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Abstract
Fine roots (≤ 2 mm of diameter) contribute diminutive fractions of the overall tree biomass but are highly zestful and functionally
remarkable component for assessing forest carbon and nutrient budgets. This study assessed how tree girth in�uenced �ne root biomass
(FRB), production (FRP) and turnover rate (FRT) in sub tropical sal forest.Four sites (S1, S2, S3, S4) were established in the bhabhar region
of Nainital district, Uttarakhand, India within an elevational range of 405m and 580m. On the basis of girth size, sal trees were categorized
in �ve girth size classes. Fine roots were sampled seasonally to a depth of 60 cm and divided into 3 layers (0-20, 20-40 and 40-60 cm).FRB
was signi�cantly affected by tree girth size (p< 0.05) while FRP and FRT showed insigni�cant effect. FRB was higher in lower girth classes
(A-C) as compared to higher girth classes (D-E).Seasonal variation of FRB in all girth sizes showed a keen resemblance as the standing
FRB reached pinnacle during rainy season and reached bottom-line in the winter season. Maximum FRB was reported for uppermost
organo-mineralic soil depth (0-20 cm) at 1 m distance from tree bole and decreased with increasing soil depth and distance from tree bole
while FRT showed a reverse trend. The present study will provide a holistic outlook on variations in FRB, FRP and FRT and the impact of
edaphic characteristics and tree girth on �ne root dynamics with respect to the studied forest stands.

Introduction
Fine roots (≤2 mm of diameter) represent an indispensable component of belowground ecological processes which substantially
contributes to forest biogeochemical cycling. Plant growth, competition and belowground carbon and nutrient dynamics are greatly
in�uenced by root lifespan (Anderson et al. 2003). In forest ecosystems, �ne roots also serve as a pre-eminent sink for the carbon seized by
leaves (Vogt et al. 1996). Fine roots are tremendously in�uenced by changing environmental conditions such as wavering regimes of
temperature (Majdi and Ohrvik, 2004) moisture content of the soil (Konopka et al. 2007) nitrogen availability in the soil (Noguchi et al.
2013). Forest soils are immensely affected by �ne roots as they put forth a pronounced impact on the accumulated organic matter of the
soil after death and decay and also in�uence the development of soil pro�le (Persson, 1983; Garkoti, 2011). The swift rate of �ne root
mortality and turnover signi�cantly contributes to the nutrient and carbon exchange between plant and soil carbon as a consequence has a
major impact on forest biogeochemical cycling (Kaushal et al. 2019).  

Young roots have strong tendency to acquire water and nutrients at high rate, while the older roots have low respiratory rate and nutrient
absorption capacity (Baldi et al. 2010).  In case of tree seedlings, mature roots have larger surface area thus contribute more in total
nutrient uptake in comparison to younger roots (Hawkins et al. 2014).Fine roots are often abundant in upper soil horizons and decreases
towards deeper horizons due to abundance of nutrients, bulk of organic matter and higher nitrogen contents and higher microbial activity in
the super�cial layer of soil (Meinen et al. 2009). Soil fertility is tremendously in�uenced by the vegetation cover, composition of soil and
microbial communities inhabiting the soil and by the composition of litter and other organic aggregates which ultimately contribute to soil
properties. (Bargali, 1996; Bargali et al. 2018).

The short term lifespan of roots in comparison to coarse roots, thus changing environmental conditions and seasons have a vast impact
on their biomass. The �ne roots present in super�cial layers are higher in quantity and mostly contribute to FRB, FRP and decomposition
while the �ne roots present in deeper depths, which are usually less abundant play a crucial role in acquisition of water during the
conditions of water scarcity. Geo-spatial �uctuations of FRB at site level are more prominent than seasonal variations (Yuan and Chen,
2013). Prevailingly, the �ne root biomass depends on soil, site and stand properties and the organic matter dynamics of the soil determines
the distribution of �ne root biomass in the soil (Curt et al. 2001). Fine roots with a very short lifespan (high turnover rate) and slow
decomposition rate contributes immensely to the accumulation of soil organic carbon ( Kramer et al. 2010). Fine root production is a key
factor that regulates global forest carbon balance and the �ne root standing crop which refers to the total �ne root portion available for the
resource acquisition at a particular time is determined by establishing a proper balance between the production and mortality of �ne roots.

