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Abstract: Seasonal variation in inorganic N-pool
and Net N-mineralization rate was investigated in
relation to site characteristics in sub-tropical Sal
forest in Central Himalaya, India. Two sites, viz.
Fatehpur (FP) located at a latitude of 29°19'23.69"'N
and longitude of 79°18'05.34"E at 430 m asl and
Ranibagh (RB) at a latitude of 29°17'10.03"'N and
longitude of 79°32'49.19"E at 580m asl were
established. Ammonification, nitrification and N-
mineralization rates were significantly (p<0.05)
affected by site, season, soil depth and their
interactions. Total inorganic -N and N-mineralization
rates were significantly higher in FP site as compared
to RB site. Higher mineralization rates were reported
during the summer (7.30+0.17 pg g* month?! and
6.17£0.27 pg g! month! in FP and RB site,
respectively) and lowest rates during the winter
season (2.10+0.17 pg g* month™) in FP and (1.78+0.18
pg ¢! month? in RB site). The variability in
mineralization rates may be due to the ecological
differences among the sites. Seasons and soil nitrogen
content showed positive correlation with N-
mineralization rates while site, clay content and C/N
ratio showed negative correlation. The soil N-
mineralization affects the N release and availability of
inorganic-N for supporting the plant growth, thus
regulates the N- cycling in forest ecosystems.

Index Terms: Ammonification,
Nitrification, N-mineralization, Sal forest.

N-cycling,

I. INTRODUCTION

Nitrogen mineralization is a crucial process in
which organic N is transformed to inorganic forms,
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such as NH4* and NOjs that can be taken up by
plants through roots. Thus, N mineralization is one
of the most important processes for plant growth,
facilitates the nitrogen supply in terrestrial
ecosystems, regulates the plant growth and
productivity and determines availability and losses
of nitrogen within the ecosystems (Arslan et al.
2010; Kautsar et al. 2022). In the forest
ecosystems, several biotic and abiotic factors
influence the N- mineralization rates. Among the
abiotic factors, precipitation and temperature have
a vital role in leaching of nutrients, microbial
transformation mechanisms by regulating enzyme
activities (Cregger et al. 2014). In subtropical
forests, the precipitation pattern alters the
abundance of microbes and nutrient content in
microbial biomass thus affect the nitrification and
N- mineralization rates (Chen et al. 2017).

Soil characteristics such as soil moisture content,
C and N ratios and organic matter content also
govern the N cycling (Yokobe et al. 2018; Yang et
al. 2022). The management regimes followed in the
forests changes the soil properties and soil fertility
and thus, regulates the nitrogen dynamics (Padalia
et al. 2022; Raj and Jhariya 2021a, b). Soil organic
matter content, decomposition patterns of litter and
organic matter also have a direct impact on N-
transformation mechanisms (Urakawa et al. 2016;
Jhariya and Singh 2021). The vegetational
composition and climatic variables of a region
determines the physical and chemical constituents
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of the litter which in turn influence the N-
mineralization rates (Ono et al. 2013).

In the Central Himalayan region, sub- tropical
moist deciduous Sal (Shorea robusta Roxb. ex
Gaertner f.) forests distributed in foothills and
Bhabhar belt are characterized by seasonality and
variation in plant species diversity. These forests
have great economic and ecological significance.
Chen and Mulder (2007) reported that the sub-
tropical forests have higher N pools, nitrification
and net mineralization rates in comparison to
temperate forests. The overall objective of this
study was to examine how site characteristics affect
inorganic N pool and N mineralization in sub-
tropical Sal forest of Central Himalaya India. The
study would provide an insight to understand these
processes in sub-tropical Sal forests and in
planning management regimes for the sites for
maintaining the sustainability among forest
ecosystems.

