend exhibited by the cardamom agroforestry
system suggests better C immobilization in the agrofor-
estry system. Low SOC and MBC in paddy cropland
confirmed that the lack of organic matter inputs and in-
tensive land management practices such as plowing and
tillage of the soil decreased soil fertility and microbial
activity. Hence, a tree-based agricultural system pro-
motes microbial activity and soil fertility through the
immobilization of nutrients by microbes.
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