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The belowground systems of trees have a major role in forest functioning

through absorption of water and nutrient cycling. This study deals with the fine

root dynamics including fine root biomass, necromass, production, turnover,

and nutrient return in transitional Sal (Shorea robusta Gaertn. f.) dominated

sub-tropical forest ecosystems of Central Himalaya, India. Four sites namely,

Site-1 (Kaladhungi), Site-2 (Fatehpur), Site-3 (Ranibagh), Site-4 (Amritpur) were

selected in Sal forest within an elevational range between 405 and 580 m

above sea level. The dominant and associated co-dominant species were

selected from each site for the estimation of fine root dynamics by using

sequential core and ingrowth core methods. The results revealed that the

fine root biomass, necromass, and production were significantly (p < 0.05)

affected by location, seasons, and soil properties. The fine root biomass and

production decreased with increasing soil depth and also influenced by stand

characteristics including tree density and basal area. The rainy season was

most productive with maximum fine root biomass (507.37 kg ha−1) as well

as fine root production (600.26 kg ha−1 season−1) in the dominant tree

species S. robusta. Among the associated co-dominant tree species highest

fine root biomass (330.48 kg ha−1) and fine root production (410.04 kg

ha−1 season−1) was reported for Tectona grandis L. during the rainy season,

while lowest fine root biomass (126.72 kg ha−1) and fine root production

(195.59 kg ha−1 season−1) in the Glochidion velutinum Wight tree species

during the winter season. Annual fine root production ranged from 460.26 to

1583.55 kg ha−1 yr −1, while turnover rate varied from 1.37 to 4.45 yr−1 across

all the studied sites. The fine roots added carbon input of 154.38 to 564.20 kg

ha−1 yr−1 and nitrogen input of 6.58 to 24.34 kg ha−1 yr−1 to the soil through

annual flux. The study improves our understanding on fine root parameters

under the influence of sites, soils and seasonal and spatial variation. The return
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of nutrients to the soil through fluxes from the roots illustrates the role of fine

roots in carbon and nitrogen cycling of the forests and this potential can be

harnessed to assess the long-term carbon and nitrogen pool estimations in

forests and to plan and manage the forest ecosystems.

KEYWORDS

fine root dynamics, Central Himalaya, ingrowth core, turnover rate, carbon flux,
forest ecosystems

Introduction

The forest ecosystems have four major sources that are
responsible for the flux of nutrients within the ecosystem namely
aboveground, belowground components, litter, and soil (Persch
et al., 2015). Among these, the belowground parts have a pivotal
role in the functioning of a forest ecosystem and contribute
more than 30% of net primary productivity of the terrestrial
ecosystems but majority of the studies mainly focus on the
contribution of aboveground parts (Mikieleko et al., 2021). Fine
roots have a diameter of ≤2 mm are involved in the nutrient
acquisition, organic matter accumulation, and elemental flow
within the forest ecosystems (Wang et al., 2016) and are mainly
concentrated in the soil surface due to the higher concentrations
of soil organic matter and rapid microbial activities in the
upper horizon of soil (Bargali et al., 2019; Manral et al., 2022).
Fine roots have a key role in soil carbon cycling through
rapid turnover and root exudates (Pausch and Kuzyakov,
2018; Keller et al., 2021). These fine roots thorough carbon
and nitrogen fluxes also helps for the natural regeneration of
forests which ultimately conserve the biodiversity, mitigating
the atmospheric carbon, and provide multiple ecosystem goods,
and services (Chazdon et al., 2020). Efforts to restore the
degraded and lost ecosystems are the need of today (Chazdon
and Brancalion, 2019). Natural regeneration of forests is
an intersection point for conservation and restoration goals
(Chazdon, 2019).

Vegetation, soil characteristics and availability of resources
determines the development, distribution and proliferation of
root system in trees (Weemstra et al., 2020; Awasthi et al.,
2022a). Distinct seasonality in the sub-tropical regions alters the
resource availability in different seasons resulting in temporal
and spatial variability in fine roots (Cusack et al., 2021; Karki
et al., 2022). Fine roots have a crucial role in fluxes of carbon
and nitrogen in forest ecosystems (Malhi et al., 2017). The fine
root biomass and production constitutes a small fraction of tree
biomass but the carbon inputs to the soil from fine roots are 1.4
times higher than the inputs from the aboveground components
due to the rapid turnover rate of fine roots in most of the
terrestrial ecosystems (Ding et al., 2019).

The Bhabhar region which is an alluvial belt with permeable
sediments composed of sub-tropical Sal forests that mark a
transitional zone between hills and terai; thus have a peculiar
topography and vegetation composition. This region also having
several ecologically and economically important species that
contributes to the nutrient accumulation and nutrient cycling,
cardinally and is under immense anthropogenic pressures. The
aboveground components of the species have been explored and
well documented, while the belowground systems still remain
unfathomed (Persch et al., 2015). Fine roots are immensely
important component of the forest ecosystems yet the detailed
information on fine root dynamics in the Himalayan terrain
is limited to some regions only (Usman et al., 2000; Garkoti,
2012; Karki et al., 2021a; Verma et al., 2021). The objectives of
the present study were to study the fine root dynamics in Sal
dominated forest ecosystem and to assess their role in organic
matter and nitrogen accumulation and turnover in soil.

Materials and methods

Study sites and climate

The study was carried out in the Bhabhar region of Nainital
district in Central Himalaya, India. An area of 1 ha was
established in Shorea robusta Gaertn. f. dominated forests
at four sites viz. Site-1 (Kaladhungi), Site-2 (Fatehpur), Site-
3 (Ranibagh), and Site-4 (Amritpur) varying in topography
and soil characteristics and located between 405 and 580 m
asl (Figure 1). The characteristics of the sites are given in
Table 1. The study was conducted during August 2017–2019.
The study area comes under sub-tropical zone with peculiar
climatic regimes with three distinct seasons namely, rainy (July–
October), winter (November–February), and summer (March–
June). During the 1st year the mean temperature ranged
between 9 (January) and 38◦C (June) and annual rainfall varied
from 0 (October) to 577.6 mm (July), while during the 2nd year
the mean temperature ranged from 5 (December) to 40◦C (June)
and annual rainfall ranged from 5 (January) to 558 mm (July).
The climatic specifics are mentioned in Figures 2, 3.
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Vegetation and soil sampling