Il. MATERIAL AND METHODS

A. Site description

The study was carried out in sub- tropical Sal
forest in Nainital district of Uttarakhand state,
India. Two sites were established at Fatehpur (FP)
and Ranibagh (RB) (Fig.1) within the elevation
range from 430m - 580m. Site FP was located
between 29°19'23.69"N latitude and 79°18'05.34"E
longitude and site RB was located between
29°17'10.03"N  latitude and  79°32'49.19"E
longitude. S. robusta was the dominant tree species
in both the sites with G. velutinum (FP) and H.
pubsescens (RB) as co-dominant species (Table I).
The total tree density of the forest ranged from 620
ind. ha! (FP) to 810 ind. ha' (RB) and total basal
area was 25.50 m?ha? (FP) to 25.63m 2ha* (RB).
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Fig. 1. Map of the study area

B. Climate

The climate of the study sites showed distinct
seasonal patterns with warm humid rainy season,
followed by dry and cold winter season and hot and
dry summer season (Fig. 2). The mean minimum
temperature ranged between 9°C (January) and
23°C (August) whereas the mean maximum
temperature ranged from 21°C (January) to 38°C
(June) and the annual rainfall ranged in between 0
mm (October) and 577.6 mm (July).
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Fig. 2. Climatic data during the study period (August
2017- August 2018)
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C. Methodology

Permanent plots of 200200 m were established
in the respective forest sites and soil samples were
collected seasonally (rainy, winter and summer)
from each site from three soil depths (0-20 cm, 20-
40 cm, 40-60 cm) with the help of a soil corer. Soil
texture (Indian Standard, 1965), Soil moisture
content (Misra, 1968), Soil pH (Jackson, 1958)
bulk density (Black, 1965), water holding capacity
(Piper, 1950), Porosity (Kumar, 2000) were
determined. Soil organic carbon (Walkley and
Black, 1934) and soil total nitrogen (Subbiah and
Asija, 1956) were also determined.

D. N-mineralization

Short- term field incubation method (Eno, 1960)
was used for the estimation of N- mineralization.
The soil samples were collected randomly from the
respective sites at monthly interval in triplicates
from each depth. The coarse debris were removed
from the samples and sterile air free polyethylene
bags were used to pack the samples, the sealed bags
were again inserted into their respective depths and
collected every month. Fresh soil samples from the
same depths were also brought to the laboratory,
sieved and stored for further analysis. The
incubated bags were collected from all the soil
depths of respective sites after one month
incubation period. Phenol disulphonic acid method
(Jackson 1958) and the method of Wetzel and
Lickens (1979) were used to determine the
concentration of Nitrate nitrogen (NOsz-N) and
ammonium nitrogen (NHa4-N), respectively in the
soil samples. Subtracting the initial ammonium and
nitrate concentration from the respective final
concentration provided the final concentration of
ammonia and nitrogen in the samples.
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E. Statistical analysis

SPSS 26 (Windows statistical software), PAST3
statistical package (Paleontological statistics
software for Education and Data Analysis) was
used for performing statistical tests on the data.

I1l. RESULTS

A. Soil characteristics

The soil characteristics are displayed in Table II.
The textural analysis of the soil across the soil
depths revealed that soil type varied between loam
and clayey loam in FP and clay loam in RB site.
Soil moisture content, bulk density and water
holding capacity showed increasing trend with
increasing soil depth, while soil organic carbon and
soil nitrogen decreased with increasing soil depth
(Table II). The soil moisture content (10.68 %) and
water  holding  capacity  (46.11%)  were
comparatively higher in site RB than site FP (SMC-
9.95%, WHC- 44.91%). The bulk density was
higher in site FP (1.33 gcm™®) than site RB (1.32
gcm ), while porosity showed reverse trend than
bulk density as it was higher in site RB (49.02%)
than site FP (48.80%). The pH value was slightly
more basic in site RB (7.49) than site FP (7.06).
Soil organic carbon (1.78%) and nitrogen values
(0.22%) reported from site FP were more than site
RB {SOC (1.51%), TN (0.20%}. Higher C: N ratio
was observed in site FP (7.98) than site RB (7.71).
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Table I. Description of the selected study sites