The subtropical Shiwalik sal (Shorea robusta Gaertn.) forests are regions of prime economic and ecological importance in the North West
Himalayas of Uttarakhand state which exists in association with dry, moist mixed deciduous forests in the subtropical and tropical zone
(Raizada et al. 2013).The primary forest vegetation chie�y comprises of trees, shrubs and herbs. Sal (Shorea robusta) is one of the climax
and key timber yielding tree species of southern and eastern Asia including India. It is extensively dispersed in tropical and sub tropical
forests of Northern and Central Himalayan foothills up to an elevation of approx. 1000m (Singh and Singh 1992;). Trees serve as a chief
component of an ecosystem and play a crucial role in controlling and managing microclimatic conditions by directly or indirectly regulating
the soil physical attributes, chemistry and biological properties (Bargali et al. 2019).

The �ne root biomass and production are the key determinants of plant nutrient availability, acquisition and biogeochemical cycles in
forest ecosystems (Schmid and Kazda, 2002), but despite the substantial impact of �ne-roots in ecological processes, knowledge on the
role of �ne roots in biogeochemical cycling is scarce and the data are still inadequately represented both at national and international
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levels (Zhiyanski, 2014). The ecosystems for which belowground data are available are scarce in number in comparison to existing
databases for aboveground components (Vogt et al. 1996).  Several studies conducted on tree root systems and �ne root biomass
(Zhiyanski, 2003a; Lyubenova, 2009) provided useful information, the data on sal forests of Central Himalaya, India are limited. This study
present result of an ingrowth study of how four major factors viz. season, depth, distance from tree bole and girth size affected the �ne root
dynamics in subtropical sal forest of Central Himalaya, India. More speci�cally this study demonstrated (a) Distribution and seasonal
variation in �ne root biomass of sal forest among different tree girth classes; (b) The variations in �ne root production and turnover rate
along girth size and (c) Responses of �ne root parameters to soil characteristics.    

Methodology
Site description and Climate of the studied area

Permanent plots of 1 ha were established at four experimental sites (S1, S2, S3 and S4) in Shorea robusta Gaertner f. forest growing in
subtropical zone of bhabhar region in the Nainital district, Central Himalaya, India (Fig.1). A complete description of the study sites is
provided in Table 1.

Climatically, the study sites lies within sub-tropical zone which is characterized by distinct seasonality throughout the year. The year
comprises of three distinct seasons including dry summer (March- June) followed by warm and humid rainy season (July -September) and
winter season which is cold (November–February). October is as a transitional month between rainy and winter season and the months of
June to August constitute more than 90% of the annual rainfall (Fig. 2).

Soil Sampling

The soil samples were gathered randomly upto a depth of 60 cm in three soil depths (0-20cm, 20-40 cm and 40-60cm) in three seasons
(rainy, winter and summer) using a soil corer. Sieves having different mesh sizes were used to determine soil texture (Indian Standard
1965). Soil pH (Jackson 1958) was recorded using a digital pH meter, bulk density was determined following Black (1965) and water
holding capacity was estimated following Piper (1950). Soil was dried at 60°C in oven and gravimetric soil moisture was determined (Misra
1968). Soil porosity was calculated following Kumar (2000). Rapid titration method (Walkley and Black 1934) was utilized to determine soil
organic carbon and standard ecological method provided by Subbiah and Asija (1956) was used to determine soil total nitrogen.

Fine root biomass Sampling

At each site, on the basis of girth size, S. robusta trees were divided into �ve size classes {A(30-60cm), B(60-90cm), C(90-120cm), D(120-
150cm), E(≥150)} and three individuals in each size class were marked for data collection . Sequential coring (soil core technique) was
used to collect fine roots using a stainless steel core (7.5 cm internal diameter x 60 cm long) with a sharp edge which was driven into the
soil using hammer for �ne root biomass estimation. Modi�ed ingrowth core method was utilized for estimation of FRP in which for the �rst
time the roots were collected using a steel auger and the hole from a root core was lined with a 2 mm mesh (Inclusion growth nylon root
net) {Fahey & Hughes 2004, Yang et al. 2004}. A total of 540 soil core samples, taken during 2017-2018 were subsequently analyzed. A
depth of 60 cm was considered for carrying out soil and �ne root sampling, with collection of three samples at three depths (0–20, 20–40,
40-60). Sampling was done randomly following a sampling design at different distances and directions from the base of the tree bole
where each tree is a centre point of each sampling plot seasonally for one year. 1 m and 1.5 m distances from the tree bole at different
directions were considered as sampling points Fine roots were excavated from the nets at �xed time intervals the nets and holes were
repacked using the root free soil after every collection and the respective holes were marked for identi�cation. The holes were redugged
every season for excavation of �ne roots. Samples were collected and the holes were re�lled with root- free soil. 