The vegetation was sampled by placing 10 (10 m × 10 m)
quadrats for tree species and the density and basal area were
determined by following Misra (1968). Soil samples were
collected from the three depths (0–20, 20–40, and 40–60 cm)
by using a soil corer in random manner in each season and
the soil samples were collected in replicates of three, brought
to the laboratory and air-dried. Soil texture that indicates the
relative content of particles of various sizes, such as sand, silt,
and clay in the soil was determined by passing the soil through
a series of sieves having different mesh sizes (Indian Standard,
1965). Soil pH was determined by mixing 20 g of soil sample
with 40 ml of distilled water in a ratio of 1:2 and by stirring
the suspension thoroughly using the glass rod. The mixture

was then kept as such for 1 h. The combined electrode was
inserted into supernatant and pH was recorded and before
taking each new reading the electrode was washed and cleaned
using distilled water following Jackson (1958). Bulk density
refers to weight of dry soil per unit of volume typically expressed
in gm cm−3. To determine the bulk density, a steel augur of
known volume was used to collect soil samples from different
soil depths, which were brought to the laboratory and oven dried
at 60◦C till constant weight and bulk density was determined by
dividing oven-dried weight of soil by volume (πr2h), following
Black (1965). Water holding capacity refers to the ability of a
certain soil texture to physically hold water against the force
of gravity and was determined by using nickel sieves with
water saturated soil in filter papers following Piper (1950). Soil
moisture content was determined by collecting 50 g of fresh

TABLE 1 Site descriptions and soil characteristics of sub- tropical Sal forest.

Site-1 (Kaladhungi) Site-2 (Fatehpur) Site-3 (Rani Bagh) Site-4 (Amritpur)

Dominant tree species Shorea robusta Roxb. ex
Gaertner f.,

Shorea robusta Shorea robusta Shorea robusta

Associated tree species Mallotus philippensis (Lam.)
Muell-Arg, Cassia fistula L.,
Holoptelea integrifolia
(Roxb.) Planch., Grewia
optiva Drumm. ex Burret,
Aegle marmelos (L.) Correa,
Holarrhena pubescens Wall.
ex G.Don, Syzygium cumini
(L.) Skeels, Bauhinia
variegate L.

Glochidion velutinum Wight,
Mallotus philippensis (Lam.)
Muell-Arg, Dalbergia sissoo
Roxb.,
Syzygium cumini (L.) Skeels,
Toona ciliata Roem.,
Grewia asiatica L.

Holarrhena pubescens Wall.
ex G.Don,
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.

Tectona grandis L. F.,
Mallotus philippensis (Lam.)
Muell -Arg, Holarrhena
pubescens Wall. ex G.Don,
Butea monosperma (Lam.)
Taub., Schleichera oleosa
(Lour.), Haldina cordifolia
(Roxb.) Ridsdale, Terminalia
chebula Retz., Ehretia laevis
Roxb., Terminalia alata
(Gaertner) Roxb., Syzygium
cumini (L.) Skeels

Latitude (N) 29◦17′07.35′ ′ 29◦19′23.69′ ′ 29◦17′10.03′ ′ 29◦17′54.32′ ′

Longitude (E) 79◦20′52.67′ ′ 79◦18′05.34′ ′ 79◦32′49.19′ ′ 79◦32′44.11′ ′

Elevation (m a.s.l.) 405 430 580 575

Total density (ind. ha−1) 630 620 810 800

Total basal area (m2 ha−1) 28.80 25.51 25.63 29.52

Sand (%) 36.37± 2.63 35.79± 1.77 32.13± 1.27 39.18± 1.32

Clay (%) 23.20± 1.34 38.21± 2.28 36.06± 0.75 25.48± 1.52

Silt (%) 40.43± 1.89 26.01± 1.17 31.80± 0.71 35.35± 0.65

Soil moisture content (%) 13.56± 2.04 9.95± 1.40 10.86± 1.40 13.15± 1.37

Water holding capacity (%) 57.10± 1.06 44.91± 1.75 46.11± 1.25 43.27± 1.73

Bulk density (g cm−3) 1.30± 0.03 1.33± 0.03 1.32± 0.02 1.25± 0.03

Porosity (%) 50.08± 1.05 48.80± 0.02 49.02± 0.90 50.08± 1.22

pH 5.78± 0.08 7.05± 0.09 7.49± 0.06 5.41± 0.07

Soil organic carbon (SOC)
(%)

1.29± 0.04 1.74± 0.03 1.48± 0.03 2.74± 0.05

Total nitrogen (%) 0.17± 0.003 0.21± 0.004 0.19± 0.003 0.25± 0.009

The dominant and codominant tree species mentioned in bold letters were selected for fine root dynamics.
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FIGURE 1

Map of the study area.

FIGURE 2

Climatic data during August 2017–July 2018.

soil samples (in triplicates), which were oven dried, weighed,
and moisture content was calculated on the basis of dry weight
following Jackson (1958). Soil porosity that represents void or

empty pore spaces in the soil which is of crucial importance
for conduction of water, air, and nutrients into the soil was
determined by substracting, dividing bulk density values by a
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FIGURE 3

Climatic data during August 2018–July 2019.

factor of 2.6 and multiplying with 100 following Kumar (2000).
Soil organic carbon was estimated by using Walkley and Black
(1934) procedure based on rapid dichromate oxidation. Soil
nitrogen was determined by using Kjeldhal digestion method
following defined standard ecological protocols (Subbiah and
Asija, 1956).

Sampling of fine roots

For fine root estimation, at each location fine roots of
dominant and co-dominant tree species were collected at 1
and 1.5 m distance from tree bole at 3 depths (0–20, 20–40,
and 40–60 cm) through stratified random sampling. The fine
root biomass (FRB) was estimated through sequential soil core
method which is a direct method that equates root biomass
using a steel auger having an internal diameter of 7.5 cm and a
length of 60 cm. This method is simple in operational principle
and provides highly accurate details of spatial and temporal
variability of fine roots. The fine roots were extracted seasonally
(rainy, winter, summer) up to the depth of 60 cm (0–20, 20–40,
and 40–60 cm soil depth) using the steel auger. Roots were
extracted from soil core and the hole was refilled with root-free
soil. Depth wise root samples were collected from different
directions and were pooled. Individual cores were placed in
separate bags and taken to the laboratory to separate the fine
roots. Organic material was separated from the roots by passing
the individual soil cores through a sequence of sieves. The living
and dead roots were hand sorted from the residues remaining
in each sieve on the basis of color and texture and fine root
biomass and necromass were determined. Fine root production
(FRP) was estimated through ingrowth core method (Lukac and
Godbold, 2010; Karki et al., 2022). The ingrowth core method
is also a direct method which is based on the assumption that
the disturbances to the roots and soil do not affect the root in
growth and is highly economical and efficient. In this method,