Sites Forest Vegetative composition
type
Trees Shrubs Herbs
FP | Dense Shorea robusta Roxb. ex Asparagus adscendens Buch- Achyranthes aspera L.,
canopied Gaertner f., Ham. Ex Roxb., Ageratum conyzoides L.,
Sal forest Glochidion velutinum Wight, | Cassia occidentalis L., Asparagus racemosus Willd.,
Mallotus philippensis (Lam.) | Cassia tora L., Chenopodium album L.,
Muell-Arg, Clerodendrum viscosum Cynoglossum lanceolatum Forsk.,
Dalbergia sissoo Roxb., Ventenat., Cyperus kyllingia Endl.,
Syzygium cumini (L.) Skeels, | Desmodium caudatum (Thumb.) Cyperus nutans Vahl.,
Toona ciliata Roem., DC,, Cyperus rotundus L.,
Grewia asiatica L. Lantana camara L., Desmodium triflorum (L.) DC.,
Murraya koenigii (L.) Sprengel, Digitaria granularis (Trinius) Henard,
Randia uliginosa DC. Oxalis corniculata L.,
Parthenium hysterophorus L.,
Polygonum barbatum L.,
Setaria glauca (L.) P. Beauv.,
Sida cordata (Burm. f.) Borss. Waalk.,
Sida rhombifolia L.
RB | Sal mixed | Shorea robusta Roxb. ex Asparagus adscendens Buch- Achyranthes aspera L.,
dense Gaertner f., Ham. Ex Roxb., Ageratum conyzoides L.,
canopy Holarrhena pubescens Wall. | Calotropis procera (Aiton) Ageratina adenophora L.,
forest ex G. Don, Dryander, Alternanthera sessilis (L.) DC.,

Mallotus philippensis (Lam.)
Muell-Arg,

Syzygium cumini (L.) Skeels,
Grewia optiva Drumm. ex
Burret,

Careya arborea Roxb,
Randia dumetorum (Retz.)
Poir.

Phyllanthus emblica L.,
Terminalia chebula Retz.,
Cassia fistula L.

Malva parviflora L.,

Ficus hispida L.,

Lannea coromandelica
(Houtt.) Merr.

Clerodendrum viscosum Vent.,
Colebrookea oppositifolia
Smith.,

Desmodium pulchellum (L.)
Benth.,

Lantana camara L.,

Murraya koenigii (L.) Sprengel,

Randia uliginosa DC.,

Rubus ellipticus Smith,
Pogostemon benghalensis
(Burm. f.) Kuntze,

Woodfordia fruticosa (L.) Kurz

Artemisia nilagirica Clarke,

Bidens biternata (Lour.) Merrill & Sherff,
Corchorus aestuans L.

Commelina benghalensis L.,
Cynaglossum lanceolatum Forsk.,
Cynotis cristata (L.) D. Don,

Cyperus rotundus L.,

Desmodium heterocarpon (L.) DC.,
Desmodium triflorum (L.) DC.,
Mimosa pudica L.,

Ophioglossum reticulatum L.,

Oxalis corniculata L.,

Parthenium hysterophorus L.,
Scutellaria spp.,

Sida cordata (Burm. f.) Borss. Waalk.,
Sida acuta Burm F.,

Sida cordifolia L.,

Sigesbeckia orientalis L.,

Stellaria media (L.) Vill.,

Smilax macrophylla L.
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B. Available N-pool

The maximum available N-pool was observed in
the rainy season in the uppermost soil depth which
declined with the increase in soil depth across the
sites. The inorganic ammonium pool was higher
than nitrate pool among both the sites. During
winter season highest available N-pool was
reported in the site FP (15.20 pug g* month?) in 0-
20 cm soil depth and lowest in the site RB (8.68 ug
g month?) 20-40 soil depth (Table I1I).

C. N-mineralization rates

Significant variations were observed in both the
sites with respect to soil depth, season and site
(p<0.05). Ammonification ranged from 1.47-4.15
ug ¢ month? in site FP to 0.87-3.60 ug g** month
in site RB. Nitrification rates varied from 1.93-4.60
ug g month™in site FP to 1.17-2.87 pg g month?
in site FP. N-mineralization rates varied between
4.07 and 7.30 pg g month'tin site FP, 2.64 and
6.17 pg g* month? in site RB (Table 1V). The
highest N- mineralization rates were observed in
the 40-60 cm soil depth of site FP (7.30 pg g*
month1), while minimium in 20-40 cm soil depth

of site RB (2.64 pg g month™).