The collected samples of individual cores were packed in bags and were taken to the lab to sort the �ne roots. To separate organic matter
from the soil, a sequence of sieves were utilized and living and dead roots were sorted by using hands on the basis of visual characteristics
such as colour and texture (Vogt et al., 1996) followed by the oven drying of root samples for 48 hours at 60° C. The root biomass is
formed by the dry weight of living �ne roots, while necromass stands for the dry mass of dead �ne roots of studied tree species. The mean
values for each season were estimated and the stock of FRB and FRP of studied species in 0-60cm soil depth was prepared for rainy, winter
and summer season. Across all the seasons and the study sites total 60 trees were marked (15 trees from every site belonging to 5 girth
classes) and a total of 360 cores were collected.

Statistical Analysis
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The data were examined statistically to adjudge the impact of season, soil depth and forest, distance on FRB, FRP and FRT using SPSS
16.0. MS o�ce 2013 was used to establish linear regressions for the data and the Pearson’s correlation test was performed using Past3
statistical package.

Results
Soil characteristics 

Soil physical and chemical parameters are presented in Table 2. Bulk density varied from 1.06 to 1.44 g cm-3 and soil porosity ranged
between 44.69 % and 59.15% across the experimental sites. Bulk density increased with increasing soil depth while porosity decreased. Soil
texture was reported as clay loam or loams at all the four sites. Soil pH varied signi�cantly between the sites (5.31 and 7.67) and was
slightly acidic in nature in S1 and S4 and slightly basic in nature in S2 and S3. Soil moisture ranged from 8.36 % to 16.09 % and was
generally higher in deeper layers. Soil organic carbon was recorded maximum in S4 (2.87 %) and minimum in S1 (1.20%) while no clear
pattern was recorded across depths. Total nitrogen was recorded lowest at site S1 (0.12%) and highest in site S4 (0.28%) and decreased
with increasing soil depth. C/N ratio ranged between 5.06 and 11.93 across the sites.

Fine root biomass (FRB)

Signi�cant differences were observed in FRB with respect to sites, seasons, size class and soil depth (p < 0.05) while the alterations in FRB
with respect to distance from stem base was insigni�cant [Table 3(a)]. Paired t –test also showed marked differences in FRB among all the
observed parameters [Table 3(b)].

Spatial pattern in �ne root biomass (FRB)

Across the sites FRB ranged between 160.37±16.12 kg ha-1 and 1195±27.61 kg ha-1 in uppermost (0-20 cm) layer, 122.63±9.98 and
785.42±53.03 kg ha-1 in middle (20-40 cm) layer and 77.35±8.22 kg ha-1 and 454.31±68.43 kg ha-1 in deepest (40-60 cm) soil layer. At each
site, maximum FRB was recorded in uppermost soil (organo-mineralic soil) layer (0-20 cm) and decreased towards deeper soil depth (Fig
3). FRB also recorded a decreasing pattern with increasing distance from tree bole with maximum FRB at 1 m distance (Table 3).Two way
ANOVA revealed that there existed a signi�cant disssimilarity between the depths (F = 71.58) at 0.05 level of signi�cance while among
distances the difference was insigni�cant (F= 1.03).

Seasonal pattern in �ne root biomass

Seasonal �uctuation in the FRB is presented in Fig 3. At each site, highest peak of FRB  (1195 ± 27.61 kg ha-1 in S1, 1012± 64.95 kg ha-1 in
S2, 475±16.51 kg ha-1 in S3, 1111.44± 64.24 kg ha-1 in S4 site) was recorded during rainy season followed by summer and winter season.
Two way ANOVA revealed that there existed a remarkable difference among the seasons (F = 197.86) at 0.05 level of signi�cance.