first time sampling of roots was done by using soil corer. Roots
were collected and ingrowth cores (nylon net with mesh size of
2 mm and mesh openings) were installed vertically in holes of
60 cm depth where the soil had been removed with a corer, and
the ingrowth cores were filled with root-free soil from the same
stand and left in the field for about four months’ time interval
which is optimal duration for assessing the ingrowth of fine
roots. Thus, root-free cores were installed three times in each
year during the study for the estimation of seasonal FRP. The
cylindrical ingrowth core with mesh openings allows only the
entry of fine roots, soil microorganisms into it due to its defined
mesh size. The subsequent growth of roots in this nylon net was
measured and used to estimate fine root production in the field.
The collected roots from the respective depths and distances in
each site were brought to the laboratory, pooled depth wise and
were separated from debris and other organic material, cleaned
and divided into live and dead roots on the basis of keen visual
inspection and ultimately oven dried at 60◦C for 48 h. The oven
dried root samples were weighed, grinded, and kept in sealed
plastic bags for carbon (Jackson, 1958) and nitrogen (micro-
Kjeldhal method) analysis. At each location 3 individuals of each
tree species were selected, marked and fine roots were collected
seasonally, resulting in a total of 432 fine root samples each year
{3(Trees)× 2(species)× 4(sites)× 3(depths)× 2(distances)× 3(seasons)}.
Three individuals of each tree species were selected to unify the
sampling procedure and to reduce the chances of biasness and
errors in the study. The field sampling procedures were designed
in such a manner that the clumping or overlapping of sampling
locations and fine roots of different trees can be avoided. As
the samples for each tree species were collected from a region
where mostly the individuals of the same tree species were
present within the study area to avoid any confusion in fine
root collection and to capture the spatial heterogeneity of root
distribution in the studied sites. Annual fine root production
was calculated by summing the seasonal fine root production
(Lopez et al., 2001). Fine root turnover was determined by
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dividing the annual fine root ingrowth by maximum fine
root biomass depth wise and distance wise (Dahlmand and
Kucera, 1965; Karki et al., 2021b). Mean fine root biomass and
production and turnover values were determined depth wise
seasonally and fine root datasets were prepared site wise for
2 years.

The annual carbon and nitrogen flux from the fine roots
were calculated by multiplying the annual fine root production
(kg ha−1 yr−1) with the carbon and nitrogen concentrations (%)
in the fine roots following Xia et al. (2015) that yields the annual
carbon and nitrogen input into the soil through fine roots.

Statistical analysis

SPSS 25 was used to establish relationship between
vegetational attributes and fine root dynamics among the
experimental sites, across the seasons and year. PAST3
(Paleontological Statistics Software for Education and Data
Analysis) statistical package was used to determine the impact
of soil properties on fine root dynamics.

Results

Vegetation and soil characteristics

The vegetational analysis revealed the dominance of
S. robusta in all the sites and presence of co-dominant species
like Mallotus philippensis (Lam.) Muell.-Arg at Kaladhungi,
Glochidion velutinum Wight at Fatehpur, Holarrhena pubescens
Wall. ex G.Don at Ranibagh and Tectona grandis L. at Amritpur.
Across the locations total tree density ranged between 620
(Fatehpur) and 810 ind ha−1 (Ranibagh). Highest total basal
area was reported in Amritpur (29.52 m2 ha−1) and lowest in
Fatehpur (25.51 m2 ha−1). The soil was deep, well drained,
neutral to slightly alkaline, coarse-loamy/fine loam, mainly
composed of poorly sorted unconsolidated sediments like
pebbles, gravels, sand, and silt with intervening clay layers
which makes it highly porous. The percent sand content in the
soil ranged from 32.13 (Ranibagh) to 39.18% (Amritpur), clay
content varied from 23.20 (Kaladhungi) to 38.21% (Fatehpur)
and silt content ranged between 26.01 (Fatehpur) and 40.43%
(Kaladhungi). Soil moisture content was recorded lowest at
Fatehpur (9.95%) and highest at Kaladhungi (13.56%). The
maximum water holding capacity was recorded at Kaladhungi
(57.10%), while, minimum at Amritpur (43.27%). Bulk density
was highest at Fatehpur (1.33 g cm−3) and lowest at Amritpur
(1.25 g cm−3). Porosity was highest at Kaladhungi and Amritpur
(50.08%), while lowest at Fatehpur (48.80%). Soil pH ranged
from slightly acidic (5.41) in Amritpur to slightly basic (7.49)
in Ranibagh. The soil organic carbon content varied from 1.29
(Kaladhungi) to 2.74% (Amritpur), while total nitrogen content

of the soil was reported to be maximum at Amritpur (0.25%)
and minimum (0.17%) at Kaladhungi (Table 1).

Distribution pattern of fine roots

All the locations showed similar pattern of fine root
distribution. Vertically, highest fine root dispersal was
recorded in the uppermost layer (262.16–362.03 kg ha−1)
which decreased with increasing soil depth during both
the experimental years in all the species (Figures 4A–D).
Horizontally, fine roots were more concentrated at 1 m distance
(124.52–356.62 kg ha−1) from tree bole as compared to 1.5 m
distance (110.75–313.75 kg ha−1) though the differences were
statistically not significant (Figures 4A–D).

Fine root biomass

During the 1st year, at 1 m distance from the tree base
FRB of S. robusta was maximum at Amritpur (362.03 kg ha−1)
and minimum at Ranibagh (179.65 kg ha−1), while at 1.5 m
distance from the tree base, highest value of FRB was reported
at Kaladhungi (431.91 kg ha−1) and lowest FRB was reported
at Ranibagh (158.52 kg ha−1). During the 2nd year, at 1 m
distance from the tree base, the highest FRB was recorded
at Fatehpur (377.90 kg ha−1), and lowest FRB was reported
at Ranibagh (225.64 kg ha−1). The value of FRB at 1.5 m
distances from the tree base was recorded to be maximum
at Kaladhungi (451.83 kg ha−1) whereas, minimum FRB was
reported at Ranibagh (181.50 kg ha−1). For the co-dominant
species at Kaladhungi, the highest values of FRB (338.97 and
298.66 kg ha−1) were reported for M. philippensis at 1 and 1.5 m
distance from the tree base, respectively, while lowest FRB was
observed at Fatehpur for G. velutinum, (107.16 kg ha−1 at 1 m
distance and 102.19 kg ha−1 at 1.5 m distance from tree base),
during the 1st year. During the 2nd year, maximum FRB was
reported for M. philippensis at Kaladhungi while, lowest for
G. velutinum at Fatehpur at both the distances from the tree
base (Figures 4C, D).

Fine root necromass

Across the sites, the fine root necromass (FRN) of S. robusta
was highest (109.05 kg ha−1) at Amritpur and lowest (52.31 kg
ha−1) at Kaladhungi at the distance of 1 m from the tree base
during the 1st year. At 1.5 m distance from the tree base,
maximum FRN was reported at Amritpur (113.08 kg ha−1)
and minimum (51.32 kg ha−1) at Kaladhungi. During the
2nd year, the maximum (114.46 kg ha−1 at 1 m distance and
114.83 kg ha−1 at 1.5 m distance) and minimum (57.48 kg
ha−1 at 1 m distance and 58.86 kg ha−1 at 1.5 m distance)
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FIGURE 4

Spatial variability (A–D) in fine roots parameters (kg ha-1) of trees in Sal forest sites. FRB, fine root biomass; FRN, fine root necromass; FRP, fine
root production.
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FIGURE 5

Temporal variability in fine root parameters (kg ha-1 season-1) among the experimental sites during 1st (A) and 2nd (B) year. FRB, fine root
biomass; FRN, fine root necromass; FRP, fine root production.