Table I1. Soil physical and chemical properties across the studied sites

. Soil Depth | Texture SMC | WHC bD Po (% SOC C:N
Sites (cm) " class %) | (%) (gem™) o (%) TN | Ratio
FP 0-20 8.36 44.79 1.21 53.40 7.10 211 0.24 8.93
Loam +1.02 +0.97 +0.03 +0.02 +0.02 +0.05 +0.01 +0.56
20-40 9.65 43.36 1.34 48.31 7.15 1.89 0.22 8.71
Clay loam +1.46 +1.65 +0.02 +0.02 +0.04 +0.02 +0.01 +1.24
40-60 11.83 46.58 1.44 44.69 6.92 1.35 0.21 6.31
Loam +1.73 +2.62 +0.05 +0.03 +0.06 +0.04 +0.01 +0.87
Mean=SD 9.95 4491 1.33 48.80 7.06 1.78 0.22 7.98
+1.40 +1.75 +0.03 +0.02 +0.04 +0.04 +0.01 +0.89
RB 0-20 Clay loam 9.46 43.81 1.26 51.57 7.40 1.78 0.19 9.37
+1.02 +1.15 +0.02 +0.81 +0.03 +0.05 +0.01 +1.62
20-40 Clay loam 9.04 51.42 1.30 49.83 7.41 1.65 0.20 8.23
+1.46 +2.20 +0.02 +0.79 +0.02 +0.04 +0.01 +1.37
40-60 Clay loam 14.07 43.11 141 45.65 7.66 1.09 0.20 5.53
+1.73 +0.40 +0.03 +1.09 +0.02 +0.04 +0.01 +0.74
Mean=SD 10.68 46.11 1.32 49.02 7.49 151 0.20 7.71
+1.40 +1.25 +0.02 +0.90 +0.02 +0.04 +0.01 +1.24
Table I11. Seasonal variations in mineral-N content (ug g month?) across the study sites in sub-tropical Sal forest
Sites Soil Rainy Winter Summer
0PN NHeN | NOrN | Total | NHeN | NOwN | TR e | Nosn | TORE
(cm) . Inorganic- Inorganic-
Inorganic-N
N N

FP 0-20 8.63 7.33 15.96 6.80 5.53 12.33 7.37 7.50 14.87
+1.58 +0.42 +1.97 +1.02 +0.86 +1.21 +0.96 +0.79 +1.29

20-40 7.40 5.60 13.00 8.58 5.50 14.08 7.23 5.63 12.87

+0.95 +0.77 +0.75 +0.73 +0.72 +0.92 +0.75 +0.85 +0.85

40-60 6.57 6.37 12.93 6.53 5.70 12.23 6.57 8.13 14.71

+0.91 +0.56 +0.96 +0.76 +0.82 +1.62 +1.07 +0.72 +1.32

Mean+SD 7.53 6.43 13.96 7.30 5.58 12.88 7.06 7.09 14.15
+1.15 +0.58 +1.23 +0.84 +0.80 +1.25 +0.93 +0.79 +1.15

RB 0-20 6.17 3.60 9.77 6.60 3.37 9.97 5.33 4.57 9.90
+0.63 +0.63 +0.73 +0.66 +00.74 +0.66 +0.59 +0.67 +0.69

20-40 7.10 3.43 10.53 5.50 3.18 8.68 5.77 4.10 9.87

+0.82 +0.59 +0.92 +0.67 +0.69 +0.59 +0.63 +0.68 +0.78

40-60 6.67 3.30 9.97 6.40 3.49 9.89 5.70 4.40 10.10

+0.57 +0.61 +0.77 +0.42 +0.68 +0.48 +0.59 +0.59 +0.92

Mean£SD 6.65 3.44 10.09 6.17 3.35 9.51 5.60 4.36 9.96
+0.67 +0.61 +0.81 +0.58 +0.70 +0.58 +0.60 +0.65 +0.80
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Table IV. Seasonal variations in N transformation rates (ug g** month*) across the study sites in sub-tropical Sal forest