Tree size effect on FRB

Higher FRB was recorded among the younger size classes A (30-60) to C (60-90cm) as compared to mature or old size classes (Fig. 3)
across the tree size gradient. Maximum FRB was recorded for size class C at S1 and S3 sites which is about 22% and 25 % of the total FRB.
At S2 and S4  site maximum FRB was estimated for size class A with 27% and 25 % contribution of the total FRB, respectively (Fig.4).Tree
size signi�cantly (F=7.21; p<0.05) affected �ne root biomass in S. robusta (Table 3a).

Fine root production

The annual FRP ranged between (488.08-2483.60 kg ha-1 yr-1) across the experimental sites. In all the sites, maximum annual FRP was
recorded for uppermost soil layer and declined with escalating soil depth. In most of the experimental sites, FRP reached pinnacle for girth
classes A, B or C representing younger trees and subsequently decreased in the higher size classes (Fig.5). Among all the size classes, the
medium size class (C) was recorded to be most productive possibly due to more e�cient use and allocation of nutrients and high
metabolic rates in comparison to mature trees belonging to higher girth classes. At 1.5 m distance from the tree base maximum FRP was
reported for girth class C (2483.60 kg ha-1 yr-1) and at 1m distance it was maximum for girth class A (1953.832 kg ha-1 yr-1) in the
uppermost soil depth (0-20 cm) while minimum FRP at 1.5 m distance was observed for girth  class A (489.40 kg ha-1 yr-1) and at 1m
distance for girth  class B  (488.08kg ha-1 yr-1) in the lowermost soil depth (40-60 cm). Higher FRP in surface layer of soil corresponds to the
higher nutrient availability due to high rates of litter accumulation and decomposition. Two way ANOVA at 5% level of signi�cance, pointed
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out signi�cant disparity in total �ne root production between the sites (F = 8.87), between the soil depths (F = 129.56) while the impact on
tree size (F= 0.08) and distance from tree base (0.89) was reported to be insigni�cant [Table 3(a)].

Fine Root Turnover rate (yr-1)

Fine root turnover signi�cantly varied across the sites (F= 12.45; p< 0.05) and girth size (F= 5.54; p< 0.05) while the effect of soil depth (F=
0.62) and distance from tree base (F= 2.19) were insigni�cant [Table 3(a)]. The �ne root turnover rate varied between 2.03 and 3.52 yr–1in
S1, 1.93 and 3.83 in S2, 2.75 and 4.32 yr–1 in S3, 1.77 and 4.24 yr–1in S4 at 1m distance and at 1.5m distance from tree base the FRT
�uctuated between 1.74 and 3.37 yr–1 in S1, 1.95and 3.33 yr–1in S2, 2.57 and 4.25 yr–1in S3, 1.77 and 4.16 yr–1 in S4 (Fig.6). Distance
from the tree bole and soil depth imparted positive impact on turnover rate.

Discussion
The architectural and functional aspects of the rooting system determine the survival of the trees (Christina et al. 2017). Fine root
distribution in a particular area resonates with the nutrient availability within that ecosystem (Vitousek & Sanford, 1986). Soil depth, canopy
closure, density of the trees in the stand, aboveground biomass, site speci�c conditions and other management practices profoundly
in�uence the FRB and FRT (Finer et al. 2011; Pie et al. 2018).

Fine root biomass

Across the investigated sites, the mean FRB ranged between 118.48 and 805.95 kg ha-1 (0.11-0.80 Mg ha-1) which was somewhat similar
to the value (0.6–22.7 Mg ha-1) reported for tropical broadleaf evergreen forests by Vogt et al. (1996) and Finer et al. (2011) but relatively
lower (1.1–10.6 Mg ha-1) than the value reported by Wen et al. (1999) and Yang et al. (2004) in world’s subtropical forests and by Wang et
al. (2017) in Chinese forests (2.78 Mg ha-1).Compared with agroforestry trees (78.39 and 528.59 kg ha-1) of the bhabhar region as reported
by Karki et al. (2021), the FRB of S. robusta was relatively higher. 