FRN was recorded at Kaladhungi. For the co-dominant species,
during the 1st year at 1 m distance from the tree base, the
maximum FRN was recorded at Kaladhungi for M. philippensis
(116.34 kg ha−1) and minimum FRN was recorded at Amritpur
for T. grandis (47.17 kg ha−1) while at 1.5 m distance, the highest
(105.65 kg ha−1) and lowest FRN (44.02 kg ha−1) was recorded
for H. pubescens at Ranibagh. During the 2nd year, at 1 m
distance from the tree base, the highest FRN (120.12 kg ha−1)
was recorded for M. philippensis at Kaladhungi while, lowest
value of FRN (49.68 kg ha−1) was recorded for H. pubescens at
Ranibagh. At 1.5 m distance from the tree base, the maximum
FRN (105.02 kg ha−1) was recorded for T. grandis of Amritpur
and minimum (40.88 kg ha−1) for G. velutinum at Fatehpur
(Figures 4C, D).

Seasonal fine root production

During the 1st year, the fine root production of S. robusta
across the locations at 1 m distance from the tree base
was maximum (471.08 kg ha−1 season−1) at Amritpur and
minimum (235.49 kg ha−1 season−1) at Ranibagh, while at
1.5 m distance from the tree base highest fine root production
was reported at Kaladhungi (538.82 kg ha−1 season−1) and
lowest (212.98 kg ha−1 season−1) at Ranibagh. During the
2nd year, at 1 m distance from the tree base, the highest
(491.22 kg ha−1 season−1) and lowest (291.86 kg ha−1

season−1) FRP were recorded at Kaladhungi. The maximum
value of FRP at 1.5 m distance from the tree base was recorded
at Kaladhungi (566.67 kg ha−1 season−1) and minimum at
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FIGURE 6

Variability in annual fine root production (AFRP) among the experimental sites (kg ha-1 year-1).

Ranibagh (249.04 kg ha−1 season−1). Among the co-dominant
tree species highest FRP was estimated for M. philippensis at
Kaladhungi while, lowest FRP was recorded for G. velutinum
at Fatehpur during both the studied years as well as at both the
distances. At 1 m distance from the tree base, the maximum FRP
was 455.32 kg ha−1 season−1 and minimum FRP was 158.10 kg
ha−1 season−1, while at 1.5 m distance, the highest recorded
FRP was 401.80 kg ha−1 season−1 and lowest FRP was 148.73 kg
ha−1 season−1, during the 1st year. During the 2nd year, at 1 m
distance from the tree base, the highest FRP was 476.74 kg ha−1

season−1 and lowest FRP was 174.83 kg ha−1 season−1. At 1.5 m
distance from the tree base, the maximum FRP was 416.89 kg
ha−1 season−1 and minimum FRP was 151.62 kg ha−1 season−1

(Figures 4C, D).

Seasonal variation in fine roots

Fine root biomass, production and turnover of dominant
and associated species also varied significantly (p < 0.05) across
the seasons and years (p < 0.05).

Fine root biomass

During both the year, FRB of S. robusta, was maximum
during the rainy season at Kaladhungi, while minimum during
the winter season at Fatehpur. Among the co-dominant tree
species, the highest FRB during 1st year was reported during
rainy season for T. grandis (319.64 kg ha−1) at Amritpur, while
lowest FRB was recorded during winter season for G. velutinum

(126.72 kg ha−1). During 2nd year, the maximum FRB was
observed for T. grandis (330.48 kg ha−1) at Amritpur and
minimum FRB was reported for G. velutinum (126.72 kg ha−1)
at Fatehpur (Figures 5A, B).

Fine root necromass

During both the years, for S. robusta, the FRN was highest
at Fatehpur during the rainy season and minimum at Ranibagh
during the winter season. For the co-dominant tree species,
during 1st year, the FRN was maximum during rainy season for
T. grandis (79.87 kg ha−1) at Amritpur, and minimum during
winter season for H. pubescens (71.06 kg ha−1) at Ranibagh.
The FRN was highest at Kaladhungi for M. philippensis (80.18 kg
ha−1) and lowest for G. velutinum (68.87 kg ha−1) at Fatehpur,
during the 2nd year (Figures 5A, B).

Fine root production

During both the years, the FRP of S. robusta was maximum
during rainy season at Kaladhungi, and minimum during winter
season at Fatehpur. Across the years, during 1st year maximum
FRP was 578.39 kg ha−1 season−1, while during 2nd year
it was 600.26 kg ha−1 season−1. The minimum values of
FRP were 258.91 and 260.54 kg ha−1 season−1 during 1st
year and 2nd year, respectively. Among the co-dominant tree
species, during 1st year, the FRP was maximum during rainy
for T. grandis (399.50 kg ha−1 season−1) at Amritpur, and
minimum during winter season for G. velutinum (200.30 kg
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FIGURE 7

Variability in turnover rate (yr-1) among the studied Sal forest sites during 1st (A) and 2nd year (B).

ha−1 season−1) at Fatehpur. The highest FRP was observed at
Amritpur for T. grandis (410.04 kg ha−1 season−1) and lowest
FRP was reported for G. velutinum (195.59 kg ha−1 season−1)
at Fatehpur, during 2nd year (Figures 5A, B).

Annual fine root production

In the present study, AFRP showed a decreasing trend
with increasing soil depth. During the 1st year, annual fine

root production of S. robusta ranged from 672.709 (Ranibagh)
in deepest (40–60 cm) soil depth to 1559.935 kg ha−1 yr−1

(Kaladhungi) in uppermost (0–20 cm) soil depth. During
the 2nd year, the AFRP for S. robusta varied from 816.547
(Ranibagh) to 1583.554 kg ha−1 yr−1 (Kaladhungi). During the
1st year, for the co-dominant tree species, the highest annual
fine root production (1285.67 kg ha−1 yr−1) was recorded for
M. philippensis (Kaladhungi) in 0–20 cm soil depth, while lowest
AFRP (460.255 kg ha−1 yr−1) was observed for G. velutinum
(Fatehpur) in 40–60 cm soil depth. During the 2nd year,
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AFRP ranged between 489.685 kg ha−1 yr−1 for G. velutinum
(Fatehpur) in 40–60 cm soil depth to 1333.78 kg ha−1 yr−1 for
M. philippensis (Kaladhungi) in 0–20 cm soil depth (Figure 6).