Sites Soil Rainy Winter Summer
depth
AM NI NM AM NI NM AM NI NM
(cm)
FP 0-20 147 4.30 5.77 2.33 3.17 5.50 2.17 4.03 6.20
+0.18 +0.46 +0.58 +0.83 +0.19 +0.65 +0.03 +0.09 +0.10
20-40 2.27 3.00 5.27 4.15 2.10 6.25 2.13 1.93 4.07
+0.03 +0.31 +0.33 +0.19 +0.17 +0.16 +0.12 +0.18 +0.15
40-60 1.97 4.10+ 6.07 2.03 243 4.47 2.70 4.60 7.30
+0.15 0.30 +0.44 +0.22 +0.13 +0.32 +0.15 +0.25 +0.17
Mean+SD 1.90 3.80 5.70 2.84 2.57 5.41 2.33 3.52 5.86
+0.12 +0.36 +0.45 +0.41 +0.16 +0.38 +0.10 +0.17 +0.14
RB 0-20 1.87 1.17 3.03 1.23 1.97 3.20 3.20 2.87 6.07
+0.03 +0.03 +0.03 +0.09 10.12 +0.06 +0.15 +0.37 10.52
20-40 1.67 2.00+ 3.67 0.87 1.78 2.64 3.60 2.37 5.97
+0.13 0.36 +0.49 +0.19 +0.18 +0.08 +0.10 +0.21 +0.22
40-60 2.17 1.93 4.10 2.00 2.19 4.19 3.37 2.80 6.17
+0.23 +0.03 10.21 10.32 +0.11 +0.42 +0.12 +0.15 +0.27
Mean+SD 1.90 1.70 3.60 1.37 1.98 3.34 3.39 2.68 6.07
+0.13 +0.14 10.24 +0.20 +0.14 +0.19 +0.12 10.24 +0.34

AM=Ammonification, NI=Nitrification, NM=N-mineralization

IV. DISCUSSION

A. N-transformation rates in sub-tropical sal forest

Net N mineralization rates that are measured by
relatively long-term incubation (30 days) are
considered to provide a useful index of plant N
availability (Schimel and Bennett, 2004) because these
rates indicate the residual inorganic N subtracted by
the consumption of soil microbes. In this study,
ammonification, nitrification and N-mineralization
rates were significantly affected by site, season, soil
depth and their interactions (Table V). The average net
N mineralization, ammonification and nitrification
rates in the Sal forest soils were 3.34+0.19- 6.07+0.34
ug gt month?, 1.37+0.20- 3.39+0.12 ug g* month?
and 1.70£0.14- 3.80+0.36 ug g* month™, respectively.
The average rates obtained in this study were similar to
the values reported by Mylliemngap et al. (2015) for
ammonification (051 to 2.99 pg g!' month?),
nitrification (0.39-4.42 pg g' month?') and net N
mineralization (2.12 to 7.41 pg g* month)) from sub-
tropical broadleaved forest of India. Net N
mineralization showed strong positive correlation with
nitrification (1> = 0.928) and ammonification (1> =
0.759) rates in site RB and with nitrification in site FP
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(rz2 = 0.5123) (Fig. 3). These relationships suggest that
N demands for soil microbes were sufficient (Schimel
and Bennett, 2004) and thus, nitrification was
dominant form of N-transformation as compared to
ammonification in the sub-tropical Sal forest soils.
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Fig. 3. Relationship between N-transformation processes

and N-mineralization rates

At RB site highest concentration of mineral-N (NH4*
- N+ NOs- N) in the soil occurred during the summer
period while the lowest concentrations were recorded for
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winter period. In dry tropical ecosystems Jha et al.
(1996) and Singh and Kashyap (2007) also reported
maximum mineral-N during dry season and suggested
that concentration of mineral-N during the dry period
may reflect low vegetation demand for the nutrients and
increase in supply due to microbial cell death (Jaramillo
and Sanford 1985). On the other hand, high mineral-N
during the rainy season at site FP may be due to high
decomposition rate due to favourable conditions for
microbial activity.