In conformity to the earlier published reports (Upadhaya et al. 2005, Yuan et al. 2010) among all the four sites, �ne root biomass reached
its top notch value in the rainy season. These �ndings suggested that in subtropical and tropical forests highest FRB reported in the rainy
season corresponds to periods of nutrients release. Yuan and Chen (2012) reported the role of soil microclimatic conditions in regulating
intrannual �uctuations in FRB. Fine roots because of their morphological and anatomical properties have more prominent role in water
absorption rather than nutrient absorption, thus water serves as a crucial factor in controlling FRB and FRP (Eissenstat & Yanai, 2000). The
FRB increased in the moist humid climate of the rainy season (July-September) during the study which corresponds to immediate rapid
vegetative growth of the trees after summer induced dormancy due to hot and dry climate. Higher precipitation during the rainy season
causes the soil to become rich in soil moisture content thus, increases the transport of nutrients from soil to the surface of roots which
results in abundance of nutrients at super�cial surface which leads to vigorous expansion and proliferation of root systems. Some other
reports also supported our observation as according to them, �ne root biomass wavered seasonally and �ne root growth reached maximal
limits during warm and moist months (Tierney et al. 2003; Kitajima et al. 2010). Arunachalam et al. (1996) and Sundarpandian & Swamy
(1996) observed the seasonal �uctuations in FRB in sub tropical and tropical forests and higher FRB was documented during moist and
nutrient rich rainy season. However, FRB was not only linked to �ne root growth but was also associated with �ne root lifespan and FRT.

The results obtained for the vertical distribution of FRB were in accordance with �ndings of Karki et al. (2021a and b) Barbhuiya et al.
(2012) in forest ecosystems and land use systems of Himalayan region which speci�es the abundance of �ne roots in upper layer of soil
and decreased toward deeper soil (40-60cm) in all the sites and seasons. Across all the sites and among all the seasons, the uppermost
soil depth contributed (19.05-57.64%) of total FRB, sub surface (20-40 cm) layer contributed (21.52-50.68%) while,lowermost soil depth (40-
60 cm) contributed (22.10-50.50%)(Fig. 7). Kaushal et al. (2019) and Maycock & Congdon (2000) also elucidated that the topmost layer of
soil is nutrient rich due to the release of nutrients from the litter which is responsible for ample �ne root growth in uppermost layer of soil. In
the present study, study sites varied in FRB in response to varying soil depth. Site S1 demonstrated highest depth related variation, having
the highest slope value, whereas site S3 displayed lowest variation with minimum slope value (Fig.8). 

The present study elucidates that nutrient availability in association with soil physical and chemical characteristics is one of the crucial
factor that in�uences morphological and physiological aspects of tree �ne roots (Yuan and Chen 2012). The horizontal distribution of FRB
was similar to the trend reported by Karki et al (2021a). In all the sites, the FRB decreased with increasing distance from tree bole, with the
highest FRB in the 1 m distance.
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The girth class usually correspond to the tree age i.e. girth size increases with increasing tree age as a result mature trees has higher girth
size as compared to young trees. In this study, FRB showed a �uctuating trend; increased �rst and then decreased with increasing girth
class (Fig. 9). Among all the sites, the higher FRB values were contributed by younger trees representing size classes A(43.38- 54.94 %) and
C (43.22 - 61.23%) during the rainy season as compared to older trees with size classes D (43.70-46.20% ) and E (35.27-56.54%) (Fig.4).
The greater proportion of �ne root in small girth classes represents a strategy to produce more �ne roots to increase absorption area for
acquisition of resources and in turn, return organic matter to the soil to enhance plant growth. The age of the stand has a huge impact on
FRB and generally, the younger stands possess more FRB in comparison to older stands (Claus and George (2005). Similar �ndings were
reported by Pei et al (2018), while negative interaction among stand age and FRB was observed by Leuschner and Hertel 2003. Several
studies conducted on FRB dynamics (Finer et al. 2011; Di Lorio et al. 2013) also reported that FRB was tremendously affected by tree age.
The variation in FRB at different girth sizes in forest may be affected by several climatic and edaphic factors, stand density, canopy closure
and management practices (Finer et al. 2011). During the initial years of planting, plants tend to absorb more nutrients and water for ample
growth and development of above ground components thus, higher amount of nutrients are assigned to �ne roots that brings about higher
rate of production of �ne roots with the progression of stand age that subsequently declines after reaching a maximum limit (Jagodzinski
et al. 2016). 