Turnover rate (yr−1)

The rate of fine root turnover was observed highest at upper
most soil layer while, least at deeper soil depth in the present
study. Fine root turnover rate of S. robusta ranged between 2.67

TABLE 2 Carbon concentration (%) in fine roots of trees under
selected sub- tropical Sal forests.

Tree species 1st year 2nd year

Soil depths (cm)

0–20 20–40 40–60 0–20 20–40 40–60

Site-1

S. robusta 35.93 36.03 35.83 35.79 35.59 35.46

M. philippensis 33.23 33.26 33.63 32.90 33.34 32.89

Site-2

S. robusta 37.05 36.32 36.31 36.97 36.22 35.92

G. velutinum 33.33 33.22 33.54 32.82 32.99 32.86

Site-3

S. robusta 37.65 37.55 37.87 37.56 37.64 37.61

H. pubescens 32.20 32.21 32.46 31.92 32.42 32.51

Site-4

S. robusta 39.64 39.97 40.36 39.71 39.97 40.53

T. grandis 34.24 34.15 34.19 33.80 33.98 33.98

TABLE 3 Nitrogen concentration (%) in fine roots of trees under
selected sub- tropical Sal forests.

Tree species 1st year 2nd year

Soil depths (cm)

0–20 20–40 40–60 0–20 20–40 40–60

Site-1

S. robusta 1.44 1.32 1.29 1.44 1.32 1.29

M. philippensis 1.14 1.13 1.14 1.10 1.15 1.16

Site-2

S. robusta 1.56 1.48 1.42 1.53 1.49 1.45

G. velutinum 1.50 1.43 1.43 1.48 1.43 1.42

Site-3

S. robusta 1.69 1.64 1.56 1.64 1.59 1.53

H. pubescens 1.40 1.36 1.32 1.41 1.35 1.33

Site-4

S. robusta 1.71 1.58 1.47 1.65 1.55 1.47

T. grandis 1.38 1.28 1.25 1.35 1.31 1.28

(Amritpur) and 3.43 yr−1 (Ranibagh) at 1 m distance from
the tree base while, at 1.5 m distance from the tree base, the
maximum turnover rate was reported at Ranibagh (3.45 yr−1)
and minimum at Kaladhungi (2.47 yr−1) during the 1st year.
During the 2nd year, at 1 m distance the turnover rate for
S. robusta varied from 1.54 (Amritpur) to 3.33 yr−1 (Ranibagh),
while at 1.5 cm distance from the tree base, the highest turnover
rate was observed at Ranibagh (3.41 yr−1) and least at Amritpur
(1.43 yr−1). Among the co-dominant tree species, during the
1st year at 1 m distance from the tree base turnover rate
varied from 2.75 (for T. grandis at Amritpur) to 4.13 yr−1 (for
G. velutinum) at Fatehpur, whereas at 1.5 m distance, the highest
turnover rate (4.45 yr−1) was reported for H. pubescens at
Ranibagh and lowest turnover rate (2.19 yr−1) was observed for
M. philippensis at Kaladhungi. During the 2nd year, the turnover
rate ranged from 1.54 (for T. grandis) at Amritpur to 3.92 yr−1

(for G. velutinum) in Fatehpur at 1 m distance whereas, at
1.5 m distance from the tree base the highest turnover rate
(4.01 yr−1) was observed for H. pubescens at (Ranibagh) and
lowest turnover rate (1.37 yr−1) was reported for T. grandis at
Amritpur (Figures 7A, B).

Nutrient return

Fine roots are an important source and sink for nutrients
in terrestrial ecosystems. There were important differences in
the nutrient concentrations (carbon and nitrogen) of roots as a
function of soil depth with significant declines in concentration
with depth (Tables 2, 3). The highest annual carbon flux
(564.20 kg ha−1 yr−1) was recorded for S. robusta in 0–20 cm
soil depth at Amritpur during 1st year as well as at Kaladhungi
during the 2nd year. The lowest carbon flux was observed in
40–60 cm soil depth at site-3 (254.76 kg ha−1 yr−1) during 1st
and 2nd year (307.10 kg ha−1 yr−1). Among the associated tree
species, maximum carbon flux was reported for M. philippensis
in 0–20 cm soil depth during 1st (427.16 kg ha−1 yr−1) as well as
2nd year (438.86 kg ha−1 yr−1) at Kaladhungi, while minimum
flux was reported for G. velutinum in 40–60 cm soil depth
during 1st year (154.38 kg ha−1 yr−1) and 2nd year (160.93 kg
ha−1 yr−1) at Fatehpur (Figure 8).

The maximum annual nitrogen flux was observed for
S. robusta at in 0–20 cm soil depth at Amritpur (24.34 kg
ha−1 yr−1) during the 1st year and at Kaladhungi (22.80 kg
ha−1 yr−1) during the 2nd year. The lowest carbon flux was
observed in 40–60 cm soil depth at Ranibagh during the 1st
year (10.49 kg ha−1 yr−1) and at Kaladhungi during the 2nd
year (12.01 kg ha−1 yr−1). Among the associated tree species
highest annual nitrogen flux was reported for T. grandis during
1st (16.41 kg ha−1 yr−1) as well as 2nd year (15.65 kg ha−1 yr−1)
at Amritpur, while minimum flux was reported for G. velutinum
during 1st year (6.58 kg ha−1 yr−1) and 2nd year (6.97 kg
ha−1 yr−1) at Fatehpur (Figure 9).
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FIGURE 8

Annual carbon flux (kg ha-1 yr-1) into the soil via fine roots in sub- tropical Sal forest.

FIGURE 9

Annual nitrogen flux (kg ha-1 yr-1) into the soil via fine roots in sub- tropical Sal forest.

Discussion

The vertical gradient of fine root distribution revealed a
distinct pattern with higher biomass, necromass and production
in the superficial horizon of soil (0–20 cm) which declined
subsequently in the deeper soil depths (20–40 and 40–60 cm).
This pattern was observed probably because the top layer of
soil (0–20 cm) is enriched with nutrient contents, organic
matter which provides favorable microclimatic conditions for
the expansion of root system. The different soil layers differ
in their nutrient and water contents and thus have disparity

in the distribution of fine roots (Sahu et al., 2013; Wang
et al., 2016). The nutrient concentration of the surface layer
is also supplemented by litter decomposition (Rosado et al.,
2011; Oraon et al., 2018). Similar patterns of fine root
distribution were also reported by Mikieleko et al. (2021) in
semi-deciduous forest of Republic of Congo and Katayama
et al. (2019) in tropical rainforest of Joshi and Garkoti (2021)
in white oak forests of the Indian Central Himalayan
region.