B. Seasonal variability in N-transformation rates

Nitrification,  ammonification and net N-
mineralization rates were significantly (p<0.05) affected
by season and their interaction with sites and soil depth
(Table V). The highest N-mineralization rates were
observed in summer season in both the sites (5.86 pg g*
month® at FP and 6.07 pg g month'at RB), while
lowest values were reported during winter season (5.41
ug gt month™ at FP and 3.34 ug g* month at RB) (Fig.
4). The observed rates were similar to N-mineralization
rates (2.12 to 7.41 pg g' month?) reported by
Mylliemngap et al. (2015) in sub-tropical forests of
North-east India. The rates reported in the present study
were comparatively lower than the rates (17.15-22.02 pg
g! month?) reported by Verma and Sagar (2020) in
tropical regions of Indo Gangetic Basin.

Higher values of N- mineralization parameters were
observed during the summer and rainy season due to the
abundant moisture content and temperature regimes for
the proper functioning of microbes. Bhuyan et al. (2014)
and Karki et al. (2021a, 2021b) also reported similar
findings from the Eastern Himalayan region and
agroforestry systems of Kumaun Himalaya, respectively.
Manral et al. (2020) also observed that the elevated
temperature during the summer season increases the
metabolic activities in the microbes responsible for the
higher N- mineralization rates in the season. Jongen et
al. (2013) and Omara et al. (2022) observed that the
rainfall frequency and quantity influence the leaching of
nutrients and physiological activities of microbial
communities thus effects the nitrification and N-
mineralization rates. Yokobe et al. (2018) observed that
soil microbial organisms accumulate huge fractions of N
during the dry season and at the onset of rainy season
their physiological activities are enhanced by the
precipitation effect resulting in higher N-mineralization
rates.
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Low mineralization rates during winter
season correspond to the decreased microbial
activities and higher immobilization of inorganic
nitrogen due to low temperature. Garkoti et al.
(2003) also reported that the mineralization rates
slow down during the winter season due to low
temperature. Karhu et al. (2010) observed that the
increased soil temperature improves the efficiency
of microbial communities that results in faster
decomposition and mineralization rates. Groffman
et al. (2009) and Contosta et al. (2011) observed
highest N-fluxes in summer and lowest during the
coldest parts of the year.
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Fig. 4. Seasonal variability in ammonification,
nitrification and Net N-mineralization across the sites

C. Spatial variation in N-mineralization rates

In  the present study, ammonification,
nitrification and N-mineralization rates were
significantly influenced (p < 0.05) by soil depth
(Table V). In the present study, the N-
mineralization rates were comparatively higher in
deeper soil depths (Fig. 5). This may be attributed
to the percolation of nutrients in higher
concentrations to the deeper depths due to higher
rainfall or other anthropogenic and climatic
pressures as heavy rains or other catastrophes result
in heavy losses of N through leaching and runoff
from the surface layer of soil resulting in low N-
mineralization rates in upper layers of soil. About
31.51-34.32% of N- mineralization was confined to
the uppermost soil depth (0-20 cm), 30.63-31.45%
to the sub surface layer (20-40 cm), while 35.05-
37.04% to the deepest soil depth (40-60 cm).
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Iversen et al. (2011) also reported similar
results from Liquidambar styraciflua L. plantations
in forests due to the decreased microbial
competition in deeper soil depths and high root
proliferation while Chen et al. (2005) and Karki et
al. (2021b) observed a significant decline in N-
mineralization rates with increasing soil depth in
planted pine and in Kumaun Himalayan agro-
ecosystems, respectively. Dessureault-Rompre et
al. (2016) and Paul et al. (2001) also observed that
soil mineralizable N pools generally decreased with
increasing soil depth and out of the total N-
mineralization, 35-90% is contributed by the
surface layer. Fu-sheng et al. (2005) reported that
more than 50% of N-mineralization rates are
confined to the uppermost soil layer (0-15cm) in
Pine plantations of China.
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D. Site variation in N-mineralization rates