Fine root production (FRP) and Fine root turnover (FRT)

The current study estimated annual FRP within a range of 488 -2483 kg ha-1 yr-1. Sites and soil depth in�uenced the annual FRP as annual
FRP varied among the sites and decreased with the rise in the soil depth. Ford and Deans (1977) also reported similar trend of �ne root
allocation depthwise. Forest litter releases nutrients that govern and alter the production of �ne roots (Cuevas and Medina 1988). Higher
proportion of litter accumulated in the surface of the soil regulate the microclimatic conditions of the soil thus, provides an appropriate
strata for growth and development of �ne roots (Jordan and Escalante 1980). The FRP decreased with increasing distance from the tree
stem. Among girth classes, highest FRP (2483.60 kg ha-1 yr-1) was reported for girth class C. Pei et al. (2018) and Yuan and Chen (2010)
also reported that FRP �rst increase with increasing stand age to a peak and then declined towards old aged stands.The relationship of
FRP with basal area (Helmisaari et al. 2007) is well established. However, tree age may negatively (Messier and Puttonen 1993), positively
(Helmissari et al. 2002) affect the FRP or have no effect (Finer et al 2011). DBH also affects FRP positively (Li et al. 2003). Site
characteristics and variability among species also serve as a key factor that shapes the FRP (Aerts et al 1992). The higher FRP in site S4
corresponds to the prominent tree density, elevated moisture content of the soil and nutrient –rich condition (high soil C and N) prevailing in
this forest site (Table 1 and 2). 

Fine root turnover tends to �uctuate with tree species composition, stand age as well as soil characteristics and plays a crucial role in
determining the global C budget, nutrient �ux forest ecosystems (Fonseca et al. 2012). The turnover rates reported in the experimental sites
(2.03-3.52 yr–1) was relatively greater than the values (0.4–2.8 year−1) reported by Fukuzawa et al. (2013), McCormack et al. (2014) in fruit
trees. Root turnover also varied across the sites and soil depth and the values reported surpassed the values reported in Himalayan Banj
Oak and Chir Pine forests (Usman et al. 1999) and forests of Sweden (Persson 1983). Higher turnover rate might correspond to higher soil
temperature as with the increase temperature upto a certain extent the microbial activities also increase which results in higher nutrient
availability. In boreal forest ecosystems broad leaved species had higher FRT than needle leaved species (Yuan et al. 2010). 

Effects of soil characteristics on FRB, FRP and FRT

Pearson’s correlation test (Linear) was performed to determine the relationships between different soil parameters and �ne root
characteristics (Fig. 10).The result of the correlation matrix revealed that few soil parameters were highly correlated with each other
expressing both negative and positive correlation while there was no correlation between certain studied variables. Soil depth showed
strong negative correlation with FRB FRP, TN C: N ratio and porosity as these variables decreased with increasing soil depth while bulk
density showed strong positive correlation with soil depth. Bulk density and porosity were negatively correlated with each other. FRB and
FRP showed positive correlation with C:N ratio while FRP and FRT showed signi�cant positive correlation with TN. Plants have a tendency
of imparting more biomass to roots during the scarcity of resources in the environment as per the concept of optimal partitioning theory
(Bloom et al. 1985). FRB is negatively while FRT is positively in�uenced by nitrogen content of the soil.

Soil pH showed negative correlation with FRB and FRP and positive correlation with FRT indicating that FRP is immensely affected by pH
of the soil. Zhou et al. (2017) reported that acidic soils inhibit the microbial growth and activity thus, root growth can be stimulates in soils
with a higher pH. FRB and FRP showed strong positive correlation with porosity. Climatic, edaphic and geographical factors, determine the
variations in FRB, FRP and FRT (Hendrick and Pregitzer, 1993; Pregitzer et al. 2000; Finer et al. 2011) as these are the major determinants
regulating lifespan, survival and death of �ne roots. The variations in soil characteristics among sites are related to space and time
because of variations in topography, climate, weathering activities (Bargali et al. 1992 and 1993; Baumler and Zech 1994; Bargali et al.
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2018). Baumler (2015) also stated that the soil characteristics frequently vary within the short distances in the region. FRT showed
negative correlation with FRB and FRP (Fig 10).