The present study revealed that spatial distribution of fine
root biomass exhibited a peculiar pattern with highest fine root
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FIGURE 10

Percent contribution of fine root biomass (FRB) and fine root necromass (FRN) to fine root production among the study sites during the study
period.

biomass (507.37 kg ha−1) and fine root production (600.26 kg
ha−1 season−1) during the rainy season followed by summer
and winter seasons, respectively. These seasonal variations in
fine root biomass and production may be ascribed to the
suitable moisture and temperature regimes as also supported
by the climatic data obtained during the study periods. As
the rainy season coincides with active growth period of many
Himalayan tree species and during this season, the nutrients
get dissolved in soil solution and percolate into deeper soil,
thus to meet the demand of metabolic activities and growing
vegetative structures, the root system elaborates resulting in
higher fine root production. The temperature and moisture
conditions are pertinent with respect to fine root growth as they
are accountable for the carbon and nutrient allocation within
terrestrial tropical and sub-tropical ecosystems. The significant
relationship between fine root parameters and rainfall patterns
in tropical forests of Ghana and chir-pine mixed banj-oak forests
of Central Himalaya were also reported by Ibrahim et al. (2020)
and Verma et al. (2021). Significant effect of temperature on
fine root dynamics in sub-tropical forests was observed by
Fu et al. (2015). The annual fine root production was higher
for the dominant tree species S. robusta (672.71–1583.55 kg
ha−1 yr−1) as compared to the associated co-dominant species
(460.26–1333.78 kg ha−1 yr−1).

Across the sites, maximum fine root biomass was recorded
at Kaladhungi (76.83–77.26%), while maximum FRN (28.10–
28.13%) was recorded at Ranibagh during 1st as well as 2nd
year (Figure 10). The FRB values obtained in the present study
are comparable with the studies conducted in forests around
the globe. Fine root biomass within a range of 1.1–5.8 t ha−1

in sub-tropical forests of China was observed by Yang et al.
(2002) and Pei et al. (2018). The values of fine root biomass were
reported from 174.3 to 516.6 g m−2 in protected natural forests
of, in tropical Central Amazonian forest of Brazil by Singha
et al. (2020), the FRB values ranged between 1.9 and 13.1 Mg
ha−1 (Cordeiro et al., 2020) and in Central Himalayan chir-pine
and banj-oak forests the FRB values were 24 to 972 kg ha−1

(Usman et al., 1997). Similar findings were also reported for fine
root production from the deciduous forest of Central Himalaya
(2.94–6.34 Mg ha ha−1 yr−1) by Garkoti (2011) and the agro-
ecosystems of Central Himalaya (232.2–1905.9 kg ha−1 yr−1)
by Karki et al. (2021c, 2022).

Turnover rate (yr−1) refers to the growth and dieback of
fine roots and plays a crucial role in forest ecosystems as it
provides carbon and nutrient inputs into the soil (Lukac, 2012).
The water and nutrient accessibility to the growing vegetation
in the forest ecosystems regulates the fine root turnover rates
(Lima et al., 2010). The results showed no definite trend across
the sites as well as depth the possibly due to the specific habitat
conditions and climatic attributes as these variations are very
evident in the Himalayan regions (Bargali et al., 2018). Similar
findings from the global as comparison of turnover rates in
boreal, temperate and tropical forests also reported by Finer
et al. (2011). The values (1.37–4.45 yr−1) are comparable with
the values (2.3–3.1 yr−1) reported by Ibrahim et al. (2020) and
were comparatively higher than the values reported by Usman
et al. (2000) and Verma et al. (2021) for chir- pine and banj-oak
forests (0.67–0.84 yr−1) and Karki et al. (2021a) for agroforestry
systems (1.38–2.67 yr−1) of Central Himalaya. The sub-tropical
and tropical forests have higher fine root production and rapid
turnover rates in comparison to the boreal and temperate forests
(Wang et al., 2019).

Fine roots significantly contribute to the carbon and
nitrogen inputs of the soil through fluxes, decomposition and
mortality (Gautam and Mandal, 2018; Bibi et al., 2022). About
70% of soil organic carbon is sequestered by roots and is
returned back to the soil on mortality (Finer et al., 2019). In
the present study, the carbon fluxes from tree fine roots ranged
between 154.38 and 564.20 kg ha−1 yr−1, while nitrogen fluxes
varied from 6.58 to 24.34 kg ha−1 yr−1, during the study period.
Similar findings were observed by Cornejo et al. (2021) for the
carbon flux (171.26–211.72 g m−2 yr−1), nitrogen flux (2.83–
7.67 g m−2 yr−1) and by Hertel et al. (2009) for carbon flux
(127.2–232.8 g m−2 yr−1) in tropical forest stands varying
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TABLE 4 Pearson’s correlation matrix of soil and fine root parameters (n = 1800).

Y SI SE SD Sand Silt Clay bD Po SMC WHC SOC SN C: N pH FRB-Sal FRN-Sal FRP-Sal FRB -AS FRN-AS FRP-AS
Y 1NS 1NS 1NS 1NS 1NS 1NS 1NS 1NS 1NS 1NS 0.78NS 0.83NS 0.95NS 0.97NS 0.53NS 0.33NS 0.46NS 0.38NS 0.71NS 0.53NS

SI 1NS 1NS 0.34NS 0.53NS 0.23NS 0.94NS 0.19NS 0.89NS 9.99× 10−15* 0.11NS 8.46× 10−05* 0.01NS* 0.48NS 0.22NS 0.96NS 0.26NS 0.86NS 0.86NS 0.85NS

SE 1NS 1NS 1NS 1NS 1NS 1NS 1NS 1NS 0.45NS 0.04NS* 0.35NS 0.75NS 1.02× 10−06* 0.50NS 5.14× 10−06* 0.01NS* 0.73NS 0.03NS*

SD 0.81NS 0.03NS* 0.02NS* 4.13× 10−16* 3.46× 10−26* 0.08NS 0.17NS 0.06NS 0.42NS 0.28NS 0.74NS 0.01NS* 2.96× 10−38* 1.37× 10−06* 3.40× 10−05* 4.08× 10−33* 1.79× 10−09*

Sand 0.03NS* 0.01NS* 0.11NS 0.09NS 0.20NS 0.83NS 0.38NS 0.25NS 0.35NS 0.01* 0.04NS* 0.85NS 0.05NS 0.01NS* 0.37NS 0.01NS*

Silt 2.01× 10−16* 0.36NS 0.72NS 6.82× 10−08* 5.82× 10−06* 0.59NS 0.37NS 0.02NS* 5.17× 10−20* 0.73NS 0.02NS* 0.95NS 3.58× 10−05* 0.73NS 0.01NS*