N-mineralization rate was significantly (p <
0.05) affected by sites (Table V). The net N-
mineralization rates varied from 4.07-7.3ug g*
month™ to 2.67-6.17 ug g* month (Fig. 6). Sun et
al. (2013) suggested that in forest ecosystems, litter
can be the major source of SOM, and changes in
dominant plant species can affect the quality and
quantity of litter input, SOM decomposition
process, and nutrient cycling. Therefore, site
characteristics have complex effects on SOM
decomposition by affecting soil temperature,

moisture, nutrient availability, and microbial
community.
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Fig. 6. Effect of soil depth and seasons on Net N-
mineralization in the two experimental sites: (a)=FP and
(b)=RB

In this study, RB site showed significantly
lower organic-C (1.51%) and total-N (0.20%)
content as compared to FP site as most organic
matter input in forest soil is in the form of litter fall
(Singh and Singh, 1993) these differences were
suggested to be caused by differences in the
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amount, chemical properties and decomposition
processes of the organic layer (Ono et al. 2013).
The higher nutrient availability (soil carbon and
nitrogen contents) in the FP site enhances microbial
activity, as a result greater input of carbon and
nitrogen occurs in the soil via higher
decomposition rate. Soil organic matter improves
aeration of the soil and facilitates the functioning of
microorganism in soil. Thus, higher organic-C in
the soil of FP forest site may be attributed to higher
N-mineralization and nitrification rate than the RB
site. This study recorded significant interaction
between site and season indicating that the action
of season across the study site was different and
may be related to topographic characteristic of each
site, including vegetational cover, quality and
quantity of soil organic matter, organic-N, N-
mineralization and nitrification rates.

Higher concentration of mineral-N (N -
NHs*+N- NOs3) in the soil occurred in FP
(5.66:0.32 pg g month?) site while the lower
concentration recorded for RB (4.34+0.26 pg g*
month?) as well as higher Inorganic N content was
also observed in site FP (13.66+1.21 pg gt month-
1 in comparison to site RB (9.85+0.73 ng g*
month™?) (Table VI). The N- mineralization pattern
and Inorganic N content is dependent on the
amount of litter and quality of litter which is
determined by the vegetational composition of the
region as the species have varying fractions of
easily degradable and recalcitrant compounds in
their plant parts that influences the decomposition
rates (Bargali et al. 1993, 2015). The higher N-
mineralization rates in FP as compared to RB site
may be due to vegetational communities with large
fractions of easily degradable litter supplemented
with adequate abiotic and biotic factors. Wang et
al. (2018) reported that N- transformation
mechanisms are also controlled by diversity among
plant species as different plant species have
differential litter quality and decomposition rates
that provide a constant supply of nitrogen in wide
time frames that affects the nitrification and N-
mineralization rates within sites.
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Quan et al. (2014) and Zha et al. (2022)
observed that the carbon and nitrogen contents and
C:N ratio of the soil have coupling effects on
decomposition patterns of soil organic matter and
mineralization patterns. Gan et al. (2020)
documented that the ecological differences among
forests in association with the management regimes
followed results in differential selection of the plant
communities which significantly influences the
organic matter, available nutrients and N-
mineralization mechanisms. Jerabkova et al. (2006)
reported that nutrient release rates of carbon and
nitrogen were higher in mineral soil of deciduous
forests in comparison to coniferous forests resulting
in higher N-mineralization rates.

E. Relationship between soil characteristics
and N-transformation rates

The Himalayan ecosystems are quite diverse and
have frequent variations in topography, vegetation
composition and climatic conditions within short
distances which are responsible for the extensive
variability in soil characteristics (Bargali K et al.
2018 and Bargali et al. 2019). Pearson’s correlation
matrix revealed that soil properties significantly
(p<0.05) affected N- mineralization rates in the Sal
forest (Fig. 7). Primo et al. (2021) also reported that
the soil parameters have direct or indirect effect on
the N-mineralization rates of an ecosystem.