Conclusions
The current study reported seasonal and depthwise variations in FRB, annual productivity and FRT in S. robusta along a gradient of tree
girth size. The results showed that the effect of girth class size on FRB, FRP and FRT was signi�cant but showed no clear trend with
increasing girth class. The FRB showed high seasonal variation with highest FRB during rainy season and lowest during winter season.
Temporally FRB and FRP declined as the depth and distance escalates. FRB, FRP and FRT were signi�cantly affected by various soil
characteristics resulting in signi�cant differences among sites. For tree species, the �ne roots absorb essential nutrients and water from the
soil and return the nutrients back to the soil after death, the information reported on �ne root production and turnover in S. robusta forest is
of great ecological signi�cance to plan, manage and execute practices to enhance productivity of sal forest ecosystem.
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Site  Locality Latitude  Longitude  Elevation Tree density

(ind.ha-1)

Dominant tree species

SITE -1 (S1) Kaladhungi  29°17'07.35''N  79°20'52.67''E  405m  630 Shorea robusta

SITE-2 (S2) Fatehpur  29°19'23.69''N  79°18'05.34''E  430m 620 Shorea robusta

SITE-3 (S3) Ranibagh  29°17'10.03''N  79°32'49.19''E  580m 810 Shorea robusta

SITE-4 (S4) Amritpur  29°17'54.32''N  79°32'44.11''E  575 m  800 Shorea robusta

74. Zhiyanski M (2014) Seasonal dynamics of �ne root biomass in selected forest stands. Silva Balc 15:5–15

75. Zhiyanski M (2003a) Structure and biomass of the root system of Norway spruce (Picea abies Karst.) in the southwest Rila Mountain.
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7�. Zhou G, Zhou X, Zhang T, Du Z, He Y, Wang X, Xu C (2017) Biochar increased soil respiration in temperate forests but had no effects in
subtropical forests. For Ecol Manag 405:339–349. https://doi.org/10.1016/j.foreco.2017.09.038

Tables
Table 1 Description of the Study Site

Table 2 Mean
values (± SE) of
the soil
properties, under
four experimental
sites in S.
robusta forest 

Table 3(a) F- Statistics and associated signi�cance levels for the effect of sites, season, depth and distance from the tree base on �ne root
biomass, production and turnover in S. robusta.

Attributes Variables (F value)

Fine root biomass (FRB) Fine root production

( FRP)

Fine root turnover

(FRT)

Sites(Si) 16.04* 8.87* 12.45*

Soil depth(Sd) 71.58* 129.56* 0.62

Girthclass(GC) 7.21* 0.08 5.64

Distance(D) 1.03 0.89 2.19

Season(Se) 197.86* - -

*Signi�cant, p<0.05

Table3(b) Effect of sites, season, girth class, distance and soil depth on FRB 

*p < 0.001

Figures
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Sites SD Texture WHC (%) bD

(gcm−3)

pH SM (%) POROSITY
(%)

SOC (%) TN (%) C/N

 

S1 0-
20

Clay
Loam

54.57±0.02 1.21±0.04 5.87±0.11

 

12.37±2.23 53.62±1.70 1.20±0.21

 

0.18±0.01

 

9.63±0.49

20-
40

Clay 58.24±0.44 1.30±0.01 5.80±0.09

 

14.83±1.91 50.09±0.35 1.23±0.42

 

0.16±0.01

 

10.68±2.67

40-
60

Clay 58.48±2.73 1.39±0.03 5.70±0.11

 

13.49±1.97 46.52±1.10 1.48±0.31

 

0.12±0.01

 

5.06±0.68

Mean 57.09±1.06 1.31±0.08 5.79±0.10 13.56±2.03 50.07±1.05 1.30±0.31 0.15±0.01 8.45±1.25

S2 0-
20

Loam 44.79±0.97 1.21±0.03 7.11±0.16 8.36±1.02 53.40±1.09 1.84±0.19 0.22±0.02 9.12±0.80

20-
40

Clay
loam

43.36±1.65 1.34±0.02 7.15±0.13 9.65±1.46 48.31±0.66 2.03±0.15 0.20±0.02 8.78±0.46