Clay 0.05NS 0.16NS 5.15× 10−05* 9.80× 10−065* 0.29NS 0.11NS 0.13NS 3.13× 10−06* 0.33NS 0.02NS* 0.21NS 0.10NS 0.37NS 0.26NS

bD 2.94× 10−32NS* 0.33NS 0.64NS 0.10NS 0.39NS 0.15NS 0.34NS 0.01 2.46× 10−29* 5.45× 10−07* 2.67× 10−07* 7.49× 10−34* 1.49× 10−12*

Po 0.24NS 0.15NS 0.06NS 0.11NS 0.05NS 0.06NS 0.01NS* 2.29× 10−20* 3.35× 10−06* 5.05× 10−07* 1.86× 10−25* 1.34× 10−11*

SMC 0.09NS 0.68NS 0.59NS 0.49NS 1.15× 10−06* 0.88NS 0.12NS 0.90 NS 0.01 NS* 0.75 NS 0.06 NS

WHC 0.01NS* 5.25× 10−05* 0.28 NS 0.02NS* 0.66NS 0.16 NS 0.85 NS 0.24 NS 0.44 NS 0.45 NS

SOC 0.01NS* 0.05NS 0.43NS 0.05NS 0.03 NS* 0.03 NS* 0.53 NS 0.06 NS 0.31 NS

SN 0.03NS* 0.47NS 0.81NS 0.49 NS 0.91 NS 0.72 NS 0.32 NS 0.97 NS

C: N 0.01NS* 0.20NS 0.39 NS 0.19 NS 0.01 NS* 0.04 NS* 0.01 NS*

pH 0.31NS 0.56 NS 0.39 NS 1.04× 10−06* 0.12 NS* 9.80× 10−06*

FRB-Sal 0.01 1.26× 10−60* 3.62× 10−12* 0.01* 4.78× 10−11*

FRN-Sal 2.50× 10−07* 3.64× 10−05* 2.50× 10−28* 3.29× 10−09*

FRP-Sal 5.77× 10−13* 2.95× 10−05* 5.08× 10−13*

FRB -AS 5.91× 10−07* 2.40× 10−47*

FRN-AS 8.54× 10−13*

FRP-AS

*Correlation is significant at the 0.05 level (2-tailed), where, NS, not significant (p > 0.05); NS*, significant before but not after the Bonferroni correction is applied (a < p < 0.05, where a = 0.0016), *significant after the Bonferroni correction is applied. Y,
year; SI, sites; SE, seasons; SD, soil depth (cm); bD, bulk density (g cm−3); Po, porosity; SMC, soil moisture content (%); WHC, water holding capacity (%); SOC, soil organic carbon (%); SN, soil nitrogen (%); C: N, carbon: nitrogen ratio); FRB-Sal, fine
root biomass of Sal tree (Kg ha−1); FRN-Sal, fine root necromass of Sal tree (Kg ha−1); FRP-Sal, fine root production of Sal tree (Kg ha−1 season−1); FRB-AS, fine root biomass of associated tree (Kg ha−1); FRN-AS, fine root necromass of associated tree
(Kg ha−1); FRP-AS, fine root production of associated tree (Kg ha−1 season−1).
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TABLE 5 Multivariate analysis of variance (MANOVA) table for fine root dynamics with sites, seasons, year and their interactions (Df,
degrees of freedom).

FRB-Sal FRN-Sal FRP-Sal FRT-Sal FRB-AS FRN-AS FRP-AS FRT-AS

Sites

Df 3 3 3 3 3 3 3 3

F-value 1.927 0.024 1.617 24.393 14.271 1.228 11.195 26.401

P-value 0.133 0.995 0.193 0.01 0.01 0.306 0.01 0.01

Sum of square 85700.92 35.396 86204.95 12.025 150405.6 2078.01 187620.7 18.627

Mean sum of square 28566.97 11.799 28734.98 4.008 50135.2 692.67 62540.24 6.209

Seasons

Df 2 2 2 – 2 2 2 –

F-value 101797.2 22.369 20030.46 – 1038.715 11861.18 957.026 –

P-value 0.002 0.148 0.005 – 0.022 0.006 0.023 –

Sum of square 419553.7 171.199 435485.4 – 53146.37 176.317 47247.45 –

Mean sum of square 209776.9 85.599 217742.7 – 26573.18 88.159 23623.72 –

Year

Df 1 1 1 1 1 1 1 1

F-value 3217.056 120.562 972.843 164.396 10905.86 126.367 1.1 6.14

P-value 0.011 0.058 0.02 0.05 0.006 0.056 0.01 0.01

Sum of square 6629.491 461.345 10575.37 4205.692 81.058 3119.302 2.426 4.64

Mean sum of square 3314.746 230.6725 5287.686 2102.846 40.529 1559.651 1.213 2.32

Sites × seasons

Df 6 6 6 – 6 6 6 –

F-value 5491.433 9.703 964.452 – 143.704 9830.888 139.781 –

P-value 0.01 0.241 0.025 – 0.064 0.008 0.065 –

Sum of square 67898.24 222.768 62904.92 – 22058.03 438.41 20702.56 –

Mean sum of square 11316.37 37.128 10484.15 – 3676.339 73.068 3450.427 –

Sites × year

Df 3 3 3 3 3 3 3 3

F-value 152.492 1.076 24.288 8.886 8871.861 15.646 1.01 2.53

P-value 0.059 0.594 0.148 0.241 0.008 0.183 0.01 0.01

Sum of square 942.736 12.353 792.069 681.967 197.821 1158.678 6.651 5.735

Mean sum of square 314.245 4.118 264.023 227.322 65.94 386.226 2.217 1.912

Seasons × year

Df 2 2 2 – 2 2 2 –

F-value 157.928 42.829 85.256 – 9.756 153.122 9.101 –

P-value 0.056 0.107 0.076 – 0.221 0.057 0.228 –

Sum of square 650.896 327.783 1853.567 – 499.154 2.276 449.31 –

Mean sum of square 325.448 163.891 926.783 – 249.577 1.138 224.655 –

Sites × seasons × year

Df 6 6 6 – 6 6 6 –

F-value 183.399 3.436 38.74 – 25.373 2179.557 22.322 –

P-value 0.056 0.391 0.122 – 0.151 0.016 0.161 –

Sum of square 2267.613 78.887 2526.773 – 3894.644 97.198 3306.082 –

Mean sum of square 377.936 13.148 421.129 – 649.107 16.2 551.014 –

Significance level (p < 0.05). FRB-Sal, fine root biomass of Sal tree (Kg ha−1); FRN-Sal, fine root necromass of Sal tree (Kg ha−1); FRP-Sal, fine root production of Sal tree (Kg ha−1

season−1); FRB-AS, fine root biomass of associated tree (Kg ha−1); FRN-AS, fine root necromass of associated tree (Kg ha−1); FRP-AS, fine root production of associated tree (Kg ha−1

season−1).
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TABLE 6 One-way Analysis of variance (ANOVA) table for fine root dynamics with tree density and total basal area (Df, degrees of freedom).