N-mineralization rates recorded strong positive
correlations (p<0.05) with season and soil nitrogen
while negative correlations were recorded with
sites, clay content and C/N ratio (Fig.7). Bhuyan et
al. (2014) also reported that coarse textured soil
with higher sand and soil organic carbon content
positively influence the N- mineralization rates
whereas soil with higher clay content showed lower
N- mineralization rates because the fine clay
particles protect the organic matter from
decomposition by microbes.

Masunga et al. (2016) also observed that high N
supply and lower C:N ratio increased the N-
mineralization rates. Soil organic carbon was
negatively correlated with sites, seasons and soil
depth while soil nitrogen varied significantly with
seasons and sites. Bulk density showed strong
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positive correlation with soil depth while porosity
was negatively correlated. C/N ratio was negatively
correlated with soil depth, seasons, bulk density,
soil moisture content, soil nitrogen (Fig. 7).

Sites

Seasons|

Seasons

Singh and Kashyap (2007) and Karki et al. (2021c)
also reported that the vegetational composition,
carbon and nitrogen content of the soil determine
the N- mineralization rates of a region.
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Fig.7. Correlation matrix of the soil and Nitrogen mineralization; more visible circles showed higher correlation among variables;
bluish color indicated positive correlation while reddish color indicated negative correlation. SD- Soil depth, bd-bulk density, Po-
Porosity, SMC- Soil moisture content, WHC-Water holding capacity, SOC-soil organic carbon, SN-Soil nitrogen, C/N-Carbon and

Nitrogen ratio, N-min- Nitrogen mineralization [Boxes show significant values (p<0.05)].

Table V. Multivariate analysis of variance for different N- mineralization parameters verses sites, seasons and soil depth among

the studied sites (ug g* montht)

Parameters Ammonification Nitrification Net N-mineralization
Sites (SI) 1.37* 115.74* 66.59*

Seasons (SE) 24.38* 19.26* 36.84*

Soil depth (SD) 4.36* 22.00* 7.00*

SI* SE 38.28* 18.19* 22.45*

SI*SD 8.08* 17.51* 1.58*

SE*SD 1.16* 4.90* 4.21*

SI* SE* SD 8.57* 3.99* 11.03*

Institute of Science, BHU Varanasi,
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Table VI. Available mineral N and mineralization rates (mean+ SE) in soils of sub-tropical Sal forest in Central Himalaya, India

Soil N parameters Sites
FP RB

NH4-N (ug g 7.30+0.97 6.14+0.62
NO3z-N (ug g 6.37+0.72 3.72+0.65
NH4-N:NOs-N 1.15+0.03 1.65+0.09
Total Inorganic N (ug g% 13.66+1.21 9.85+0.73
Ammonification (ug g-*month) 2.36+0.21 2.22+0.15
Nitrification (ug g-*month-1) 3.30+0.23 2.12+0.17
Ammonification: Nitrification 0.72+0.09 1.05+0.08
N-mineralization (ug g-*month-) 5.66+0.32 4.34+0.26

CONCLUSION

In this study, the floristic composition along with
soil properties, like clay content, bulk density, soil
carbon and nitrogen content significantly affected
N mineralization rates in the subtropical Sal forest
of Central Himalayan region. The soil physical as
well as chemical characteristics regulate the soil
health which directly influenced the N-
mineralization patterns. The higher mineralization
rates observed during the summer season reflects
the appropriate temperature regimes in association
with other biotic and abiotic factors for better
physiological activities of microbial communities
to support the growth and development of plant
species. The reduced temperature during winter
season slowed down the N transformation
mechanisms involved in the process of N-
mineralization. The distinct rates of N-
mineralization among the sites demonstrated
species specific control on soil nutrient and plant
community dynamics. The results would help in
conceptualizing better management regimes for
sub- tropical Sal forests for improved N cycling.
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