40-
60

Loam 46.58±2.62 1.44±0.05 6.92±0.14 11.83±1.73 44.69±1.96 1.47±0.27 0.19±0.02 6.28±0.79

Mean 44.91±1.74 1.33±0.03 7.06±0.14 9.94±1.40 48.8±1.23 1.78±0.20 0.20±0.02 8.06±0.68

S3 0-
20

Clay
loam

43.81±1.15 1.26±0.02 7.40±0.17 9.46±0.83 51.57±0.81 1.65±0.11 0.23±0.03 10.35±2.9

 

  20-
40

Clay
loam

51.42±2.20 1.30±0.02 7.41±0.16 9.04±2.05 49.83±0.79 1.37±0.10 0.23±0.04 8.61±1.88

 

  40-
60

Clay
loam

43.11±0.40 1.41±0.03 7.67±0.07 14.07±1.90 45.65±1.09 1.32±0.19 0.17±0.01 5.59±0.22

 

  Mean 46.11±1.25 1.32±0.07 7.49±0.4 10.85±1.59 49.01±0.89 1.44±0.13 0.21±0.02 8.18±1.59

S4 0-
20

Clay
loam

40.94±0.84 1.06±0.01 5.50±0.20 16.09±2.19 59.15±0.09 2.87±0.11 0.28±0.06 11.93±1.38

  20-
40

Clay
loam

43.55±2.14 1.30±0.06 5.42±0.14 11.77±1.19 49.92±2.50 2.74±0.31 0.26±0.04 11.80±1.71

  40-
60

Clay
loam

45.32±2.22 1.40±0.03 5.31±0.09 11.58±0.74 46.35±1.06 2.62±0.23 0.22±0.03

 

11.55±1.84

  Mean 43.27±1.73 1.25±0.03 5.41±0.14 13.14±1.37 51.80±1.21 2.74±0.21 0.25±0.04 11.76±1.6
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Pairs Paired Dimension Paired samples t-test (Two- tailed)

 

Signi�cant
(p)

Mean Standard
deviation
(SD)

Standard error
mean (SEM)

99% con�dence interval
of the difference 

t df

          Lower Upper      

Pair
1

Site- Fine root
Biomass

-270.63 164.98 5.02 -283.58 -257.67 -53.90 1079 .000*

Pair
2

Season-Fine root
biomass

-271.13 165.18 5.02 -284.10 -258.16 -53.94 1079 .000*

Pair
3

Girth c lass- Fine
root Biomass

-270.13 164.85 5.01 -283.07 -257.18 -53.84 1079 .000*

Pair
4

Distance-Fine root
biomass

-271.63 164.85 5.01 -284.57 -258.68 -54.14 1079 .000*

Pair
5

Soil depth- Fine
root biomass

-271.13 165.15 5.02 -284.10 -258.16 -53.95 1079 .000*

Figure 1

Location map of the experimental sites

Figure 2

Climatic data for the year 2017-2018
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Figure 3

Temporal variations in �ne root biomass in relation to tree size, soil depth and distance from tree base across the experimental sites (S1-
S4) [A-E: Girth classes of S. robusta (cm), FRB: Fine root biomass]
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Figure 4

Percent biomass contribution by different girth classes in the studied sites

Figure 5

Spatial variability in �ne roots production across the experimental sites
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Figure 6

Spatial variations in �ne root turnover (yr-1) across the experimental sites (S1-S4)

Figure 7

Depthwise percent Contribution of �ne root biomass across the seasons and sites (a-c)
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Figure 8

Regression analysis showing relationship between soil depth and �ne root biomass

Figure 9

Girth wise seasonal variations in �ne root biomass across the study sites (S1-S4)
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Figure 10

Correlation matrix of the soil and �ne root parameters; more visible circles shows higher correlation among variables; bluish color indicated
positive correlation while reddish color indicated negative correlation. FRB-Fine root biomass, FRP-Fine root production, SOC-soil organic
carbon, TN-total nitrogen, C/N-Carbon and Nitrogen ratio, WHC-Water holding capacity, bD-bulk density, SM-Soil moisture [Boxes show
signi�cant values (p<0.05)]