FRB-Sal FRN-Sal FRP-Sal FRT-Sal FRB-AS FRN-AS FRP-AS FRT-AS

Total density (ind. ha−1) and total basal area (m2 ha−1)

Df 3 3 3 3 3 3 3 3

F-value 1.927 0.024 1.617 14.271 1.228 11.195 24.393 26.401

P-value 0.133 0.995 0.193 0.01 0.306 0.01 0.01 0.01

Sum of square 85700.92 35.396 86204.95 150405.6 2078.01 187620.7 12.025 18.627

Mean sum of square 28566.97 11.799 28734.98 50135.2 692.67 62540.24 4.008 6.209

Significance level (p < 0.05). FRB-Sal, fine root biomass of Sal tree (Kg ha−1); FRN-Sal, fine root necromass of Sal tree (Kg ha−1); FRP-Sal, fine root production of Sal tree (Kg ha−1

season−1); FRB-AS, fine root biomass of associated tree (Kg ha−1); FRN-AS, fine root necromass of associated tree (Kg ha−1); FRP-AS, fine root production of associated tree (Kg ha−1

season−1).

in elevation and stand characteristics. Wapongnungsang, and
Tripathi (2019) also reported that about 18–58% of soil nitrogen
is returned to the soil through fine root mortality, turnover
and decomposition. The slightly higher amount of carbon
and nitrogen fluxes in the present study may be due to the
vegetation and climatic conditions that through decomposition
and exudates enhanced the soil nutrients and soil biota plays
an important role in better growth of fine roots that ultimately
resulted in higher fluxes on production and mortality (Keller
et al., 2021; Awasthi et al., 2022b,c).

The forest structure including vegetation and floristic
diversity (Ma and Chen, 2016), soil characteristics (Frouz et al.,
2008) are also the crucial factors influencing fine root dynamics
as soil properties can alter the root growth by regulating
various physiological and chemical processes occurring within
the ecosystem. Fine root dynamics is limited by various soil
nutrients in the terrestrial ecosystems (Kochsiek et al., 2013). In
the present study, Pearson’s correlation matrix with Bonferroni
correction unveiled the effect of soil characteristics on fine
root dynamics (Table 4). Fine root biomass, necromass and
production of the dominant (S. robusta) and associated tree
species showed strong negative correlation with soil depth and
bulk density, while strong positive correlation with porosity
across all the sites. Higher bulk density results in more
compaction of the soil which makes it difficult for the roots
to penetrate and expand thus the fine roots generally decline
with increasing bulk density. The release of nutrients through
litter decomposition and fluxes from the roots, results in higher
quantities of the soil micronutrients such as carbon and nitrogen
in the surface layer which subsequently decline in the deeper
soil depths which may be the reason for declining biomass and
production of fine roots (Bibi et al., 2022).

Soil pH also showed negative correlation with sand content,
clay content, soil moisture content and fine root biomass and
production of associated species. Bulk density and porosity
were negatively correlated. Soil moisture content and water
holding capacity of the soil showed negative correlation with
silt content, while positive with clay content of the soil. The
fine root parameters also showed positive correlation with sand
content and soil organic matter, while negative correlation with
clay content but the relationship was not significant. Sandy soils

are considered to be more resource limited in comparison to
clay or loam and the nutrient deficient soil promotes the growth
and expansion of belowground components resulting in higher
fine root biomass and production in sandy soil (Mosquera and
Moreno-Hurtado, 2022). The higher organic matter contents in
the soil results in improved water holding capacity thus helps in
expansion of the root system (Lorenz et al., 2019). The resource
availability in the soil regulates the fine root distribution and
fine root biomass and it is positively correlated with soil organic
carbon and negatively correlated with bulk density of the soil
(Chen et al., 2016).

Fine root parameters showed significant (p < 0.05)
variability among locations, seasons, years and their interactions
(Table 5). These observations may be due to the changes
in soil characteristics, microclimatic conditions, composition
of vegetation that influences the temperature, moisture
and nutrient availability and results in different fine root
concentration and distribution site-wise and season-wise (An
and Osawa, 2021). The highest fine root biomass and production
observed during the rainy season is attributable to higher
precipitation, suitable temperature for microbial activities
resulting in ample nutrients through decomposition processes
and exudates that supported the growth of fine roots. The low
precipitation and temperature during the winter season resulted
in low microbial activities; slower decomposition rates that
might have subjected the fine roots to drought stress and reduce
their growth.

In the present study, fine root parameters were also affected
by stand density and basal area. The fine root biomass,
necromass, production as well as turnover of the associated tree
species significantly (p < 0.05) varied with tree density and
total basal area, while in S. robusta significant variability with
respect to density and basal area was only observed for fine
root turnover (Table 6). The reason may be that the density
and basal area of a forest regulate the quality and quantity of
litter which in-turn manages the nutrient availability such as
carbon and nitrogen inputs for growth of the inhabiting species
resulting in expansion of root system (Verma et al., 2021). The
above-ground and below-ground partitioning of biomass and
resources is dependent on the stand density which regulates the
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ecosystem functioning and nutrient uptake and higher density
results in higher fine root biomass (Ile et al., 2021). Zhou et al.
(2018) also reported significant relationships between tree basal
area and fine root biomass and considered tree basal area is an
efficacious variable to estimate the fine root biomass in forest
ecosystems.

Caveat of the study

The study enhanced the understanding on fine root
dynamics and spatio-temporal relationship between fine roots
and nutrients, but still extensive detailed studies covering wider
spectrum, focusing on effect of anthropogenic disturbances,
biotic and abiotic variations on fine roots and linking
nutrient fluxes to biogeochemical cycling would be beneficial
in developing overall ecosystem-scale understanding and
management of forest ecosystems.

Conclusion

The study revealed that the fine root distribution in sub-
tropical Sal forests was significantly affected by soil physical and
chemical characteristics. The fine root dynamics of dominant as
well as co-dominant tree species were significantly influenced by
the site characteristics, distance, soil depth, seasons and climatic
variables. At all the sites, fine root biomass and production
was higher in the uppermost (0–20 cm) soil layer, which
subsequently declined in the deeper soil depths (20–60 cm).
Across the seasons a peak value was recorded in the rainy
season due to better microclimatic conditions and nutrient
availability. Fine root turnover showed inconsistent patterns
across the depths and seasons. Fine roots play a cardinal
role in return of nutrients to the soil which enriches the soil
quality. The annual flux of carbon and nitrogen recorded in
this study verified that the fine roots of the forests have a
substantial role in conservation of huge quantities of carbon in
the form of biomass, production, thus reducing the atmospheric
carbon concentrations and through planning proper forest
management regimes this potential can be harvested to mitigate
atmospheric carbon contents.
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